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Abstract – The Pacific oyster Crassostrea gigas is the most commonly farmed mollusks worldwide, while
its production has been hindered by massive mortalities linked to high temperatures. Selective breeding
focusing on thermal tolerance is an attractive option for reducing the impact of massive mortalities, but the
genetic basis underlying this trait is currently unknown. Hybridization between C. gigas and C. angulata
was conducted and followed by one generation of family selection for thermal tolerance. The genetic
parameters for thermal resistance, summer survival and growth and selection response were investigated by
using 50 full-sibling families. The mean survival of all families ranged from 30.2 to 69.5%, reflecting the
large variation of thermal tolerance in the hybrid population. The estimates of heritability for thermal
tolerance were low to moderate, ranging from 0.19 ± 0.03 to 0.27 ± 0.05, confirmed that there is genetic basis
for thermal tolerance. The phenotypic (r= 0.537, P < 0.01) and genetic correlations (r= 0.546, P < 0.01)
between thermal tolerance and summer survival were positive and significant, while the phenotypic and
genetic correlations between growth and survival (including thermal tolerance and summer survival) were
positive but low (P> 0.05). High response to selection (DG = 36.33%) was observed after one generation of
selection for thermal tolerance, and there was also corresponding response (DG= 14.46%) for summer
survival. These results demonstrated that genetic selection to improve summer survival of oyster may be
facilitated by selecting highly heat-tolerant lines.
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1 Introduction

The Pacific oyster Crassostrea gigas is one of the most
commonly farmed mollusks around the world. The global
aquaculture production of C. gigas was 626 thousand tons in
2021 (FAO, 2023). C. gigas is also the representative
indigenous aquaculture species of China, and it is mainly
cultured in Shandong, Liaoning, Jiangsu, Hebei offshore, with
an annual production of 1.93 million tons in 2022 (BOF, 2023).
However, incidences of “Summer Mortality Syndrome
(SMS)”, also known as “Pacific Oyster Mortality Syndrome
(POMS)”, have become a global challenge for C. gigas
aquaculture (Wendling and Wegner, 2013). SMS arises from a
complex interaction between high-temperature stress, physio-
logical stress related to gonad maturation, and pathogenic
ding author: qili66@ouc.edu.cn

n Open Access article distributed under the terms of the Creative Co
which permits unrestricted use, distribution, and reproduction in
(such as ostreid herpesvirus 1 (OsHV-1) and bacteria)
infections (Samain and McCombie, 2008). Such episodes
have dramatically risen in northern China, mostly in
Shandong and Liaoning Province since 1994, resulting in
50–80% mortality of adult C. gigas (Mao et al., 2005; Yang
et al., 2021). Nevertheless, the epidemiological investigations
of the case were unable to uncover evidence of OsHV-1
infection in C. gigas in China (Bai et al., 2015). Instead of
OsHV-1, the outbreaks of SMS were related to severe
physiological stress resulting from high temperatures, which
are the major limiting factor for C. gigas farming in northern
China (Lian et al., 2010; Yang et al., 2021; Li et al., 2023).
Thus, genetic improvement program to breed a heat-tolerant
strain is an attractive option for reducing the impact of SMS
on oyster production.

Selective breeding is one of the most effective approaches
for enhancing productive traits in aquaculture species
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(Gjedrem and Rye, 2018). Such a strategy has been commonly
and successfully used in oysters to improve growth rate,
survival rate, disease resistance, environmental tolerance, shell
shape and color (Sheridan, 1997; Li et al., 2011; Vu et al.,
2020; Chi et al., 2022; Jiang et al., 2023). Family selection has
been reported somewhat successful in controlling several
diseases of oysters, including OsHV-1 infection in C. gigas
(Camara et al., 2017), JOD (juvenile oyster disease) and MSX
(Haplosporidium nelsoni) disease in C. virginica (Farley et al.,
1998; Calvo et al., 2003), and QX (Marteilia sydneyi) disease
in Sacostrea glomerata (Nell and Perkins, 2006; Dove et al.,
2013; Dove et al., 2020). Genetic selection is mainly effective
due to the accumulation of relatively abundant additive genetic
variances (Perry et al., 2005). New additive genetic variances
can be introduced from intra- or interspecific hybridization in
aquaculture species (Grant and Grant, 1994; Abbott et al.,
2013). As a result, crosses between different populations or
species are often used to develop foundation populations
containing numerous variations (Bartley et al., 2001; Lu et al.,
2017), and a new strain with superior traits can thus be bred
through selection. For instance, a tilapia variety with improved
growth rate and salinity tolerance was bred by selection from
an interspecific hybrid of Oreochromis mossambicus and
O. niloticus (de Verdal et al., 2014).

In order to achieve genetic improvement, traits must have
genetic basis and allow to be measured accurately and reliably
(Noble et al., 2020). Thus, thermal tolerance is generally
measured as mortality during controlled thermal challenges in
selective breeding programs (Perry et al., 2005; Doyle et al.,
2011; Zhang et al., 2014). Moreover, the estimates of genetic
parameters could provide a basic understanding of the
influences of genetic factors on specific traits (Fu et al.,
2015). To date, several selective breeding programs has been
successively initiated in the United States (Beattie et al., 1980;
Hershberger et al., 1984), China (Ding et al., 2020) andMexico
(Juárez et al., 2021) to tackle the problems of SMS related to
high temperatures. Such programs reveal the potential for
genetic improvement of summer survival by thermally
selection in cultured C. gigas. However, little data is available
concerning genetic parameters for thermal tolerance in oysters
as well as estimates of the correlation between thermal
tolerance and summer survival. Therefore, more examinations
on the genetic basis for the heritability of thermal tolerance and
the correlation between heat tolerance and summer survival are
required.

In the present study, a selective breeding program has been
implemented to address the problem of mortalities associated
with high temperatures. It began with the F2 hybrid of C. gigas
and C. angulata to introgress thermal tolerance traits of
C. angulata and increase genetic variances. These two
genetically closely related species can be clearly distinguished
using mtDNA COI sequence differences at specific nucleotide
positions (In et al., 2017). Fifty full-sibling families were
produced using a nested half-sib mating design to estimate the
genetic parameters for thermal resistance, summer survival
and growth of the hybrid oysters. Furthermore, the responses to
selection for these traits were also analyzed after one
generation of selection. The aim of the present study was to
determine whether summer survival of oysters could be
improved indirectly through the selection for thermal tolerance.
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2 Materials and methods

2.1 Broodstock selection

The base population originated from a F2 hybrid
population of C. gigas and C. angulata. Briefly, C. gigas
and C. angulata were collected from Rongcheng, Shandong
province (37°110N, 122°350E) and Zhangzhou, Fujian
province (24°280N, 118°160E), respectively, and used to
produce the F1 hybrid (GA–C. gigas ♀�C. angulata ♂) in
2019 (Jiang et al., 2021). In 2020, GA was used as the
parental population to establish the F2 hybrid. In 2021, 1500
individuals of the F2 hybrids were collected from
Rongcheng, and transferred to a hatchery in Laizhou,
Shandong province (37°310N, 119°900 E). The top 138
(9.2%) out of 1500 individuals were selected as broodstock
of the selection families based on thermal tolerance.
Specifically, oysters were randomly distributed in four
500-L polyethylene tanks equipped with suspended mesh
baskets (n = 375 individuals/basket). The seawater tempera-
ture was kept at a daily oscillating temperature of 25 to 34 °C
for 25 days to prevent excessive thermal stress (Juárez et al.,
2021). The daily temperature cycle consisted of two parts: a
temperature-raising and a temperature-decreasing period.
During the first period, the temperatures rose from 25 °C to
34 °C at a rate of 1 °C/h and remained at 34 °C for
approximately three hours. The seawater cooled naturally
to 25 °C and maintained at 25 °C for the latter period.
Survivors of the thermal exposure were used as parents to
construct the thermally selection families. In addition, a sub-
sample (without heat shock challenge) of the F2 hybrids
containing 50 oysters was collected from Rongcheng to
produce the control families.

2.2 Family production and rearing

In June 2021, all survivors were strip spawned and crossed
using a nested half-sib mating design (every male was mated
with two different females) to produce 72 full-sibling selection
families (including 36 half-sib families). Meanwhile, 16 full-
sibling control families (including eight half-sib families) were
produced with the same mating design. Artificial fertilization
and rearing management of families were conducted as
described by Li et al. (2011). Fertilized eggs from each family
were incubated in a 100-L polyethylene bucket until the D-
larvae stage when larvae were collected and relocated to
additional polyethylene buckets. The rearing densities of larvae
in each family were four to five individuals/mL and decreased
with larval growth. The seawater temperature was kept at 21–
23 °C and the salinity was 30–31 psu. Larvae were fed a daily
ration of microalgae in accordance with their stage of
development using Isochrysis galbana and Platymonas sp.
When eye spots occurred, a bunch of scallop shells was put into
rearing buckets as substrate. Finally, a total of 40 full-sibling
selection families (including 11 half-sib families) and 10 full-
sibling control families (including two half-sib families) were
successfully obtained. The family structures of the selection
and control families were given in the Supplementary Table 1.
All families were transferred to an outdoor pond for temporary
rearing.
f 10
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2.3 Grow-out testing in field

In August 2021, the 50 families were relocated to the
Sanggou Bay, a commercial mariculture area with a history of
summer mortality problems in Rongcheng, Shandong province
(Fig. 1A). Families were initially cultivated using the long-line
method. On-site investigation showed that the deaths of
C. gigas were mainly adult oysters (over one year old) (Yang
et al., 2021). Thus, adult oysters were artificially detached from
scallop shells and transferred to 10-layer lantern nets for field
test on July 1st 2022. At the same time, the shell heights of 30
randomly selected oysters per family were recorded. To
alleviate common full-sib effects, families were deployed in
three replicates, with 20 oysters per replicate and a single
family per layer. All families were submerged in lantern nets
on floating rafts. Survival rates in summer field test were
assessed on September 30th 2022. The seawater temperature in
Shandong coastal area was downloaded from National Marine
Data Center (http://mds.nmdis.org.cn/).

2.4 Thermal challenge testing

On July 1st 2022, 3000 adult oysters from 50 families
(60 individuals/family) were randomly collected from
Sanggou Bay and used to evaluate their thermal tolerance.
Oysters allowed to acclimatize in 20-m3 concrete pond with
filtered seawater (salinity 30 psu, temperature 18 °C) for 10
days prior to the thermal challenge. No dead oysters were
observed during the acclimatization period. Sixty oysters per
family were randomly divided into triplicate plastic baskets
(20 individuals/basket) and secured to the bottom of three
different polyethylene tank (∼ 500 L). Each polyethylene
tank contained 10 families. The highest natural seawater
temperature in the coastal areas of Shandong Province is
about 26 °C (Fig. 1B), thus this temperature was used for
thermal challenge. Desired temperature at which oysters
were subjected to chronic thermal challenge was subsequent-
ly reached using a water bath unit with heaters at a rate of
0.1 °C/h. The control group was reared at 18 °C to confirm that
mortality was due to thermal challenge. Oysters were fed with
live Phaeodactylum tricornutum Bohlin three times a day.
Thirty percent of the seawater was exchanged daily. Baskets
were checked every six hours per day for mortality, and dead
or moribund individuals were picked out. The thermal
challenges were terminated when the daily mortality rate was
below 1%. The experiment lasted for approximately 15 days
in total.

2.5 Genetic analyses
2.5.1 Genetic parameters

The genetic parameters for summer survival and thermal
tolerance were estimated by linear models and threshold
models. Survival rates, both challenge test and field test, were
assessed as a binary variable, based on whether the oyster were
alive (score = 1) or dead (score = 0) at the end of the
experiment. Survived oysters were assumed to be more
resistant than those died. The growth trait (shell height) was
also analyzed using linear animal model. The terms in the
model were:
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(1) Linear animal model (LAM)

Yijk ¼ mþf i þ ajþcjkþeijk;

where Yijk is the observed value of the ith oyster, m is the
overall mean, fi is the fixed effect (“basket” effect in challenge
test), aj is the random additive genetic effect of the jth oyster, a
∼ (0, As2

a), A is the relationship matrix; cjk is the random
common environment effect, c ∼ (0, Is2

c), I is the identity
matrix; eijk is the random residual effect, e ∼ (0, Is2

e).
(2) Threshold (logit) animal model (TAMl)

Pr Yijk ¼ 1
� � ¼ expðm þ f i þ aj þ cjk þ eijkÞ

1 þ expðm þ f i þ aj þ cjk þ eijkÞ ;

where all parameters are same as described in LAM above.
(3) Threshold (probit) animal model (TAMp)

Pr Yijk ¼ 1
� � ¼ Fðm þ f i þ aj þ cjk þ eijkÞ

where F represents the standard cumulative normal distribu-
tion function; all parameters are same as described in LAM
above.

The variance components were estimated based on
restricted maximum likelihood (REML) by using ASReml-
R3.0 software package (Butler et al., 2009). The significance of
fixed effect was tested using a Wald-F statistics. The
significance of common environment effect was tested using
likelihood ratio test (LRT test) (Lynch and Walsh, 1998). The
narrow-sense heritability for traits was estimated from
univariate analyses as follows:

h2 ¼ s2
a

ðs2
aþs2

cþs2
eÞ
;

where s2
a is the additive genetic variance, s2

c is the common
full-sib environmental variance (which were not included in
the formula when the common environment effect was not
significant), s2

e is the residual variance (s
2
e =p

2/3 and 1 in the
TAMl and TAMp model, respectively).

The Z-score was used to assess whether the heritability was
significantly different from zero (Nguyen et al., 2007):

Z ¼ Xi�Xjffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
iþs2

j

q ;

where Xi and Xj are the estimates of heritability for the three
traits; si and sj are the respective standard error. Both of Xj and
sj are defined as zero when genetic parameter is tested for its
difference from zero.

The phenotype and genetic correlations between traits
were estimated as the Pearson correlation between phenotype
values and between estimated breeding values (EBVs),
respectively, using the SPSS 26.0 software (Barros et al.,
2018; Han et al., 2022).

2.5.2 Model comparison

To assess the consistency among genetic predictions of
the three models, the Pearson and Spearman correlation
f 10
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Table 1. Descriptive statistics of thermal tolerance (TT), summer survival (SS) and shell height (SH) in C. gigas ♀�C. angulata ♂.

Trait Population Number Mean Minimum Maximum Standard deviation Coefficient variation (%)

TT (%) Selection 2400 69.5 41.7 91.7 10.5 15.1

Control 600 30.2 10.0 55.0 15.6 51.9
SS (%) Selection 2400 66.9 45.0 88.3 12.1 18.1

Control 600 49.5 35.0 75.0 11.1 22.4
SH (mm) Selection 1200 86.42 43.63 128.89 13.22 15.29

Control 300 84.00 52.25 126.94 11.48 13.66

Fig. 1. Family breeding sites (A) and annual seawater temperature (B) in coastal areas of Shandong Province, China in 2022.
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coefficients among the full-sib family survival (thermal
tolerance) EBVs from each model were calculated using the
SPSS 26.0 software. The family EBVs were calculated as
follows (Zhai et al., 2021):

EBVs ¼ 1

2ðmsþmdÞ ;

where ms and md are the sire and dam EBVs of each full-sib
family, respectively.

2.5.3 Response to selection

Direct genetic gains for thermal tolerance, summer
survival and shell height were calculated as the differences
in EBVs between the selection families and control families
(Nguyen et al., 2014; Vu et al., 2020). The model LAM was
used to estimate EBVs with a minimum bias for the three traits.
The mean EBVs were presented in actual units (millimeter for
shell height and % for summer survival and thermal tolerance).

3 Results

3.1 Descriptive statistics

The mean monthly seawater temperature along the coast of
Shandong Province in 2022 was over 22 °C during the summer
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period, especially above 25 °C in July and August (Fig. 1B).
After summer, the survival rates of oysters varied greatly
among the selection and control families, ranging from 35.0 to
88.3% (Tab. 1). The mean survival rates for the selection and
control population were 66.9 ± 12.1% and 49.5 ± 11.1%,
respectively. The coefficients of variation for the summer
survival were slightly reduced in the selection population
(18.1%) compared to the control population (22.4%).

In general, selection families showed the higher survival rate
than control families in the thermal challenge testing (Fig. 2).
Themean survival rate of selection populationwas69.5 ± 10.5%
(Tab. 1), with the mortality starting on day 2 and continuing to
day 13 (Fig. 3). Themean survival rate of control populationwas
30.2 ± 15.6%,with themortality startingonday1 andcontinuing
to day 14. The majority of mortality occurred from day 7 to 9 in
selection population, while occurred on day 5 and 10 in control
population. The coefficient of variation for thermal tolerance in
control population (51.9%) was significantly higher than that in
selection population (15.1%). There was no mortality in the
control baskets for the challenge test, indicating that high
temperature was a primary factor of mortality found during
thermal challenge.

The family mean shell heights for the selection and control
population were 86.42 ± 13.22mm and 84.00 ± 11.48mm,
respectively (Tab. 1). The coefficients of variation for shell
height ranged from 13.66 to 15.29%.
f 10



Fig. 2. The mean survival rate of 50 full-sib families at day 15 after challenge with high temperature.

Fig. 3. Total number of dead oysters from all families (including the selection and control families) during the thermal challenge testing.

Table 2. Estimation of additive genetic variance (s2
a), common full-sib environmental variance (s2

c ), residual variance (s2
e), heritabilities

(h2) ± standard error (SE), and common full-sib environmental effect (c2) ± standard error (SE) for thermal tolerance (TT), summer survival (SS)
and shell height (SH) in C. gigas ♀�C. angulata ♂.

Trait Model s2
a s2

c s2
e h2 ± SE c2 ± SE

TT LAM 6.32e-02 1.71e-08 1.69e-01 0.27 ± 0.05* 7.37e-08

TAMl 0.78 – 1.00 0.19 ± 0.03* –
TAMp 0.29 – 1.00 0.23 ± 0.03* –

SS LAM 2.96e-02 2.04e-08 2.01e-01 0.13 ± 0.03* 8.81e-08
TAMl 0.47 – 1.00 0.12 ± 0.02* –
TAMp 0.17 – 1.00 0.15 ± 0.03* –

SH LAM 52.58 – 112.42 0.32 ± 0.07* –

Value was not calculated since it was non-significant (LRT test).
* Significance at 0.05 level (Z-score test).
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3.2 Estimation of genetic parameters

The estimates of heritabilities for thermal tolerance were low
to moderate, ranging from 0.19± 0.03 (TAMl model) to
0.27 ± 0.05 (LAM model) (Tab. 2). The common full-sib
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environmental effects (c2) estimated from the LAM model were
low, but statistically higher than zero (P < 0.05, LRT test). The
estimates of heritabilities for summer survival were 0.13 ± 0.03,
0.12± 0.02, and 0.15± 0.03, from the LAM, TAMl, and TAMp
models, respectively (Tab. 2). Similarly, the c2 obtained from the
f 10



Table 3. The genetic (above diagonal) and phenotypic (below
diagonal) correlations between thermal tolerance (TT), summer
survival (SS) and shell height (SH).

Trait TT SS SH

TT – 0.546** 0.227

SS 0.537** – 0.249
SH 0.016 0.053 –

** Significance at 0.01 level.

Table 4. The Pearson rank correlation coefficients (above diagonal)
and Spearman rank correlation coefficients (below diagonal) of the
thermal tolerance EBVs between the linear animal model (LAM),
threshold (logit) animal model (TAMl), and threshold (probit) animal
model (TAMp).

Model LAM TAMl TAMp

LAM – 0.998** 0.999**

TAMl 1.000** – 1.000**

TAMp 1.000** 1.000** –

** Significance at 0.01 level.
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LAMmodelwas significantly different from zero (P< 0.05, LRT
test). The estimate of heritability was moderate at 0.32± 0.07 for
shell height (Tab. 2).

Interestingly, phenotypic (0.537) and genetic correlation
(0.546) estimates between thermal tolerance and summer
survival were positive and moderate (P < 0.01, Tab. 3). The
shell height was positively correlated with thermal tolerance
(0.227, P > 0.05) and summer survival (0.249, P > 0.05) at
genetic level but weakly correlated with thermal tolerance
(0.016, P > 0.05) and summer survival (0.053, P > 0.05) at
phenotypic level.

3.3 Model comparison

The Pearson and Spearman correlation coefficients among
the three models were highly positive correlation (above 0.998,
Tab. 4). The highest correlation was observed between TAMl
and TAMp, with both correlation coefficients of 1. The above
results indicated that a nearly identical family rankings were
produced regardless of which model was used.

3.4 Response to selection

Significantly, direct genetic gain in thermal tolerance (the
only selection criterion) obtained from the first generation of
oyster breeding program was 36.33% (Tab. 5). Selection for
increased thermal tolerance also resulted in correlated
increases in summer survival with a genetic gain of
14.46%. However, there was little genetic gain in shell height
(2.15mm).

4 Discussion

The present work is the first to develop a founder F2 hybrid
between C. gigas (with favorable growth traits) and
C. angulata (with favorable thermal tolerance traits) and to
implement a family-based genetic selection for improving
thermal resistance and passively summer survival of oysters.
Results showed that the breeding program resulted in an
increased survival in thermal challenge and in summer field.
4.1 Establishment of the base population

The first, and perhaps most important, step in initiating a
selective breeding scheme is to establish a founder population
with an abundant genetic variation (Thodesen et al., 2013). In
practice, crossing with different populations/species is often
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initially utilized to construct base stocks with high genetic
diversity. For example, a cross between Oreochromis niloticus
and O. mossambicus was conducted and followed by
backcrossing with O. mossambicus to obtain a base population
used in a genetic selection aimed at improving growth and salt
tolerance (de Verdal et al., 2014). The Pacific oyster C. gigas is
a global aquaculture species because of its rapid growth rate,
while its closely related species C. angulata is known to be
more tolerant to warm seawater (Jiang et al., 2022). Because of
segregation and recombination of gametes from crossbred
parents, the F2 hybrids had abundant additive genes or gene
combinations that should allow for effective selection of lines
with desirable traits (Steffens et al., 1990; Argue et al., 2014).
Therefore, the base population in this selection program was
established using genetic materials from a F2 hybrid
population derived from female C. gigas and male
C. angulata. Thermal-tolerant individuals were screened from
the base population using high-temperature treatments and
used as parents for further genetic improvement.

4.2 Estimates of heritability of thermal tolerance,
summer survival and growth

The economic importance of thermal tolerance in
aquaculture species has given rise to many programs with
the aim of genetic improvement. Thermal tolerance is a
quantitative trait that displays continuous variation and has a
pattern of inheritance involving many genes (Falconer and
Mackay, 1996). Most researches estimating the heritability of
thermal tolerance in aquatic animals have shown relatively low
heritability. For instance, Zhang et al. (2014) reported the
heritability of upper thermal tolerance was 0.087 in turbot
Scophthalmus maximus. Baer and Travis (2000) estimated the
heritability of thermal tolerance in poeciliid fish Heterandria
formosa and reported a low heritability (less than 0.15).
However, Perry et al. (2005) conducted an acute thermal
challenge on rainbow trout Oncorhynchus mykiss and found a
heritability of 0.407–0.477 for thermal tolerance. There are
few reports concerning the genetic parameters for thermal
tolerance in oyster. In this study, heritabilies for thermal
tolerance for hybrid oysters were 0.19–0.27 estimated from
three models, which was similar to the estimates (0.25) for
C. angulata (Han et al., 2022). The moderate magnitude of
estimated heritabilities suggested that thermal tolerance in
oyster was partly under additive genetic control. In this
scenario, family-based selection is a feasible approach for
f 10



Table 5. Mean family EBVs and selection response (DG)* in thermal tolerance (TT), summer survival (SS) and shell height (SH).

Population TT (%) SS (%) SH (mm)

Mean EBV DG Mean EBV DG Mean EBV DG

Selection 0.07 36.33 0.03 14.46 0.41 2.15

Control –0.29 – –0.12 – ­–1.74 –

* DG is presented in actual units (millimeter for shell height and % forsummer survival and thermal tolerance).
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genetic improvement of thermal tolerance (Wang et al., 2019).
However, these medium estimates of heritability were higher
than the heritability estimates of 0.08 to 0.15 for C. gigas
(Camara et al., 2017). A common factor that can influence
heritability estimates is the effect of common environment
(Falconer and Mackay, 1996). In this study, weak genetic links
between families (13 half-sib families out of 50 full-sib
families) may result in an inaccurate assessment of common
environmental variance. Because common environmental
effects may be absorbed in the additive genetic variance
component, estimates of heritability are often overestimated
(Setyawan et al., 2022).

The summer mortality has been reported for the Pacific
oyster C. gigas in recent years and is a main concern for oyster
production around the world (Huvet et al., 2004). Earlier
studies of field-based data with outbreak of diseases, have
suggested a genetic basis in summer survival (Hershberger
et al., 1984; Dégremont et al., 2007). The heritability estimates
for summer survival were low in all models (0.12–0.15) but
significantly different from zero (P < 0.05) in this study. It is
generally believed that survival is a trait highly correlated with
individual fitness, and such traits usually show low herit-
abilities (Falconer andMackay, 1996; Barros et al., 2018). Low
heritability estimates for survival have also been reported in
other aquatic animals, such as the abalone (0.04) (Jonasson
et al., 1999), rainbow trout (0.08) (Vehviläinen et al., 2008),
synthetic breed of Nile tilapia (0.12) (Rezk et al., 2009), intra-
specific hybrid of shrimp (0.09) (Lu et al., 2017). Contrarily to
the results of this study, a significant additive genetic basis was
observed for summer survival as heritability estimates ranged
from 0.47 to 1.08, with higher values in locations where
mortality was higher (Dégremont et al., 2007). The observed
differences could be related to the different magnitude of
summer mortality between the two sites. In this study, oyster
survival varied between 11.7 and 65.0% during summer, lower
than the levels (2–82%) reported by Dégremont et al. (2007).

The estimated heritabilities of the summer survival were
lower than that of the thermal tolerance. The low heritabilities
of field survival have been also reported in other aquatic
animals, including Atlantic salmon (Wetten et al., 2007), blue
tilapia (Thodesen et al., 2013), Pacific oyster (Camara et al.,
2017). Summer survival in oyster is a complex trait that is
influenced by various internal and environmental factors
(Huvet et al., 2004). Thus, the low heritabilities estimated for
summer survival may be due to increased environmental
“noise”, which resulted in a lower proportion of additive
genetic variation in the total variation (Camara et al., 2017).
Studies on a number of aquatic species have suggested that
resistance to specific pathogens usually exhibits moderate to
high levels of heritability (Liang et al., 2017; Zhai et al., 2021;
Dégremont et al., 2015).
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In aquaculture animals, linear animal model (LAM) and
threshold animal model (TAM) are frequently adopted to fit
binary traits, such as survival rate (Ødegård et al., 2010, 2011).
Thus, thermal tolerance and summer survival were assessed in
this study as binary traits at specific time using classic LAM,
TAMl and TAMp models. Our results suggested slight
differences in the estimated heritability obtained from the
three models, which may be largely attributed to differences in
trait definition and analysis (Wang et al., 2019). In terms of
thermal tolerance, the TAM model seemed to slightly
underestimate the heritability compared to the LAM model.
Several studies have also reported biased estimates for the
genetic component of binary data in TAM model (Ødegård
et al., 2010; Liang et al., 2017). Nevertheless, the strong
correlations among the family EBVs obtained from the three
models may indicated similar predictive power of these models
on family EBVs.

Genetic parameters for growth-related traits have been
extensively assessed in oysters (Dégremont, 2007). However,
very few researches have yielded heritability estimates for
growth of hybrid oysters. The current study obtained a
moderate estimate of heritability (h2 = 0.32) for growth of
hybrid oysters, indicating a high potential for improving this
trait through family-based selection. This finding parallels the
finding in hybrid tilapia strain that heritability was moderate
for growth-related traits (Barros et al., 2018).
4.3 Correlations between thermal tolerance, summer
survival and growth traits

Basically, outbreaks of mass summer mortality in C. gigas
are most prevalent throughout the world when seawater
temperatures are high (Cheney et al., 2000; Dégremont et al.,
2010; Chaney and Gracey, 2011). Therefore, a genetic
selection project for more robust C. gigas resilience to high
temperature was conducted on the west coast of USA, which
resulted in significant increases in summer survival among the
resulting offspring (Beattie et al., 1980). However, there is no
conclusive evidence for a correlation between thermal
tolerance and summer survival. In New Zealand, a study
demonstrated that the genetic correlations (r= 0.17, P = 0.21)
between heat shock survival and on-farm survival were low
and not significant (Camara et al., 2017). In contrast, we found
that the phenotypic (r= 0.537, P < 0.01) and genetic
correlations (r= 0.546, P < 0.01) between thermal tolerance
and summer survival were positive and moderate. This
discrepancy may be attributed to differences in the main causes
of summer mortality at the two sites. It has been reported that
OsHV-1 is the main cause of massive summer mortality in
farmed C. gigas in New Zealang (Keeling et al., 2014;
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de Kantzow et al., 2019). However, the epidemiological
investigation did not show evidence of OsHV-1 infection in C.
gigas from China (Bai et al., 2015). As this study showed, the
natural water temperature in the breeding areas of C. gigas in
Shandong Province is usually above 25 °C throughout the
summer. High temperatures significantly affect the immune
system of oysters and lead to oxidative stress (Li et al., 2023),
thus being a key environmental factor contributing to mortality
outbreaks in China (Lian et al., 2010; Yang et al., 2021).
Encouragingly, the positive phenotypic and genetic correla-
tions between thermal tolerance and summer survival implied
that thermally selection could be used as a mean to reduce
summer mortality.

The main objective of genetic improvement program for
aquaculture species is usually to obtain greater economic
benefits. Thus, there is little commercial value in survival
selection without considering growth rate. Correlations
between different traits are caused by pleiotropy and linkage
disequilibrium of genes (Falconer and Mackay, 1996).
However, the associations between morphological and
fitness-related (such as environmental tolerance and disease
resistance) traits in aquatic animals are often variable (Perry
et al., 2005). In this study, the phenotypic and genetic
correlations between growth and survival (including thermal
tolerance and summer survival) were positive but low (P >
0.05). Similar to the results presented here, low and non-
significant positive phenotype (0.05–0.11) and genetic
correlations (0.04–0.13) between thermal tolerance and shell
height were also observed in C. angulata (Han et al., 2022),
indicating selection for thermal tolerance will not result in any
undesirable changes in shell height. In addition, Dégremont
et al. (2007) also reported a low but positive genetic correlation
between growth and summer survival in C. gigas. In this case,
future attempts at genetic improvement of oysters should
collectively consider improving both survival and growth
traits.

4.4 Response to selection

A main finding of our study is the positive response to
selection (DG = 36.33%) after one generation of family-based
selection to increase the tolerance to high temperature of
hybrid oysters. Response to selection for thermal tolerance of
shellfish has not been recorded in the literature; however,
Hershberger et al. (1984) observed that survival of thermally
selected C. gigas was 43% higher after three generations of
family-based selection, compared to that of the controls.
Estimated selection response of thermal tolerance was
consistent with phenotypic values in this genetic selection
program, reflecting the large genetic variation of thermal
tolerance in the hybrid oyster population. Also, the positive
genetic gain suggested that selection for thermal tolerance was
following the intended direction. Other programs selecting the
tolerance to high-temperature have also showed improved
survival of the selected lines over the controls, as reported in
rainbow troutO. mykiss strain (Ineno et al., 2005, 2018), and in
bluegill Lepomis macrochirus strain (Holland et al., 1974).
Notably, this thermally selection automatically improved the
summer survival, which was 17.4% in our study. The genetic
gain (DG = 14.46%) of summer survival for hybrid oysters fell
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within the range of estimates reported forC. gigas (9.9–45.5%)
(Dégremont et al., 2010; Chi et al., 2022), demonstrating that
thermally selection could be used as an indirect means of
improving summer survival in oysters.

5 Conclusions

This is the first report of genetic parameters for thermal
tolerance, summer survival, and shell height in the hybrid
oyster C. gigas ♀�C. angulata ♂. The results of the present
study suggest that thermal tolerance is a moderately heritable
trait and suitable for family-based selective breeding.
The phenotypic and genetic correlations between thermal
tolerance and summer survival were positive and moderate,
and the phenotypic and genetic correlations between survival
and growth were positive and low. Significant response to
selection (DG= 36.33%) was achieved for thermal tolerance,
and there was also corresponding response (DG = 14.46%) for
summer survival. These results suggested that genetic
improvement to improve summer survival of oyster could
be achieved by selecting highly heat-tolerant lines without
resulting in any adverse changes in growth.
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