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A B S T R A C T   

In order to assess the heterosis of the hybrid between the selected lines and develop a new hybrid variety of the 
Pacific oyster (Crassostrea gigas) with excellent survival and growth characteristics, a diallel crosses between 
selected “Haida No.1” (H, 12th generation) line and Orange-shell (O, 9th generation) line of C. gigas were carried 
out. Heterosis for growth and survival of two parental lines (HH, H♀ × H♂ and OO, O♀ × O♂) and their 
reciprocal hybrids (HO, H♀ × O♂ and OH, O♀ × H♂) were systematically assessed at both larval and grow-out 
stages. At larval stage, the two reciprocal hybrids exhibited heterosis in both survival and growth. Compared 
with HH, the survival rate of OH increased by nearly 23.00% at larval stage. Moreover, the heterosis in survival 
(average: 35.27%) was higher than that in growth (average: 8.03%) at larval stage. During grow-out phase, 
reciprocal hybrids showed excellent growth and survival traits at three commercial culturing areas. The high- 
parent heterosis for survival of hybrids at Rushan were higher than those at Rongcheng or Huangdao. 
Notably, the survival rate of OH increased by nearly 32.00% compared with HH at Rushan. Among three sites, 
the high-parent heterosis in survival varied from 31.18% to 141.18% at day 450. Overall, OH (Orange-shell line 
♀ × “Haida No. 1” line ♂) exhibited superior growth and survival traits among four crosses, which could be 
prioritized as a new alternative variety for commercial oyster cultivation.   

1. Introduction 

The Pacific oyster (C. gigas) is one of the most economically impor
tant aquatic species in the world. In recent years, genetic improvement 
for economic traits of C. gigas have been widely conducted, such as 
disease tolerance (Divilov et al., 2021), growth (de Melo et al., 2016), 
yield (Langdon et al., 2003; Rawson and Feindel, 2012), and survival 
(Dégremont et al., 2010). Nonetheless, several problems remain, e.g., 
summer mass mortality of oysters (SMM). SMM have caused serious 
economic losses and have severely hampered the development of the 
oyster industry (Du et al., 2021; Pernet et al., 2012; Evans and Langdon, 
2006; Azéma et al., 2015; Pernet et al., 2010). In France, 7-month-old 
oysters reared in Marennes-Oléron Bay suffered 50% mortality during 
17 days in August 2009 (Dégremont, 2011). In northern China, the 
mortality rate of C. gigas was more than 60% in summer months (Yang 
et al., 2021). Moreover, SMM breaks out in oysters, regardless of ploidy 
levels and origins (Pernet et al., 2010; Azéma et al., 2016). 

Crossbreeding combining favorable characteristics of both parents 
has been extensively applied in genetic breeding of organisms. In 
aquaculture, hybridization was commonly used to improve flesh quality, 
increase growth and survival rates, enhance disease and stress tolerance, 
as well as manipulate sex ratios, produce sterile animals (Bartley et al., 
2001; Dang et al., 2011; Liang et al., 2014; Zhang et al., 2017a; Liang 
et al., 2018; Tan et al., 2020). For example, hybrids derived from two 
stocks of C. hongkongensis exhibited superior heterosis in survival and 
living weight (Zhang et al., 2017b). the survival and whole weight of 
C. sikamea could be significantly improved through crossbreeding be
tween Chinese and American C. sikamea populations (Ma et al., 2022). 
Two hybrid strains with superior growth and survival could be obtained 
by hybridization between 4 geographical subpopulations of sea scallops 
(Wang and Côté, 2012). Additive genetic variation in yield traits has 
been accumulated by repeated selection. Non-additive genetic variation 
can be utilized in the offspring through crossbreeding. Therefore, hy
bridization between selected lines offer the possibility of exploiting both 
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additive genetic variation accumulated within lines and non-additive 
genetic variation between lines (Han et al., 2020; Hedgecock and 
Davis, 2007). High heterosis in phenotypic characteristics was observed 
in crosses between selection lines of Ruditapes philippinarum (Zhang 
et al., 2014) and C. gigas (Kong et al., 2017; Han et al., 2020). Besides, 
the high-yield offspring was 
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To determine the effects of the genotypes (hybrid groups vs. pure
bred groups) and environmental factors (Rushan vs. Rongcheng vs. 
Huangdao) on the survival and growth of C. gigas during juvenile and 
adult stage. A two-factor ANOVA was employed as the following model 
(Mallet and Haley, 1983; Cruz and Ibarra, 1997): 

Yijk = μ+Gi +Ej +(G × E)ij + eijk 

Where Yijk indicates the mean phenotypic value (shell height, sur
vival rate, etc) of the k replicate from the type i group in site j. Gi is the 
genotype effect on phenotypic value (shell height, survival rate, etc) (i =
1, 2), Ej is the environmental effect on the phenotypic value (shell 
height, survival rate, etc) (j = 1, 2, 3), (G × E) ij represents the inter
action effect of the group type and site, and eijk is the random obser
vation error (k = 1, 2, 3). 

3. Results 

3.1. Growth, survival and heterosis at larval stage 

No significant difference was observed in shell height between two 
reciprocal hybrids (Fig. 1A). The shell height of OO was lower than those 
of the other three groups at larval stage. From day 15, two reciprocal 
hybrids were significantly larger than two purebred lines in shell height 
(P < 0.05), with the order of OH > HO > HH > OO. On day 20, average 
shell height of HO (285.67 ± 35.87 μm) was slightly larger than that of 
OH (275.25 ± 24.75 μm). The shell heights of two hybrid groups were 
significantly larger than those of two purebred lines at day 20 (P < 0.05), 

with a high-parent heterosis H(HO/HH) of 15.51% and H(OH/HH) of 
11.30% (Table 1). 

On day 15, the mean survival rates of the hybrid groups were 
significantly higher than those of purebred groups (P < 0.05) (Fig. 1B). 
However, no significant difference was observed between the two hy
brids. The OH group exhibited highest survival rate among the four 
groups on day 20, with a heterosis of 46.00% compared to HH (Table 1). 
Notably, the survival rate of OO group (37.66 ± 3.06%) was signifi
cantly lower than those of the other three groups (P < 0.05). Moreover, 
heterosis for survival in the hybrid groups (2.84–46.00%) gradually 
increased with larval growth (Table 1). 

3.2. Growth, survival and heterosis at juvenile stage 

Two-factor ANOVA showed that growth and survival traits for four 
experimental groups were significantly influenced by genotypes and 
environments (Table 2). The shell heights of four groups in Rushan were 
larger than those in Rongcheng and Huangdao (Fig. 2). Two hybrid 
groups exhibited heterosis in shell height compared to HH, with mid- 
parent heterosis ranged from 0.52% to 18.33% at three culturing 
areas. At day 450, significant difference in shell height was observed 
among four groups in Rongcheng (P < 0.05). Besides, the shell heights of 
two hybrid groups were larger than that of HH, with high-parent het
erosis of 7.74% and 15.41% for HO and OH, respectively (Table 3). 
Moreover, the shell heights of OO were significantly smaller than those 
of the other three groups at three areas (P < 0.05), followed the order of 
OH > HO > HH > OO. 

At day 450, the living weights of hybrid groups were significantly (P 
< 0.05) higher than those of purebred groups at Rongcheng (Fig. 2). 
Moreover, OH was significantly (P < 0.05) heavier than the other three 
groups, with values of high-parent heterosis at 18.44% and 22.00% in 
Rushan and Huangdao, respectively. Besides, the heterosis for living 
weight was higher at Rongcheng than at Rushan or Huangdao. While the 
living weights of four experimental groups at Rushan were highest 
among three environments (Table 4). 

The mean survival rates of two hybrid crosses were higher than those 
of the two purebred groups at three environments (Fig. 2). At day 90, 
two hybrid lines in Rushan showed negative high-parent heterosis, with 
values at − 3.07% for HO and − 1.15% for OH (Table 5). Similar results 
were also observed in Rongcheng and Huangdao. However, the survival 
rates of hybrid crosses (HO: 86.66%, OH: 85.66%) were higher than 
those of their parental groups (HH: 73.33%, OO: 64.00%) on day 180 in 
Rongcheng. Moreover, the survival rate of OO were significantly (P <
0.05) lower than those of the other three groups, except on day 90 at 
three environments. Notably, on day 450, which indicates oysters had 
tolerated the summer for the second time, the survival rates of hybrid 
crosses were significantly (P < 0.05) higher than purebred groups at 
three culture areas. Meanwhile, OH group exhibited higher heterosis in 
survival than HO group, with high-parent heterosis ranged from 
102.15% to 141.18% at three environments. Besides, the heterosis for 
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Fig. 1. Shell height and survival rate for two purebred groups (HH and OO) and 
two hybrid groups (HO and OH) at larval stage. A: the shell height of four 
groups; B: the survival rate of four groups. H and O indicate “Haida No. 1” line 
and Orange-shell line of the Pacific oyster, respectively. Two purebred groups: 
HH (H♀ × H♂), OO (O♀ × O♂); and their reciprocal hybrids: HO (H♀ × O♂), OH 
(O♀ × H♂). Different superscript letters in the same day indicate significant 
difference (P < 0.05) among four groups. 

Table 1 
Heterosis (M and H) for survival rate and shell height of “Haida No. 1” (H) line, 
Orange-shell (O) line and their reciprocal hybrids (HO and OH) at larval stage.  

Items Heterosis (%) Day 1 Day 5 Day 10 Day 15 Day 20  

MF1 – 5.25 17.98 54.35 63.50 
Survival rate H(HO/HH) – 2.84 18.72 29.02 40.67  

H(OH/HH) – 3.19 21.00 28.50 46.00  
MF1 6.07 5.54 1.89 10.75 15.87 

Shell height H(HO/HH) 4.47 4.62 3.06 8.87 15.51  
H(OH/HH) 4.50 3.11 1.139 9.59 11.30 

H and O indicate “Haida No. 1” and Orange-shell lines of the Pacific oyster, 
respectively. Two purebred groups: HH (H♀ × H♂), OO (O♀ × O♂); and two 
reciprocal hybrids: HO (H♀ × O♂), OH (O♀ × H♂). MF1 represents the mid- 
parent heterosis of the two hybrids; H(HO/HH) and H(OH/HH) means the high- 
parent heterosis of HO and OH, respectively. 
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survival of hybrid groups were highest at Rushan. 

3.3. Shell color of the hybrid cohorts 

The 1000 hybrids from Rushan were classified by eye observation 
based on shell pigmentation of the left valve. Hybrid cohorts had two 
types on color patterns. The shell pattern of 58.4% of the progenies is the 
same as that of “Haida No. 1” line with or without radial stripes on left 
shell, while 41.6% of the hybrids exhibited purple colors (ranging from 
pale to dark purple) on both shells (Fig. 3). 

4. Discussion 

Improving yield traits such as growth rate and survival rate has been 
the main objective of genetic breeding for aquatic animals. Here, we 
compared the phenotypic values of the Pacific oyster “Haida No. 1” line, 
the Orange-shell line and their reciprocal crosses. The results showed 
that the four groups of oysters differed significantly in growth and sur
vival at three environments. 

4.1. Growth 

The results of the study revealed that hybrid crosses exhibited het
erosis in shell height, with values of mid-parent heterosis ranging from 
1.89% to 15.87% at larval stage and 13.46% to 24.48% at grow-out 
stage. The positive association between growth and heterozygosity in 
marine mollusks is a common consequence of crossbreeding (Zouros and 
Mallet, 1989; Sheridan, 1981). Besides, the successful use of heterosis is 
attributed to an increase in heterozygosity (Mitton and Grant, 1984). 
Therefore, growth difference in this study may be interpreted as higher 
heterozygosity in the hybrids than in purebreds. In this study, hybrid 
crosses exhibited low heterosis in growth, and the similar results were 
also demonstrated in C. gigas (Kong et al., 2017; Han et al., 2020) and 
Argopecten irradians (Zhang et al., 2007; Wang and Li, 2010). However, 
high heterosis in shell height and living weight was found in reciprocal 
hybrids derived from C. hongkongensis and C. sikamea (Zhang et al., 
2017a). The growth difference in hybrids may be caused by genetic 
differences between parents (Sheridan, 1997) and environmental con
ditions (Evans and Langdon, 2006). In addition, different degrees of 
inbreeding among parental populations may be another important cause 
of the above phenomenon (Rawson and Feindel, 2012). Moreover, the 
shell height and living weight were higher in HH than in OO. However, 
the heterosis for growth-related traits in OH were higher than that in 
HO. This phenomenon indicates the non-additive effects were critical for 
oyster growth (Hedgecock et al., 1995; Hedgecock and Davis, 2007). 

4.2. Survival 

In this study, the hybrid groups exhibited higher survival rate than 
purebred groups at both larval and grow-out stage. Especially, OH 
showed a significant survival advantage over the other three groups, 
with high-parent heterosis of 141.18% at Rushan, which was probably 
due to better adaptation of reciprocal hybrids than their parental 
counterparts under certain environmental conditions (Zhang et al., 
2017b). On the other hand, heterozygosity and hybridization may have 
masked the deleterious or even lethal recessive survival-related genes in 
the parental lines (Wang and Li, 2010; Burke and Arnold, 2001). 
Moreover, “Haida No. 1” line originated from cultured stocks in Rushan, 
while the Orange-shell line was established based on only four C. gigas. 
Thus, genetic variation may exist between these two parental lines. The 
magnitude of heterosis between two particular lines depends on the 
square of the difference in gene frequency between crossed parents. 
Moreover, if no different gene frequency was existed between the par
ents crossed, there will be no heterosis. Nevertheless, the heterosis will 
be greatest when one particular trait-related loci was fixed in one parent 
and the other loci was fixed in the other parent (Falconer, 1981). Be
sides, high heterosis in survival suggested crossbreeding between 
selected lines is an efficient method to improve the survival of C. gigas. 

The heterosis in survival was higher than that in growth throughout 
the life stage. This may be attributed to the fact that the two parental 
populations have been selected for generations with directional selec
tion for growth rather than for survival. Thus, the survival-related loci of 
the two parents may be more diverse and complementary than growth- 
related loci (Han et al., 2020). On the other hand, fitness-related traits 
(survival rate, etc) are more likely to exhibit directional dominance 
compared to morphological-related traits (shell height, etc) (Lynch and 
Walsh, 1998), and the magnitude of heterosis depends largely on 
directional dominance of genes involved in target traits (Falconer and 
Mackay, 1996). Thus, the heterosis between two reciprocal groups is 
greater for survival than for growth. 

4.3. Effects of generations and inbreed lines 

The two reciprocal hybrids exhibited extraordinary performances in 
terms of survival and growth. Superior performance of hybrids could be 
partially explained by the combination of selection and crossbreeding. 
The Orange-shell line has been successively selected for 9 generations. 
Meanwhile, the “Haida No. 1” line has been successively selected for 12 
generations with fast growth. Theoretically, when the parental pop
ulations have been selected for generations, the hybrid progeny will 
exhibit high heterosis due to the accumulation of plenty of different non- 

Table 2 
Two-factor analysis of variance (ANOVA) showing the genotype (G) and environment factor (E) effects for survival and growth of each experimental group at juvenile 
and adult stage.  

Items Source df Survival rate Shell height Living weight 

MS F-value MS F-value MS F-value 

Day 90 E 2 0.154 <0.001*** 0.002 0.747 2.319 <0.001*** 
G 1 0.002 0.426 0.775 <0.001*** 2.438 <0.001*** 
G * E 2 0.007 0.146 0.049 0.001** 0.037 0.231 

Day 180 E 1 0.035 0.020** 0.057 <0.001*** 1.220 <0.001*** 
G 2 0.650 <0.001*** 0.682 <0.001*** 2.784 <0.001*** 
G * E 2 0.001 0.913 0.012 0.101 0.056 0.035* 

Day 270 E 2 0.032 0.003** 0.171 <0.001*** 1.795 <0.001*** 
G 1 0.673 <0.001*** 0.444 <0.001*** 2.936 <0.001*** 
G * E 2 0.002 0.691 0.000 0.932 0.067 0.006** 

Day 360 E 2 0.052 0.003** 0.135 <0.001*** 1.565 <0.001*** 
G 1 0.628 <0.001*** 0.027 0.003** 0.014 0.237 
G * E 2 0.001 0.903 0.226 <0.001*** 1.209 <0.001*** 

Day 450 E 1 0.727 0.196 0.080 <0.001*** 1.134 <0.001*** 
G 2 <0.001 <0.001*** 0.476 <0.001*** 1.855 <0.001*** 
G * E 2 0.011 0.981 0.017 0.002** 0.083 <0.001*** 

* indicates P < 0.05; ** indicates P < 0.01; *** indicates P < 0.001. 
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Fig. 2. Shell height, living weight and survival rate for two purebred groups (HH and OO) and two hybrid groups (HO and OH) among three sites. A: the shell height of four groups at Rongcheng; B: the living weight of 
four groups at Rongcheng; C: the survival rate of four groups at Rongcheng; D: the shell height of four groups at Rushan; E: the living weight of four groups at Rushan; F: the survival rate of four groups at Rushan; G: the 
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0.05) among four groups. 
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additive genetic variation, and the more successive generations of the 
parents, the higher heterosis in the hybrids (Sheridan, 1997). 

The orang shell line used in this study is an inbred line established 
based only on four C. gigas. When this inbred orange-shell line was 
crossed with “Haida No. 1” line as one parent, the hybrid groups 
exhibited favorable performances, especially in survival. This phenom
enon probably due to the yield-related loci of these two parents may be 
more complementary (Han et al., 2020). Meanwhile, this result indicates 
inbred lines have great application potential in aquaculture (Hedgecock 
et al., 1995; Hedgecock and Davis, 2007). Nevertheless, inbreeding and 
crossing alone cannot produce any improvement unless the inbred lines 
derived from different foundation populations. Moreover, parental 
populations must be selected at some stage if any improvement is to be 
made (Gjerde, 1988). 

4.4. Difference performances existed in different crosses and 
environments 

The heterosis for survival of OH was greater than that of HO 
throughout the life stage. This indicated the importance of evaluating 
the performances of two reciprocal hybrids before choosing the paternal 
and maternal line for commercial seed production (Zhang et al., 2007). 
Asymmetric performance between reciprocal crosses were also found in 
the Kumamoto oyster C. sikamea (Ma et al., 2022), the Hongkong oyster 
C. hongkongensis (Zhang et al., 2017a), the bay scallop A. irradians 
(Zhang et al., 2007) and the boring giant clam Tridance crocea (Zhang 
et al., 2020). The performance variation between reciprocal hybrids 
were probably due to sex-linked genes, cytoplasmic inheritance, 
parental effects and extra-nuclear effects (Kong et al., 2017; Zhang et al., 
2017a). 

Both survival and growth traits of four groups varied among all three 
culturing environments. Notably, greater high-parent heterosis for sur
vival and growth were found at Rushan. This difference may be caused 
by environmental condition, such as water circulation, salinity, tem
perature and food (Xu et al., 2019). Different performances among 
culture areas indicates the importance of evaluating the phenotypic 
traits of oysters among different environments to obtain greatest 
heterosis. 

4.5. Application prospect of shell color variants 

Aquatic organisms with special colors are not only of high scientific 
value, but also more favored by consumers in the market (Clydesdale, 
1993; Alfnes et al., 2006). In this study, oysters with purple on both the 
left and right shells were unexpectedly found from the hybrid offspring. 
Therefore, it is necessary to employ them as parents to develop a new 
line with stable inheritance of purple shell color. The total left-shell 
pigmentation in C. gigas was under a high degree of genetic control 
and strongly influenced by additive genetic variation (Brake et al., 2004; 
Evans et al., 2009). Besides, the heritability estimates in growth-related 
traits of the Pacific oyster were medium to high (Evans and Langdon, 
2006; Kong et al., 2015; Chi et al., 2021; Li et al., 2011). The relatively 
high heritability of traits recorded in oysters also indicated that artificial 
selection has a significant potential to improve the performance of this 
species (Kong et al., 2015; Zhang et al., 2019). Thus, selective breeding 
including family and mass selection could be prioritized for genetic 
improvement of purple-variant. 

5. Conclusions 

In summary, the growth and survival of “Haida No. 1” line, Orange- 
shell line and their reciprocal hybrids were systematically assessed 
under three commercial conditions. The reciprocal cross exhibited sig
nificant heterosis in terms of survival at both larval and grow-out stages. 
The high-parent heterosis of OH was 46.00% in survival at larval stage. 
Meanwhile, the survival rate of OH increased by nearly 32.00% 
compared with HH on day 450. Moreover, the heterosis for shell height 
and living weight of OH was higher than that of HO. Therefore, the 
results demonstrated that OH (Orange-shell line ♀ × “Haida No. 1” line 
♂) has significant potential for application in the oyster aquaculture. 
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Table 3 
Heterosis (M and H) for shell height in “Haida No. 1” (H) line, Orange-shell (O) 
line and their reciprocal hybrids (HO and OH) at grow-out stage in three 
culturing environments.  

Heterosis (%) Day 90 Day 180 Day 270 Day 360 Day 450 

Rongcheng      
MF1 10.91 20.09 15.41 19.66 24.48 
H(HO/HH) 4.53 4.89 3.03 6.61 7.74 
H(OH/HH) 0.63 2.62 0.52 11.41 15.41 

Rushan      
MF1 34.43 26.23 17.85 15.82 13.46 
H(HO/HH) 18.33 14.71 7.24 6.33 6.32 
H(OH/HH) 17.90 13.57 12.44 9.92 8.10 

Huangdao      
MF1 24.34 15.54 16.64 16.89 15.01 
H(HO/HH) 4.33 1.13 3.12 4.28 1.54 
H(OH/HH) 9.27 2.51 4.95 8.29 8.31  

Table 4 
Heterosis (M and H) for living weight in “Haida No. 1” (H) line, Orange-shell (O) 
line and their reciprocal hybrids (HO and OH) at grow-out stage among three 
culturing environments.  

Heterosis (%) Day 90 Day 180 Day 270 Day 360 Day 450 

Rongcheng      
MF1 38.62 56.87 60.67 57.69 53.85 
H(HO/HH) 19.52 13.74 28.11 27.60 27.76 
H(OH/HH) 47.89 73.78 73.46 69.93 66.38 

Rushan      
MF1 48.61 44.03 35.95 29.06 24.18 
H(HO/HH) 6.96 10.51 9.80 6.49 3.87 
H(OH/HH) 16.57 25.49 22.35 20.46 18.44 

Huangdao      
MF1 29.98 31.74 44.71 37.03 34.89 
H(HO/HH) − 5.49 0.18 7.38 4.76 4.19 
H(OH/HH) − 4.10 8.12 26.77 23.11 22.00  

Table 5 
Heterosis (M and H) for survival in “Haida No. 1” (H) line, Orange-shell (O) line 
and their reciprocal hybrids (HO and OH) at grow-out stage in three culturing 
environments.  

Heterosis (%) Day 90 Day 180 Day 270 Day 360 Day 450 

Rongcheng      
MF1 0.00 25.49 47.47 57.98 105.30 
H(HO/HH) 0.00 18.18 27.71 27.91 31.18 
H(OH/HH) − 1.07 16.82 36.14 63.57 102.15 

Rushan      
MF1 5.36 29.00 50.79 77.33 138.60 
H(HO/HH) − 3.07 7.08 25.00 27.84 58.82 
H(OH/HH) − 1.15 17.45 33.78 86.60 141.18 

Huangdao      
MF1 − 1.37 30.16 46.59 69.42 133.62 
H(HO/HH) − 3.86 12.04 23.57 48.08 47.22 
H(OH/HH) − 1.93 15.74 36.94 87.50 129.17  
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