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Worldwide, the bivalve aquaculture industry has realized or recognized the potential gains from selective breeding programs using phenotypic and pedigree data. Yesso scallop Patinopecten yessoensis are among the most important commercial shellfish in China. A family-based breeding program to investigate the genetic variations for growth and survival-related traits at suspended and bottom environments of sea-based culture systems was reported in this study. We proposed and conducted a novel phenotyping technique to longitudinally evaluate the shell heights in the yesso scallop. At harvest after rearing for 20 months, the individual shell heights at 6, 10, 16, and 20 months were simultaneously obtained by the growth rings in the outer shells of the animals. Meanwhile, the body weight (BW) of the survived individuals at harvest was also recorded. Variance components and genetic parameters for growth and survival-related traits were estimated using an animal and threshold model, respectively. In the suspended environment, the heritability estimates for BW and shell heights at specific ages ranged from moderate to high (0.328–0.853). The estimated correlations between shell heights at contiguous ages were consistently high, ranging from 0.890 to 0.958 but decreased with increasing intervals between ages (0.496–0.828). The estimated correlations between shell heights at contiguous ages and BW at harvest were similar, ranging from 0.535 to 0.983. The heritability estimates for individual survival at harvest were at a low level of 0.128 by the probit-threshold model. While at the bottom environment, estimates of heritability for growth and survival-related traits were similar but slightly lower than those at the suspended environment. Furthermore, the genetic correlation for BW between the two environments was very small, which probably indicates genotype-by-environment interaction effects for growth in the yesso scallop. The study can provide prior information, which might develop a new idea for selection in this species. The results are discussed concerning selection work with yesso scallop, and solutions for accurate estimation of genetic parameters and increasing genetic gain are also outlined.
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INTRODUCTION

Selective breeding, the benefits of which can be cumulative and permanent, is an attractive approach in genetic improvement in aquaculture species (Gjedrem, 2010). Estimates of genetic gain per generation for economically important traits such as growth rate are reported high of average 13%, as demonstrated for major farmed species like Atlantic salmon and Nile tilapia (Gjedrem, 2012). Although the molecular breeding method was reported in animals in the genomics era, the best linear unbiased prediction method traditionally based on pedigree records and phenotypic data still comprises one of the main approaches in selective breeding programs so far, especially in aquaculture species (Boudry et al., 2022). The prerequisite of the traditional family-based selection is the accurate estimates of the genetic parameters including heritability and genetic correlations for the target traits. Factually, the genetic parameter estimation is vital to breeders to make an effective breeding plan, predict the genetic gains, and conduct a cost-benefit analysis in the program. In molluscan species especially in bivalves, the genetic parameter estimations were relatively widely reported in oysters, scallops, clams, and mussels (Alcapán et al., 2007; de Melo et al., 2016; Barros et al., 2018; Tan et al., 2020).

Scallops are one of the most ecologically and economically important bivalve groups in the world (Shumway and Parsons, 2006). They are a high-value aquaculture group, with an annual farmed yield of about 2 million metric tons accounting for more than 10% of aquaculture production for the major molluscan species groups in 2018 worldwide (Food and Agriculture Organisation [FAO], 2020). Yesso or Japanese scallop, Patinopecten yessoensis, was introduced from Japan to Dalian areas, China in the 1980s (Liu, 1983). The aquaculture of yesso scallops has been growing rapidly since its introduction because of the larger sizes and higher market prices compared with the native scallop species in China. It has become a major aquaculture industry in northern China, mostly in Liaoning and northern Shandong Province. Two main culture forms in sea-based culture were suitable for yesso scallop farming in China. Lantern nets on suspended longlines, the dominant form of grow-out for native scallops, are also implemented for yesso scallop culture. The scallops can also be released for on-bottom culture without any protective gear. During the past decade, the on-bottom culture of yesso scallops has gained popularity and greatly expanded in China. Although several studies were conducted to compare the merits and demerits between the two culture modes in yesso scallop, there remains controversy in which mode is more productive in China.

However, in recent years, outbreaks of mass mortality and slow growth rate are major threats to sustainable production and future expansion of yesso scallop aquaculture since 2007 in China (Ren et al., 2013). Mortalities of farmed stocks in this species have continued to 2014, however, no specific pathogens have been found associated with the mortalities. Although several selective breeding programs were initiated by varying organizations or companies in China (Wang et al., 2014), it seems that no sufficient data of genetic evaluations were reported on target traits in this species.

Here, we present estimates of heritability for shell heights, BW, and survival after growing full-sib families under two grow-out conditions (environments). We also try to evaluate the genotype by environment interaction effects for BW between different environments. This study would provide a theoretical and practical context for developing selective breeding programs for yesso scallop farming in China.



MATERIALS AND METHODS


Population, Mating, and Production of Families

The materials used in the study were from a scallop hatchery, Zoneco Group Co., Ltd., China. The base population of the selection experiments was established by two yesso scallop stocks, A and B. According to the hatchery records from Zoneco Company, stock A was introduced from Aomori, Japan in 1982. After breeding for 14 generations every 2 years since introduction, individuals from stock A were randomly chosen as broodstock. While, stock B was produced for 2 generations after being introduced in 2009, recently. Scallop stocks A and B are both commercially cultured using suspended longline in Changhai County, Dalian, China before being selected as broodstock in the study. To our knowledge, no experimental or field trials were conducted to evaluate the production performance or features between the two stocks previously. We used the two stocks as the base population for broadening the genetic base and detecting possible heterosis for the target traits in the study. Full- and half-sib families were produced by a 2 × 2 factorial mating design, in which two dams were mated to the same sire, and two sires were mated to the same dam. After fertilization and hatching, successfully established full-sibs were carefully separately in each 100 L tank.

Fertilized eggs, embryos, and larvae were reared following the procedures described by Wang and Wang (1993). The D-shaped and umbo larvae in each full-sib were cultured in appropriate 15°C seawater with aeration in succession. The density of larvae and the concentrations of feeds were maintained and adjusted to a suitable level to keep the larvae growing comfortably. In brief, the density of larvae in the tanks was maintained at 8 larvae/ml and reduced to 1–2 larvae/ml with the development of the larvae to metamorphosis by adjusting the water volume. About 30 days after fertilization, the collectors adhered to juvenile scallops were transferred to the field in the sea from nursery to grow-out stage. As the animals developed in the nursery stage, stocking densities in each full-sibs were adjusted for consistent rearing environmental conditions. Density adjustment was made in all families three times in the nursery stage. This practice is essential to adjust for possible bias resulting from environmental differences in the subsequent genetic evaluation. Finally, only 43 full-sibs with sufficient sample numbers were established when juvenile scallops with shell heights of ∼3 cm got to the grow-out stage. The numbers of mating pairs, sires, and dams used to generate the full families are presented in Table 1.


TABLE 1. Summary statistics of families, sample number, and phenotypic values of traits in yesso scallops in the study.

[image: Table 1]


Growth and Survival Tests at Suspended and Bottom Environments

Scallops with a shell height of ∼2.5 cm were tagged with digital numbered tags tied by a hole drilled in the ear part of the animal (Katherine et al., 2001). After tagging and acclimating for no mortality occurred, the scallops in each of the full-sib families were transferred to two sites closely located in Zhangzi Island of the North Yellow Sea, where yesso scallop is widely cultured in China, for adult growth periods (Guo and Luo, 2016). The lantern net suspension in longlines culture mode in one site and an on-bottom culture mode in the other site were utilized as two environments to measure the growth and survival performance of the full-sibs at the grow-out stage were separately conducted.

At the suspended environment, a total of 2,667 randomly selected individuals from the 43 full-sib families were placed in 13 lantern nets with the same density (20 scallops were placed in each layer of the lantern nets) and placed in the same natural water to minimize the effects of culture conditions. While, at the on-bottom environment, we placed netting cages in the bottom of the sea on the other site in this study. Compared with the routine way in yesso scallop on-bottom culture in open areas, this is to guarantee the recapture of the experimental animals at harvest. The netting cage consisted of a 2 m × 1 m × 0.45 m (L × W × D) rectangular frame made of rebar (ϕ = 1 cm), we placed two nets around each cage with a mesh size of 2 cm for holding scallops. In this study, seven netting cages as scallop bottom culture equipment were anchored into the seabed at a water depth of 20 m. However, during the culture at the bottom environment, one netting cage was crashed by rocks and destroyed, while two netting cages occurred predators of starfish (Asterias amurensis), nearly all the scallops totally occurred mortality. Therefore, a total of only 780 scallop samples from the 33 full-sib families in four cages were included in data collection at the bottom culture environment.

At harvest after grow-out in the suspended environment, the numbers of live and dead scallops at each site for each full-sib family were counted to obtain the survival data (0/1). Final sizes (the shell heights SH4) and weights of the scallops (BW) were determined by measuring all the survived individuals at the site. Besides, the three number of growth rings present in our survived samples allowed recognition of shell height growth chronologies (Figure 1). With the help of the growth rings which we inferred occurrence at the age of 6, 10, and 16 months, we finally obtained the data of SH1, SH2, and SH3 together with SH4, simultaneously (Figure 1). Scallop shell heights were defined as the maximum distance from the hinge line to the growth rings or shell edges and measured using electronic vernier calipers to an accuracy of 0.01 mm. BW was recorded using an electronic balance to an accuracy of 0.01 g. To guarantee the accuracy of shell height data obtained by the new method, preliminary measurements were conducted during the culture at 6 months. Measurements were carried out to obtain the shell heights of 100 randomly chosen scallops at 6 months, which are seen as “true values.” While at harvest, shell height data indicated by the growth ring at 6 months were recorded again to the survived animals from the 100 randomly chosen scallops. The means of shell heights obtained at harvest and “true values” were compared using Tukey’s test (Zar, 1984). Additionally, Tukey’s test revealed no significant difference between data recorded by the growth ring method and “true values” (P > 0.05). It indicated that the accuracy of shell height data obtained by the growth ring method was guaranteed.


[image: image]

FIGURE 1. Shell height growth was indicated by the rings in the outer shells of the yesso scallop in this study. SH1, shell height at 6 months; SH2, shell height at 10 months; SH3, shell height at 16 months; SH4, shell height at 20 months.


While, at harvest after grow-out at the bottom environment, all the number of live scallops in only four cages were collected and counted to obtain the survival data. The final individual BW of the scallops (BW) was determined by measuring all the survived individuals at the site. Gender information including male, female, or undistinguished of all survived samples at the two culture conditions was also recorded at harvest.



Data Analysis

Genetic analyses for growth-related traits including SH1, SH2, SH3, SH4, and BW in the suspended culture condition were performed using a multivariate animal model as follows:

[image: image]

where y is the vector of phenotypes of each trait; β is the vector of fixed effects, including overall mean, crosses (AA, AB, BA, or BB), and sex (male, female, or undistinguished); a is the vector of random additive genetic effects, following a normal distribution of N(0, A[image: image]), where σ2a is the additive genetic variance and A is the numerator relationship matrix based on pedigree information; c is the vector of common effects to full-sibs with the distribution of N(0, I[image: image]), where [image: image] is the variance of common effects to full-sibs and I is the identity matrix; e is the vector of random residuals with the distribution of N(0, I[image: image]), where [image: image] is the residual variance; X, W, and Z1 are incidence matrices linking β, c, and a to y, respectively. Ward-F-tests were conducted to detect the significance of the fixed effects, and the fixed effects should be removed if no significance was detected (P < 0.05). If the multivariate genetic analyses including all the traits cannot achieve convergence by the restricted maximum likelihood (REML) method, bivariate genetic analyses between any of two traits using an animal model were carried out.

Genetic analyses for growth-related traits including BW at the suspended and bottom environments were using a bivariate animal model to detect the genotype by environment interaction indicated by genetic correlation levels as Formula (1). Traits of BW at the two culture environments were seen as different variates as shown in G by E analysis proposed by Falconer and Mackay (1996).

Survival traits at each of the two environments were treated as a binary trait since survived and dead samples at harvest were assigned values of 1 and 0, respectively. Genetic analyses for survival traits in each of the two environments were using a threshold logit model to estimate the genetic components and narrow-sense heritability, respectively.

The assumed single-trait model for the underlying distribution of the liability (If) for analysis of each binary trait was

[image: image]

where β is a vector of fixed effects as displayed in Formula (1); s and d is the vector of sire and dam genetic effects; e is a vector of residual effects, and X, Z2 , and Z3  are incidence matrices that link fixed and genetic effects to liabilities, respectively. The response in Formula (2) was modeled with a probit link function approach, thus, the [image: image] = [image: image].

Heritabilities (h2) in the animal model for growth-related traits including scallop SH and BW were calculated as [image: image], while heritabilities (h2) in the sire-dam model for scallop survival-related traits using probit-link function were calculated [image: image].

The multivariate or bivariate animal models were used to estimate the genetic and phenotypic correlation between growth-related traits in suspended culture conditions, and between BW traits in the two culture conditions. The genetic correlation (rg) formula is:

[image: image]

where σa12 is the genetic covariance between trait 1 and trait 2, [image: image] and [image: image] are the additive genetic variance of traits 1 and 2, respectively. The phenotypic correlation (rp) formula is:

[image: image]

where σe12 is the residual covariance between trait 1 and trait 2, [image: image] and [image: image] are the residual variance of traits 1 and 2, respectively.




RESULTS


Phenotype Statistics for Scallop Growth and Survival at Harvest

After 20-month rearing at the two environments in the sea-based culture system, the total number of survived scallops was 1,192 at the suspended environment, accounting for the survival rate of 44.69%. While, the total number of surviving scallops in the remaining four netting cages at the bottom environment was 335, accounting for the survival rate of 43.06%. The average BW of the yesso scallop was 76.48 g at the suspended environment and 84.04 g at the bottom environment, respectively. At harvest, according to the growth rings in the outer shells of yesso scallops, the shell heights at varying ages were also shown in Table 1. The mean and SD for shell heights increased while the coefficient of variation (proportion of SD to mean) decreased from 18 to 11% with advancing age.

At the family level, there were large variations in the average BW of yesso scallop cultured at both environments, respectively. Additionally, it seemed that large difference in average BW between the same families in the two environments (Figure 2). The phenotypic variations were similar in terms of survival rates of the animals at the suspended and bottom environments at the family level (Figure 2).


[image: image]

FIGURE 2. Body weight (BW, g) and survival rate (Survival, × 100%) of yesso scallop full-sib families at suspended and bottom culture environments.




Genetic Parameter Estimates for Scallop Growth and Survival at Suspended and Bottom Environments

In the study, a cross between two populations, A and B, and scallop sex at harvest were treated as fixed effects in REML analysis. Wald-F statistical analysis was conducted and showed that these two factors had no significant effect on scallop growth and survival at harvest (P > 0.05). Therefore, the two factors were removed in the subsequent analysis using REML in the mixed linear model.

Estimated variance components from multivariate models including SH1, SH2, SH3, SH4, and BW traits could not obtain a converged result by the REML method. Therefore, we re-analyzed the longitudinal data of SH1, SH2, SH3, and SH4 from a multivariate model to get a reliable estimation of narrow-sense heritability and genetic correlation between any two of the traits. For the genetic correlation analysis between each one of the shell heights at varying ages and BW at harvest, a bivariate model using REML was conducted. Since the common effects to full-sib family indicated by the Z-ratio in components were very small, we removed it in the model, and therefore, only additive and residue effects were treated as random effects in the mixed linear model.

At the suspended environment, the estimated heritability of scallop shell heights at varying ages was of the medium to the high level, ranging from 0.410 at 20 months to 0.853 at 6 months as shown in Table 2. Genetic correlations between SH from 6 to 20 months were significantly different from zero (Table 2, above the diagonal). Genetic correlations between contiguous ages were high ranging from 0.496 between 6 and 20 months to 0.958 between 6 and 10 months. As the length of the interval increased, genetic correlations tended to decrease. At harvest, the estimated heritability of scallop BW was of medium level (0.328, Table 2), while the estimated heritability of scallop survival was of low level (0.128, Table 2). Genetic correlations between BW at harvest to shell height at varying ages were also significantly different from zero (Table 2, above the diagonal). The genetic correlations between BW and shell height at varying ages were high, ranging from 0.535 between shell height at 6 months and BW at harvest to 0.983 between shell height at 20 months and BW at harvest. Similarly, as the length of the interval increased, genetic correlations between BW at harvest to shell height tended to decrease. The genetic correlation between BW and survival at harvest was of a low level (0.398) and was not significantly different from zero.


TABLE 2. Estimates of heritabilities (the diagonal), genetic correlation (above the diagonal), and phenotypic correlation (below the diagonal) between varying traits in yesso scallop at two environments.

[image: Table 2]
At the bottom culture environment, the estimated heritability of scallop BW was 0.198 (Table 2), while the estimated heritability of scallop survival was of low level (0.101, Table 2). Both estimates were significantly different from zero, however, lower than those at the suspended culture environment.

G × E interaction in terms of scallop BW at two culture environments was indicated by the estimate of genetic correlation for BW between the environments. The genetic correlation for BW between the environments was very small (<0.001, Table 2), which indicates a considerable genotype by environment interaction for growth in yesso scallop.




DISCUSSION

Because of their high economic importance, genetic improvement in scallop species is continuously attracting attention in recent years (Zheng et al., 2004; Wang et al., 2017, 2018; Tan et al., 2020). Heritability reflects the genetic ability of traits, which is an important parameter for selective breeding (Song et al., 2022). In this study, animal or individual models by the REML method were used to estimate narrow-sense heritability for the growth-related traits of shell heights and BW, and the results showed that the heritability was at a moderate to a high level in yesso scallop in sea-based aquaculture system. Similar results were obtained by Barros et al. (2018), in the Caribbean scallop, Argopecten nucleus, with estimated heritability larger than 0.26 from growth traits. Wang et al. (2018) also reported that the single-nucleotide polymorphism-based heritability for shell length, shell height, shell width, and whole weight in Zhikong scallop, Chlamys farreri, was of high level, from 0.28 to 0.54, respectively. The moderate to high heritability for shell height, BW in this study indicates that the potential for genetic improvement of these traits is large, and it is necessary to perform selective breeding in yesso scallop in the environment of a sea-based aquaculture system. While the estimated heritabilities for survival trait in yesso scallop after rearing for 20 months were relatively low at both environments (suspended and bottom conditions). Generally, the additive genetic variation for survival or stress tolerance-related trait is reported low in aquaculture species, such as shrimp (Li et al., 2015) and oyster (de Melo et al., 2016). It might indicate the large confounded non-additive effects including environmental effects for survival-related traits and the difficulty to obtain considerable gains through selective breeding for survival traits in yesso scallop. Furthermore, at the bottom environment, estimates of heritability for growth and survival-related traits were similar but slightly lower than those at the suspended environment. Comparatively, the bottom environment seems to be harsher to scallops indicated by the destroyed cages and predating during the culture period than the suspended environment. The higher environmental variations at the bottom environment for the target traits probably might be the reason for the lower level of estimated heritability than that at the suspended environment.

A narrow genetic base or limited additive genetic variance of the foundation population will lead to a fast accumulation of inbreeding at a high level and decrease the genetic gain during selection. In this study, we used two stocks A and B as broodstock for the sake of broadening the genetic base. Intraspecies and interspecies crossbreeding were reported to be an effective means to improve the growth and survival traits in aquaculture species, such as salmon (Bryden et al., 2004), prawn (Thanh et al., 2010), oyster (Hedgecock and Davis, 2007), and scallop (Xing et al., 2022). However, the Wald-F-test from the mixed linear model showed that the crossing effects by the two stocks (A and B) were not significant for all the traits. This is maybe due, at least in part, to low genetic variation in the introduced yesso scallop stocks of A and B. Although there existed a difference in domesticated generations after being introduced into China, the lack of genetic variation due to small effective population size and poor genetic management after introduction might be responsible for the results.

Common environmental effects to full-sibs were reported important in a family-based selective breeding program (Gjedrem et al., 2012). Estimation of variance components including the additive variance and common environmental variance was vital to the selection accuracy for target traits. However, in this study, common environmental variances in both environments (suspended and bottom conditions) were estimated very small, which is different from published studies (Gjerde et al., 2004; Luan et al., 2012). This is maybe due to the absence of genetic ties between half-sib families from different sires (Table 1). In this study, there were 73 full-sib scallop families before metamorphosis, however, about 30 families were culled for parallel environmental control. Since no sufficient samples were partitioned from the same full-sib, this is the reason that the inconsistent number of families were used in the two environments. The lack or loss of genetic ties between families may have contributed to the fact that the common environmental effects for BW and survival could not be partitioned effectively in this study.

In the genetic breeding program in animals, growth and developmental traits at a specific age (in the day, month, or year), such as the time to market are the main targets of selection improvement. As such, genetic evaluation of the growth and developmental process can increase the efficiency of selection compared to that of traits measured at specific ages (Schaeffer, 2004; He et al., 2017). However, the repeated records of growth or body size on an individual in aquaculture animals are apparently a labor and time-cost task in genetic evaluation (Hollenbeck and Johnston, 2018). Besides, repeated measurements at specific ages can often cause stress to farmed animals, especially aquaculture animals (Boudry et al., 2022). In this study, we put forward and conducted a longitudinal evaluation of shell heights at harvest, obtaining four shell height data by the growth rings in the outer shells of the yesso scallop. The characteristics of the growth cycle of the yesso scallop were reported per the water temperature (Wang et al., 1986; Wang and Wang, 1993). It is reported that the suitable temperature range for yesso scallops is 5–20°C, and about 15°C is the most suitable growth temperature in China. The upper and lower limits of the water temperature are 23 and 0°C, respectively (Wang et al., 1986). Thereafter, two rapid growth periods for yesso scallop in northern China usually occur in late spring and early winter. Additionally, shell rings are usually shaped in a suspended culture environment when the animals stop growth during the high water temperature period (>23°C) in late August and low-temperature period (<0°C) in February (Wang et al., 1986). In this study, we conducted spawning of the broodstock at the hatchery in February and reared the animals for 20 months. Therefore, a total of three growth rings corresponds to the time when the scallop stopped growing. It is clear that the points of the growth rings are determined to be 6, 10, and 16 months, respectively, in the study. In fact, the fine periodic growth patterns on shell surfaces have been widely used for studies in the ecology and evolution of scallops (Xing et al., 2017). Due to seasonal changes in the physical and chemical properties of seawater in the environment, the rates of secretion and deposition of shell materials are varied, resulting in a periodic appearance of growth patterns on shells with different densities in the internal structure and chemical elements (Michio and Hiromichi, 2013). Apparently, the growth rings in the outer shells of the yesso scallop cannot change with time, which guarantees the accuracy of shell height data recorded by the growth ring method at harvest in this study.

There are merits and demerits of the shell growth ring method for longitudinally scallop shell height recording in this study. First, one merit of the method was easy to conduct and labor and time cost-effective. Furthermore, compared with the traditional measurements at each of the specific ages on scallops, many of which might occur mortality subsequently, the data collected at harvest were from the survived animals and more valuable. Finally, with the help of shell rings or other shell markers, more repeated records of shell growth data can be obtained by elaborately recording such as the computed tomography (CT) approach (Xing et al., 2017). In this situation, recent developments in mixed model theory and advances in computer software now allow for the implementation of random effects in the statistical model and the modeling of the covariance structure of the data (König et al., 2006), e.g., random regression model reported in aquaculture animals (He et al., 2017). However, the shortcoming of the method might be that heritability for shell height at an earlier age was overestimated (e.g., h2 ∼ 0.853 for SH1 at 6 months). This estimate is expected to be biased upward due to possible effects that have not partitioned from additive genetic effect (Eknath et al., 2007). The possible effects might be the maternal or common environmental effect which is more important in the early days after fertilization.

Good environmental control is the key to the design of all selective breeding experiments. Selection is effective in non-stress environments because they are reproducible; selection is also successful in reproducible stress environments but not irreproducible ones (Hufstetler et al., 2007). According to the theory of quantitative genetics, heritability is relative and varies with the environment. In addition, when the environmental variance is large, it will increase the difficulty of estimating the genetic variance. Estimates of heritability depend on the environment, which is variable over time and space. The goal of environmental control is to minimize environmental variation and maximize the ratio of genetic variation in phenotypic variation, thereby increasing the accuracy of breeding selection and improving genetic gain. For marine mollusks including the yesso scallop, it is very hard to conduct good environmental control, especially in a sea-based culture system. The survival results in this study (∼ 40% at harvest) also indicated the difficult task to conduct good environmental control in a scallop selection program. Environmental control will likely be an important area of research in scallop selective breeding programs in the future.

In this study, a very low level of genetic correlation between scallop BW at the two environments (suspended vs. bottom) indicated the occurrence of G × E interaction for BW trait. Low genetic correlation between environments indicates significant G × E interaction according to the study of Falconer and Mackay (1996). It means that the potential different genes are responsible for the phenotypic variation of a target trait in different environments. According to Robertson (1959) and Sae-Lim et al. (2016), the genetic correlation between environments less than 0.8 indicates the occurrence of G × E interaction in aquaculture animals. Our results indicate that selecting yesso scallop individuals of greater genetic merit evaluated at suspended sea-based culture environment may reduce the accuracy of selection when transferred to the animals reared at the bottom-based environment. However, Sae-Lim et al. (2016) suggested at least 100 families per environment are required for target traits to G × E interaction study in aquaculture. In this study, only a limited number of 33–43 full-sib families were assessed in the two environments (suspended vs. bottom) for G × E interaction evaluation. It seems that no sufficient genetic ties existed between the environments. This is might be one of the reasons for the low level (<0.01) of genetic correlation for the scallop growth between the two environments analyzed by the multitrait mixed model. Compared with the reported high levels of genetic correlation (>0.8) for growth at varying environments in aquaculture (refer to the review by Sae-Lim et al., 2016), the estimate in this study apparently biased downward. More data especially more full-sib families should be provided to get a more reliable G × E interaction evaluation in the future. Furthermore, the sample size in a specific full-sib was also reported as important to heritability and genetic correlation estimates, especially for survival traits in marine mollusks with vary large phenotypic variation within full-sib families (Kube et al., 2007). The differences in the survival rate among different families were shown in Figure 2. Large variation in terms of survival rate among different families within and between the environments was detected. However, we have not displayed the genetic correlation estimates for the scallop survival traits between the environments. Owing to the insufficient samples to each full-sib per environment with the only average number of 23–62 individuals per full-sibs, and the low level of heritability estimates for survival traits at both environments, it is reasonable that the estimate of G × E interaction effects analyzed by the multitrait mixed model will be of very low confidence.

Genomic selection has been found to outperform traditional selection in bivalve species, however, one of the major limitations of genomic selection is the cost, especially genotyping a large number of animals (Hollenbeck and Johnston, 2018). A family-based selection program is still an important approach in yesso scallop. Estimates of genetic parameters including heritability and genetic correlation for growth and survival traits are still important in the genomic selection era such as they can provide prior information to scallop selection program.



CONCLUSION

We found a considerable level of additive genetic variation for shell height and BW measured in yesso scallop at suspended and bottom sea-based culture environments, which indicated that the traits will show a favorable response to selection in this species. A longitudinal evaluation of shell heights was carried out and proved to be feasible in yesso scallop genetic evaluation. The G × E interaction effects between BW measured in suspended vs. bottom environments will decrease the accuracy of selection for growth in bottom culture, the major culture mode in China. In addition, good environmental control can be used to improve heritability and estimated breeding value accuracy and accelerate the rate of genetic gain in the yesso scallop.
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SH1 SH2 SH3 SH4 BW Survival BW Survival

Suspended  SH1 0.853(0.126)  0.958 (0.017)  0.828(0.060)  0.496 (0.142) 0.535 (0.138)

SH2 0.850(0.015)  0.618(0.114)  0.942(0.022)  0.687 (0.101) 0.697 (0.102)
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SH4 0.561(0.042)  0.722(0.026)  0.877 (0.011)  0.410(0.091) 0.983 (0.012)

BW 0.525(0.040)  0.656 (0.027)  0.775(0.016)  0.863 (0.009) 0.328 (0.080) 0.339 (0.198)° <0.0010

Survival 0.023 (0.042)° 0.128 (0.041)
Bottom BW <0.001° 0.198 (0.098)

Survival 0.101 (0.038)

aThe data in the table are shown in the format of value (standard errors). SH1, shell height at 6 month; SH2, shell height at 10 month; SH3, shell height at 16 month; SH4,
shell height at 20 month; BW, body weight at harvest; Survival, Survival at harvest. Suspended and bottom are the two environments in the study.

bAjl the data in the table were significantly diifferent from O (P < 0.01, based on t-distribution) with the exceptions of genetic and phenotypic correlations between BW and
survival at the suspended environment, and between BW at two environments.
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Suspended Bottom
Families 43 33
Sires 32 23
Dams 34 23
Samples with records 2,667 778
Survived samples at harvest 1,192 335
Traits SH1 (mm) 42.28 (7.72) NA
SHy (mm) B7.18{7.73) NA
SHz (mm) 68.85 (7.76) NA
SHa (mm) 80.07 (8.90) NA
BW (g) 76.48 (21.74) 84.04 (30.13)

aThe data of traits in the table are shown in the format of value (SD). SH4, shell
height at 6 month; SHo, shell height at 10 month; SHs, shell height at 16 month;
SHa, shell height at 20 month; BW, body weight at harvest; Survival, Survival at
harvest. Suspended and bottom are the two environments in the studly.
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