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The noble scallop, Chlamys nobilis, is an important bivalve mollusk with high commercial value and is usually farmed in the waters of southern China. To date, very little is known about the genetic diversity and population structure of C. nobilis. In this study, 10 microsatellite loci of four farmed C. nobilis populations were compared with one another and compared wild population in southern China. A total of 83 alleles were found. Surprisingly, the level of genetic diversity of the farmed C. nobilis populations was higher than that of the wild population. Although the population genetic of wild population was completely in the Hardy–Weinberg equilibrium, due to heterozygote deficiency, significant deviations from the Hardy–Weinberg equilibrium were found in all farmed populations, suggesting a genetic admixture caused by the mixing of seeds from various hatcheries. The Fst and AMOVA values showed significant genetic differences between wild and farmed populations. The Bayesian assignment also confirmed that genetic admixture was significant and widespread in artificial breeding of C. nobilis. Furthermore, the UPGMA tree topology and PCA demonstrated that the genetic diversity of wild population can be clearly distinguished from farmed populations. In a nutshell, the findings of this study not only fill the knowledge gaps in genetic diversity of wild and farmed C. nobilis populations, but also serve as a guide for maintaining the genetic diversity of C. nobilis in both farmed and wild populations.
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INTRODUCTION

Scallops are important animal protein source for humans (Liu et al., 2007; Tan et al., 2019). The global scallop landings have increased remarkably in the past decades (Food and Agriculture Organisation (FAO), 2020). The main reason for the dramatic increase in production is the development of scallop farming operations in Japan and China (Bourne, 2000; Tan et al., 2020b). The noble scallop, Chlamys nobilis, is an economically important bivalve species that naturally inhabits the coastal waters of southern China and Japan. In China, C. nobilis was initiated farmed in the Fujian province in the 1970s and later introduced to the Guangdong and Hainan provinces (Tan et al., 2020a).

With the expansion of the scale of C. nobilis aquaculture, the mass mortality rate of farmed C. nobilis has become more prominent since 2006. The production of C. nobilis seed in the hatchery is currently poorly managed due to the lack of necessary information about the origin of broodstock and seeds. In hatcheries, broodstock are usually selected from farmed stocks (Yuan et al., 2009). It is generally believed that the reproduction of animals in small or isolated populations will result in reduced heterozygosity and inbreeding depression, as well as reduced survival rates (Reed and Frankham, 2003). To avoid those potential problems, scallop farmers usually purchase scallop seeds from various sources or use seeds produced by mixing broodstocks obtained from various sources. As a result, there are significant variations in aquaculture traits among scallops in different farms, such as growth, survival rate, and disease resistance. It is worth noting that mixing population seeds from different sources may lead to a higher levels of genetic diversity and fewer heterozygotes in the populations (Ferguson, 1995; Thai et al., 2007), which might explain the high mortalities within scallop populations (Nagashima et al., 2005).

Molecular markers are an important tool for studying population genetic and can provide useful information about genetic diversity of populations (Williams and Benzie, 1998; Azuma et al., 2008; Janson et al., 2015; Phinchongsakuldit et al., 2015), as well as understand the connectivity among populations and its adaptive potential to adapt to different environments (Petersen et al., 2010). To date, genetics studies on bivalves has been very limited and mainly focusing on bivalve species with important commercial value (Benzie and Williams, 1997; Nagashima et al., 2005; Sato et al., 2005; Song et al., 2006; Gurney-Smith et al., 2017). For C. nobilis, only information on few microsatellites (Ma and Yu, 2009a, b) and mitochondrial DNA variation in farmed and wild stocks of C. nobilis in southern China (Yuan et al., 2009) are available. It is found that the genetic diversity of wild C. nobilis population is lower than that of farmed population from the same region in southern China, and the genetic composition of farmed C. nobilis is highly affected by hatchery operations (Yuan et al., 2009).

In order to verify the discovery of Yuan et al. (2009), in this study, we use 10 microsatellite markers to examine the genetic diversity of wild and farmed C. nobilis populations in coastal water of southern China. Microsatellites were chosen in this study because of their neutral, clear scoring of alleles, hypervariability, codominance, and abundance properties, making them the best choice for studying genetic variation of individuals and populations (Zhan et al., 2009). The aim of this study was to use microsatellites to explore the genetic variation of C. nobilis among hatcheries, and between hatchery and wild populations. Understanding the genetic diversity and differentiation among C. nobilis populations is essential for establishing appropriate guidelines for establishment and maintenance of farmed C. nobilis populations.



MATERIALS AND METHODS


Sample and DNA Extraction

A total of 152 adult C. nobilis were randomly collected from four C. nobilis farms [Dongshan (Fujian province, FJDS) (30 individuals), Nan’ao (Shenzhen city of Guangdong province, SZNA) (30 individuals), Nan’ao island (Shantou city of Guangdong province, STNA) (32 individuals), and Qinzhou (Guangxi province, GXQZ) (30 individuals)] and one wild population (Lingshui, Hainan province, HNLS) (30 individuals) along the southern coast of China (Figure 1).
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FIGURE 1. Sampling locations of wild and cultured Chlamys nobilis populations in South China.


The adductor muscle was extracted and stored in 70% ethanol. The genomic DNA was extracted individually using phenol-chloroform (Sambrook and Russell, 2000). Subsequently, 0.8% agarose gel electrophoresis was used to screen for the integrity of the extracted genomic DNA, and then ND-1000 UV-Vis spectrophotometer (NanoDrop, Wilmington, DE, United States) was used to determine the quality and quantity of extracted genomic DNA.



Data Collection

In order to avoid scoring errors, nine previously reported microsatellite loci (Ma and Yu, 2009a, b) and a newly developed microsatellite locus (Cn224) with a unique band size of were selected. The sequences of primers and microsatellite core, as well as the optimal annealing conditions are summarized in Table 1. Amplifications were conducted in 20-μL reactions (0.25–0.5 U Taq polymerase (Tiangen, Beijing, China), 80 ng of template DNA, 0.2 mM dNTPs, 1 × PCR buffer, 0.2–1 μM primers (each), and 1.0–2.0 mM MgCl2). For PCR, the initial denaturation was set at 95°C for 5 min, and then at 94°C for 30 s for 30 cycles, followed by primer-specific annealing at 72°C for 1 min, and a final extension at 72°C for 10 min. The PCR products were then separated by electrophoresis on an 8% non-denaturing polyacrylamide gel, and then observed using silver staining. For allele size determination, each gel contains a control DNA sample and a 50-bp DNA ladder (Takara).


TABLE 1. Characteristics of Chlamys nobilis microsatellite loci used in this study.
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Data Analysis

In order to identify the scoring errors, invalid alleles, and large-allele drop out in microsatellite products, MICRO-CHECHER was used according to the manufacturing instructions (Oosterhout et al., 2004). For the analysis of microsatellite loci variation in the five populations, POPGENE 1.31 software was use to calculate the number of alleles, allele frequency, effective number of alleles, as well as expected and observed heterozygosities (Yeh et al., 1999). Locus polymorphism [polymorphism information content (PIC)] and allelic richness (R) were estimated according to the formula described by Botstein et al. (1980) and was calculated (EIMousadik and Petit, 1996), respectively. An independent T-test was performed, followed by a Turkey multiple comparison test (Turkey HSD) to test for significant differences in genetic diversity between C. nobilis from hatchery and wild populations.

GENEPOP4.0 was used to evaluate the statistical significance of Hardy–Weinberg equilibrium (HWE) and linkage disequilibrium test (LD) (Raymond and Rousset, 1995). Chi-square tests were used to test for significant differences, while sequential Bonferroni correction was used to adjust the significance of p values for multiple tests (Rice, 1989).

Genetic variation among populations were evaluated using pairwise Fst values, and bootstrap analysis (1000 permutations) was used to test for their significant difference using FSTAT2.9.3. Analysis of molecular variance (AMOVA) was used to compare hierarchical genetic structure between and within populations using ARLEQUIN 3.0 (Excoffier et al., 2005).

In order to evaluate individual migrant events across ocean currents, GENECLASS 2.0 was used to estimate the probability of each individual being assigned to a particular population based on multilocus genotype data (Piry et al., 2004).

Principal component analysis (PCA) between populations was performed using NTSYS software (Rohlf, 2005). To evaluate the genetic relationships among populations, POPULATION was used to calculate A matrix of pairwise DA distance (Nei, 1972), and then a UPGMA dendrogram was constructed using PHYLIP3.5c (Felsenstein, 1993).



RESULTS


Genetic Variation Within C. nobilis Population

All 10 microsatellite loci were polymorphic in all five C. nobilis populations. 83 different alleles were observed in these 10 loci, ranging in size from 66 to 464 bp. Microsatellites Cn206 and Cn115 have the highest polymorphisms (11 alleles), whereas locus Cn224 has the least polymorphism (five alleles). Moderate-to-high polymorphism information content (PIC) was detected at most microsatellite loci in each population (Table 2).


TABLE 2. Genetic variability of 10 microsatellite loci in five populations for Chlamys nobilis.
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The intra-population allele frequencies of all 10 microsatellite loci revealed differences among the five populations (Figure 2). The mean number of alleles in all loci of the wild C. nobilis population (HNLS) (5.1) was significantly lower than that of the farmed C. nobilis populations (5.8–7.0). Since the number of alleles is sensitive to the sample size, allele richness was used for comparison. Consistent with the mean number of alleles, the allele richness of the wild C. nobilis population was also the lowest (5.1). Moreover, the average expected heterozygosity of the wild C. nobilis population (0.596) was significantly lower than that of the farmed C. nobilis populations (0.650–0.706). The polymorphism information content (PIC) also showed similar trends, in which the PIC of wild C. nobilis population (0.526) was significantly lower than that of farmed C. nobilis populations (0.603–0.654). However, observed heterozygosity showed the opposite trend. The observed heterozygosity of the wild C. nobilis population (0.583) was significantly higher than that of the farmed C. nobilis populations (0.507–0.547) (Table 2). Nevertheless, there was no statistical difference in genetic diversity between wild and farmed C. nobilis populations (P > 0.05).
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FIGURE 2. Allele size frequency distributions of the 10 microsatellite loci in five C. nobilis populations in this study.


The results of MICRO-CHECKER revealed that there were no major allele dropout, scoring errors and null alleles in the wild C. nobilis population. However, there were null alleles at few microsatellite loci in every farmed C. nobilis populations. In farmed C. nobilis populations, significant deviations from Hardy–Weinberg equilibrium were observed in 10 of the 50 tests at the 5% level after sequential Bonferroni correction for multiple tests, indicating heterozygote deficiencies. However, for the wild C. nobilis population, all microsatellite loci were at the H-W equilibrium value. No linkage disequilibrium was detected among any loci in this study, indicating that these loci were genetically independent.



Genetic Differentiation and Relationships Among Populations

Pairwise Fst analyses revealed that the genetic differentiation between wild and farmed C. nobilis populations (0.129–0.186) was significantly higher than that among farmed C. nobilis populations (0.046–0.14) (Table 3). Similar results have been recorded from the Analysis of molecular variances (AMOVA) of microsatellites, in which the variations within individuals, among individuals within populations, and among populations were 71.40% (P = 0.000), 16.81% (P = 0.000), and 11.79% (P = 0.000), respectively, and there were significant genetic differentiation among the five populations (Table 4).


TABLE 3. Pairwise Fst values between five noble scallop populations based on 10 microsatellite loci.
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TABLE 4. Analysis of molecular variance (AMOVA) of 10 microsatellite loci in five C. nobilis populations.

[image: Table 4]Bayesian assignment placed all wild individuals in their own population with a score of 100. However, farmed populations suffered a relatively high proportion of misclassifications (Table 5).


TABLE 5. Results of assignment tests based on the Bayesian method for 10 microsatellite loci of C. nobilis individuals.

[image: Table 5]Genetic relationships between populations were graphically illustrated by a dendrogram (Figure 3) and PCA (Figure 4). The UPGMA dendrogram showed that four farmed C. nobilis populations were clustered together and the wild population (HNLS) formed another cluster. Similar findings were observed in the PCA scatter plots where two major groups can be seen (i.e., FJDS-GXQZ and HNLS).


[image: image]

FIGURE 3. UPGMA dendrogram showing the phylogenetic relationships among five samples of C. nobilis, based on a matrix of genetic distance (Nei, 1972). Bootstrap values are given for nodes at least 62% or more support.
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FIGURE 4. Principal component analysis plotting the relationships of C. nobilis populations, based on a matrix of genetic distance (Nei, 1972).




DISCUSSION

Maintaining genetic diversity is important for both wild and farmed populations as it offers genotypes that respond adaptively to changing environments (Fisher, 1958); in particular, heterozygous individuals are often superior to homozygous individuals in many aquaculture traits, including growth, fertility, and disease resistance (Thai et al., 2007). In aquaculture, as a result of limited broodstock and inbreeding activities, many shellfish species have reduced genetic variability compared to their wild stocks (Hedgecock and Sly, 1990; Evans et al., 2004; Li et al., 2007). In this study, we found that a high level of genetic diversity was maintained in the wild C. nobilis population (HNLS). However, the most genetic parameters (except Ho) of farmed C. nobilis populations were significantly higher than wild C. nobilis population. In agreement with the findings of Yuan et al. (2009) that based on mitochondrial 16S rRNA and COI genes, the farmed population of C. nobilis has a higher genetic diversity index than the wild population. In addition, similar observations have also been documented in other marine organisms, such as Salvelinus alpinus (Primmer et al., 1999) and Salmo salar L. (Elliott and Reilly, 2003).

In farmed stocks, it is generally believe that genetic variation is positively associated with the number of broodstock used. However, we found that all hatchery populations showed significant heterozygosity deficiency. In hatchery populations, heterozygote deficiency is typically considered to result from inbreeding. Although there was significant heterozygosity deficiency in all hatchery populations, the diversity levels of hatchery populations were still higher than the wild population. Therefore, the possibility explanation for this phenomenon is that the possibility of inbreeding was very small, which maybe due to the mixing of broodstock during selection and propagation process (Pucher et al., 2013). The results of Bayesian assignment test confirmed that the genetic admixture of germplasms in the farmed C. nobilis populations is significant. Therefore, the effect of reduced genetic diversity caused by heterozygote deficiency was offset by the effect of increasing genetic diversity of broodstock from multiple wild populations. It is not unclear whether this high polymorphism caused by genetic admixture is beneficial to the survival of this species. In Vietnam, Thai et al. (2007) found that the levels of genetic diversity of carp in most hatchery was similar to that of wild carp populations, and the high genetic diversity of farmed carp was mainly contributed by hybridization with imported stocks.

The highest mean heterozygosity observed across all loci was in the wild population (HNLS) compared to all hatchery populations and was nearly identical to its mean expected heterozygosity because the wild population was in HWE. However, all examined farmed populations showed significant deviations from Hardy–Weinberg equilibrium. These deviations were mainly caused by heterozygote deficiency. In farmed C. nobilis populations, heterozygote deficiency is typically considered to be caused by a limited number broodstock and/or, inbreeding (Kohlmann et al., 2005; An et al., 2011). In our case, the significant deviations from HWE in hatchery populations were caused by genetic admixture. Accordingly, others have also observed high proportions of deviation from HWE in previous studies of C. nobilis (Hui et al., 2006).

The genetic differentiation measured by the Fst values is generally described as negligible (0–0.05), moderate (0.05–0.15), great (0.15–0.25), and very great (above 0.25) (Wright, 1978; Hartl and Clark, 1997). In our study, negligible and moderate genetic differentiation was identified in four farmed C. nobilis populations. Great genetic differentiation was found between wild and hatchery C. nobilis populations, except for between wild and SZNA. The AMOVA further indicated that there was significant genetic differentiation among the five populations. The significant genetic differences among Chinese farmed populations and the population of Hainan were clearly differentiated from other populations, which Yuan et al. (2009) also found. However, they did not analyze the cause of this significant differentiation. The results from the Bayesian assignment test indicate that it may be caused by founder effects and admixture.

Bayesian assignment test showed that the genetic admixture was significant and widespread in artificial breeding of C. nobilis. In this study, individuals from the wild C. nobilis population form a single genetic group, which suggests that the wild population in Lingshui, Hainan province did not mixed with other populations. Therefore, more attention should be paid to its protection.

The UPGMA tree topology and PCA showed there is a clear division between wild and farmed C. nobilis populations. This genetic pattern showed that STNA and SZNA farmed populations are closely related, and that STNA and SZNA could have derived from similar broodstock.

Recently, the reduction of wild scallop resources has led to an increase in the transfer of seed and stock for aquaculture. Contradict with previous reports (Yuan et al., 2009), our data revealed that due to genetic admixture, the genetic diversity of farmed C. nobilis populations is higher than that of the wild population. Although the four farmed C. nobilis populations still have considerable genetic variation, heterozygote deficiency and significant genetic differentiation populations were detected. Therefore, in order to achieve sustainable development of C. nobilis aquaculture and hatchery seed production, it is important that hatcheries to maintain an effective population sizes and avoid the breeding of closely related broodstock.



CONCLUSION

In conclusion, both wild C. nobilis population (HNLS), and farmed C. nobilis populations recorded high levels of genetic diversity. Interestingly, the genetic diversity of farmed C. nobilis populations was significantly higher than that of wild C. nobilis population, but the farmed C. nobilis populations showed significant heterozygosity deficiency. Since genetic admixture occur in the artificial breeding of C. nobilis, the effect of reducing genetic diversity due to heterozygote deficiency was offset by the effect of increased genetic diversity in broodstock from multiple wild populations. These findings of this study not only fill the knowledge gaps in the genetic diversity of wild and farmed C. nobilis, but also serve as guidelines for maintaining the genetic diversity of C. nobilis in both farmed and wild populations.
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Ho 0.733 0.733 0.875 0.700 0.800 0.768
He 0.831 0.839 0.877 0.692 0.747 0:848
R 8.000 9,000 9.904 10.00 6.000 9.044
PIC 0.792 0.802 0.849 0.659 0.692 0.759
Pow ns. . ns. ns. ns.
cn13 A 5 4 6 4 3 6
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PIC 0.603 0358 0.468 0.407 0175 0.402
P - . M - e
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Ho 0.633 0.733 0.656 0633 0.567 0.645
He 0.718 0.832 0.807 0773 0.581 0818
R 7.000 8,000 7.935 10.00 6.000 9.437
PIC 0.665 0.793 0.766 0.731 0548 0.701
Praw ns. ns. ns. ns. ns.
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Pow ns. - ns. ns. ns.
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Puaw P . - : e
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probability test: *P < 0.05, P < 0.01 following sequential Bonferroni correction; n.s., non-significant.






OPS/images/fmars-08-721292-t001.jpg
Locus

Cn108
Cn113
Cn115
Cn206
Cn207
Cn208
Cn209
Cn222
Cn223
Cn224

Primer

F:ACAAGGAGCAGAGTATAACG R:GAGAACACCCATGCAAAA
F:CAGCCACAAACTGGGTAA R:GAGGATGATGAGGAGGAA
F:CCATTTGGGTTAGTTCCT R:GTCCATCGTCGTCTTCAT
F:TTCATTAGCGGAGGTTTTCG R:CTTTCCGGTGAATCCTTTGA
F:TAGGGCATTTGCATACTTG R:CTTCGGATGAATGGGTCT
F:AACGGGCGAGTACAAAGG R:GCACTGCCCAAACCACTA
F:TATCCGTCCCACAAATCA R:GAACCGACATAAAACCTC
F:TTTGGAGGGCACTGTATC R:TTGTCGTCTGAGTTTGGT
F:AGGCTATCACTCCTTCAC R:GCTCCGCTTGACAATCTA
F:GTCACCAAGGCTACTTTC R:GTCGGTTGTCACTCACTT

Size (bp)
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Annealing temp. (°C)
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50
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50
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