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A B S T R A C T   

Shell color is one of the major determinants in the popularity of shelled seafood. To enhance the commercial 
value of the Pacific oyster (Crassostrea gigas), four shell color strains of black (SB), white (SW), gold (SG), and 
orange (SO) were bred purposefully for 11–12 generations. In this study, CIELAB colorimetric analysis was used 
to evaluate the effectiveness of shell color selection of C. gigas. The color parameters (L*, a*, b*) by statistical 
analysis differed significantly across black, white, gold, and orange shell strains (P < 0.05), and the principal 
component analysis characterized the considerable improvement in shell color uniformity. Further, we carried 
out genetic analysis by 15 microsatellites and mitochondrial cytochrome oxidase I sequences (mtCOI). A total of 
121 alleles were detected at all 15 microsatellite loci, with the average number of alleles per locus ranging from 
4.07 in SO to 7.67 in SW. Compared with wild populations, the shell color strains had significantly fewer alleles 
and mtCOI haplotypes, but the average heterozygosity, including Ho from 0.52 to 0.66 and He from 0.59 to 0.75, 
was not statistically different (P < 0.05). The SO samples suffered the greatest loss of diversity and occupied the 
lowest value of all genetic diversity indices, which is likely due to the smaller size of founding stock resulting in a 
stronger bottleneck. Population simulation analysis showed that the genetic background of four shell color 
strains was completely separated, confirming the consistency of phenotypically defined and genetically differ-
entiated populations. Pairwise FST calculated by microsatellites with a range of 0.267 to 0.121 revealed high 
levels of genetic differentiation among strains, which has far exceeded the divergence between different 
geographical populations of C. gigas (FST: 0.012–0.034). The results obtained in the study provide valuable in-
formation for further genetic improvement of shell color variants through selective breeding.   

1. Introduction 

Mollusca is generally considered to be the largest phylum in the 
marine realm, and the majority of them, including nearly all bivalves 
and most gastropods, are covered with shells (Williams, 2017). As 
shelled mollusks grow, various types of pigments are secreted by mantle 
along the growing edge and then incorporated into different layers of 
shell, usually the outermost, eventually resulting in highly varying 
colors and patterns on surface (Budd et al., 2014). Such phenotypic 
differences, just like unique tags, are more suitable as genetic markers 
for population categorization and identification than other morpholog-
ical features (Tettelbach et al., 2020). More importantly, surface color is 
an important marketing characteristic for shelled marine products due 

to its significant impact on consumers' visual perception and preference 
for choice (Kahn and Wansink, 2004). Rich color morphs can provide 
substantial numbers of variants for selective breeding, which breathes 
new life into the seafood market ceaselessly. 

In nature, intraspecific color polymorphism tends to be more com-
mon in bivalves such as the Triangle pearl mussel Hyriopsis cumingii 
(Wen et al., 2013), the Manila clam Ruditapes philippinarum (Nie et al., 
2020), and the Pacific oyster Crassostrea gigas (Song et al., 2017), all of 
which are composed of two or more distinct color phenotypes. The 
availability of multiple shell color variants from wild stocks makes it 
feasible to understand the genetic basis of color determination, which is 
the precondition to start efficient genetic improvement of shell color 
traits. There is accumulating evidence suggesting that shell 
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pigmentation is highly heritable and controlled by a limited number of 
genes with straightforward patterns of dominance (Brake et al., 2004; 
Zheng et al., 2013). Abiotic factors, including diet (Marchais et al., 
2017), temperature (Phifer-Rixey et al., 2008), and salinity (Sokolova 
and Berger, 2000), also induce the variation of chromaticity and 
brightness, but such modifications caused by the environment are not 
determinants of color polymorphism. Thus, theoretically speaking, 
appropriate test-mating can separate the exact genotype of shell color 
trait followed by consecutive directional selection to fix the major genes, 
and then the selective target can be accomplished within several gen-
erations (Evans et al., 2009). In practice, the genetic improvement of 
shell color has been carried out in many economically important aquatic 
species, and multiple new color varieties have been developed suc-
cessfully through selective breeding programs. For example, a geneti-
cally stable white-shell line of the Japanese pearl oyster Pinctada fucata 
martensii, infrequent in natural populations, was obtained over five 
generations of selection (Wada, 1990). Similarly, different-colored shell 
stocks of orange, purple, and white were established by selective 
breeding in the bay scallop Argopecten irradians irradians (Zheng et al., 
2005). In addition, diverse shell color variants of the north-Chilean 
scallop Argopecten purpuratus were also bred successfully (Winkler 
et al., 2001). 

There is no denying that the sustainability of selective breeding 
programs is a prerequisite for the cultivation of new varieties. The level 
of genetic diversity, i.e., the richness of genetic information determines 
the biological survivability and environmental adaptation and is, 
therefore, a basis for the long-term preservation of breeds (Boudry et al., 
2002). Furthermore, sufficient genetic diversity is also required for 
sustained genetic improvement and stable inheritance of desirable traits 
(Evans et al., 2004a). Usually, no new genetic resources are introduced 
into breeding populations, which may reduce the genetic diversity of 
these artificially closed populations through selective pressure and 
inbreeding repression (Chen et al., 2017). However, the degree of such 
an impact varies greatly across populations and species, so it is necessary 
to analyze the changing trend of genetic diversity on a case-by-case 
basis. Similar to wild populations, aquaculture stocks, especially those 
propagated for specific characteristics, are subject to various biological 
and anthropogenic factors that aggregate into the evolutionary forces 
shaping genetic structure (Berrebi et al., 2021). Investigating the extent 
of genetic divergence among cultured populations, not only to trace the 
stock origin and mixing but also to gain insights into breeding practices 
and the domestication process, is another important aspect of hatchery 
management. 

The Pacific oyster (Crassostrea gigas) is an aquaculture species of 
considerable economic importance on a global scale, and effective ge-
netic improvement around this species can boost its commercial value 
continfi ( or ὒא r ὒא r y y ṁ ṁ of (

k ὒא ⁴ y ṃ Q ( Ⱦ

t esti ὒב (

line (C K ἠ ^



Aquaculture 563 (2023) 738990

3

represents the color difference between every sample and the typical 
one. Oyster shells were cleaned with caution and dried in the shade 
before being measured. All of the left shells were photographed with a 
digital camera (Nikon D80) under the standard capture conditions 
(Evans et al., 2009). The raw color components, including lightness, a 
and b values, were extracted from the digitalized images using Photo-
shop CS6 (Adobe System Incorporated, USA) and then transformed into 
standard L*a*b* values referring to the following formulas (Yam and 
Papadakis, 2004): 

L* =
Lightness

255
× 100  

a* =
240a
255

− 120  

b* =
240b
255

− 120  

ΔE =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(L* − L*) + (a* − a* ) + (b* − b* )

√

A preliminary statistical analysis of the parameters L*a*b* describing 
shell color was completed using IBMSPSS Statistics 20.0 (IBM, USA). 
Then, the two principal components with the top cumulative contribu-
tion were extracted from color variables by principal component anal-
ysis (PCA), and the results were further visualized using OriginPro 
2022b software (OriginLab, USA) to show differences in shell color 
among strains. 

2.3. Microsatellite analysis 

Overall, the genomic DNA of 192 oysters from four shell color strains 
was amplified using 15 microsatellite primers, originally designed from 
the Pacific oyster and widely used in previous studies (Li et al., 2003; 
Sekino et al., 2003; Yamtich et al., 2005; Qi et al., 2009; Sauvage et al., 
2009). Following the principle of efficiency and economy, all selected 

microsatellite loci were divided into six multiplex PCR sets, including 
Panel 1 (ucdCg-117, ucdCg-120, and ucdCg-198), Panel 2 (Crgi3, ucdCg- 
146, and uscCgi-210), Panel 4 (otgfa0_0129_E11 and otgfa0_0007_B07), 
Panel 5 (ucdCg-152 and Crgi39), Panel 6 (ucdCg200 and 
otgfa0_408293) developed by Liu et al. (2017), and one additional panel 
(ucdCg-140, ucdCg-112, and Cgsili57) developed by Chen et al. (2022). 
The final volume of multiplex PCRs was 10 μL containing 50 ng template 
DNA, 0.25 U 2× PCR Master Mix, 0.15 μmol/L forward primer, 0.06 
μmol/L reverse primer, and 0.15 μmol/L universal tailed primer M13 
(− 21) with different fluorescent dyes (NED, HEX, and VIC). The 
amplification conditions comprised an initial denaturing period of 95 ◦C 
for 3 min followed by 35 cycles of 15 s denaturing at 95 ◦C, 40 s at the 
optimal annealing temperature, and 60 s at 72 ◦C; then 8 cycles of 15 s at 
93 ◦C, 20 s at 53 ◦C, 60 s at 72 ◦C and a final 10-min extension step at 
72 ◦C. After checking the amplified products on agarose gel, genotyping 
was performed on ABI PRISM 3130 Automated DNA Sequencer (Applied 
Biosystems) using the internal standard GeneScan LIZ 500. Raw allelic 
data over 15 loci from four wild populations (Chen et al., 2022) were 
added to the subsequent data analysis. 

The size of alleles was defined automatically by GeneMarker v.2.2.0 
(Applied Biosystems) and then verified manually one by one. Micro- 
Checker v.2.2.3 (Van Oosterhout et al., 2004) was used to correct stut-
tering or large allele dropouts that occurred during the interpretation of 
sequences of microsatellite allele data. The Fisher's exact test was 
implemented in Genepop v.4.0 (Rousset, 1995) to detect deviations from 
Hardy-Weinberg equilibrium (HWE). Basic parameters of genetic di-
versity, including the number of alleles (N), number of effective alleles 
(Ne), inbreeding coefficient (Fis), Shannon-Wiener index (I), observed 
(Ho) and expected heterozygosity (He), were calculated using GenAlEX 
v.6.5 (Peakall and Smouse, 2012), and the polymorphism information 
content (PIC) was performed by CERVUS v.3.0 (Kalinowski et al., 2007). 
A nonparametric analysis of variance (Kruskal-Wallis test) was used to 
address the differences in the above statistical parameters. The fre-
quencies of null alleles for each locus and population were tested by 

Table 1 
List of sample information and the effective population size (Nb) in shell color strains and wild populations of C. gigas.  

Population Number of parents Sample time Sample size Effective population size (Nb) 

Female Male Microsatellite mtCOI Nb 95% CI (lower-upper) 

SB 50 50 11/2021 48 20 86.7 63.8–158.6 
SW 50 50 11/2021 48 20 79.9 59.7–142.7 
SG 50 50 11/2021 48 20 73.5 82.6–135.9 
SO 50 50 11/2021 48 20 66.4 50.5–102.1 
RC – – 12/2020 48 20 498.6 367.3–637.3 
QD – – 12/2020 48 20 198.3 147.3–296.7 
LYG – – 12/2020 48 20 595.3 344.3–605.3 
ZS – – 12/2020 48 20 479.0 209.7–499.2  

Fig. 1. Four Pacific oyster strains with black (SB), white (SW), gold (SG), and orange (SO) shells in the study. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

Y. Zhang et al.                                                                                                                                                                                                                                   
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FreeNA software (Chapuis and Estoup, 2007). The INA (including null 
alleles) correction method was then performed according to Chapuis 
et al. (2008), simply by systematically changing the estimated false 
homozygous genotypes XX induced by the null allele to X999 to reduce 
the bias in genetic diversity. The adjusted data set was used to recal-
culate Ho, He, Fis, and the number of loci deviating from HWE using the 
methods described above. 

The individual-based assignment test was conducted in STRUCTURE 
v.2.3 (Falush et al., 2003) to determine the optimal number of genetic 
clusters (K). We utilized the admixture ancestry model under the 
correlated allele frequency model. For the parameter settings, twenty 
independent runs were undertaken with a simulation of 5000 length 
Burn-in phase for each of the assumed K values (ranging from 2 to 10), 
and the number of Markov chain Monte Carlo (MCMC) repetitions was 
set at 50,000 after Burn-in for each run. Then the Delta K graph from 
structure analysis was obtained by Structure Harvester software 
(Evanno et al., 2005). The proportional membership of each genetic 
cluster was estimated for each individual and population. Further, 
population genetic variance was analyzed by the analysis of molecular 
variance (AMOVA) performed on ARLEQUIN v.3.5 (Excoffier and 
Lischer, 2010) using genotype data set corrected by the INA method. 
Given that the presence of null alleles is known to lead to an over-
estimation of both FST and genetic distance, the Weir's unbiased esti-
mator of FST and the genetic distance of Cavalli-Sforza and Edwards (DC) 
were calculated by the ENA correction method (excluding null alleles) in 
FreeNA software (Chapuis and Estoup, 2007). In contrast to INA, the 
ENA method, independent of the level of gene flow and the number of 
loci, nearly entirely eliminated the bias in genetic differentiation caused 
by null alleles (Chapuis and Estoup, 2007). To visualize the genetic 
distance among the samples in the orthogonal space directly, the prin-
cipal coordinates analysis (PCoA) was performed on GenAlEX v.6.5. All 
the samples with similar compositions would appear in close proximity 
to each other and can be easily clustered together. 

In addition, effective population sizes based on the linkage disequi-
librium method (Nb) were identified by NeEstimator v.2.1 (Do et al., 
2014). The Nb estimates produced did not include alleles with fre-
quencies <0.05, and 95% confidence intervals (95% CI) were also 
reported. 

2.4. Mitochondrial COI analysis 

Twenty samples were randomly selected from each shell color strain 
to amplify the mitochondrial cytochrome C oxidase subunit I (mtCOI) 
sequences using universal primers LCO1490 and HCO2198 (Vrijenhoek, 
1994). PCR products were purified and sequenced from the forward 
direction by the Personal Company (Shanghai, China). The sequences 
obtained required further processing, including the use of SeqMan to 
eliminate ambiguous bases and MEGA to modify and align. The indexes 
of molecular diversity such as haplotype diversity (Hd), percent nucle-
otide diversity (Pi), and average number of nucleotide differences (k) 
were calculated by DNASP v.5.10 (Librado and Rozas, 2009). The dis-
tribution and evolutionary relationships for the mtDNA haplotypes were 
displayed in the Median-joining (MJ) networks (Bandelt et al., 1999) 
constructed by Popart 1.7 (Leigh and Bryant, 2015). The estimations of 
FST and the analysis of AMOVA were performed on ARLEQUIN v.3.5. 
Also, the mtCOI sequences of wild populations derived from a random 
sample of 80 individuals were analyzed according to the same 
procedure. 

3. Results 

3.1. Quantitative analysis of shell color 

The descriptive statistics for the color parameters in the SB, SW, SG 
and SO are listed in Table 2. Differential analysis indicated significant 
variations (P < 0.05) between strains in each shell color value (including 

L*, a*, and b*). The range of L* varied from 20.46 to 69.70, with the 
maximum and minimum values seen in the SW and SB, respectively. The 
lowest values of a* and b* were both in the SW, whereas the highest 
values of a* and b* were 12.19 in the SO and 36.67 in the SG, separately. 
In addition, the L* values of all strains had a wider fluctuation range, 
indicating that the genetic stability of parameter L* was inferior to that 
of a* and b* in general (Wan et al., 2017; Xu et al., 2017). Two main 
principal components, PC1 and PC2, were extracted from three color 
parameters through principal component analysis (PCA), and their cu-
mulative contribution rates to the overall variances reached up to 
87.70%. The first principal component (PC1), accounting for 51.70% of 
the total variances, was affected mainly by a* (0.730) which can be 
regarded as the primary factor causing the difference in shell color 
(Table 2). 

Fig. 2 depicts the scatter plot of the two principal components, PC1 
and PC2. It's obvious that the data points of the four strains had their 
own distribution areas with almost no overlapping. The distinct sepa-
ration suggested that the shell color trait of each strain was quite 
consistent after being selectively bred. In addition, the data points of SO 
and SG were relatively dispersive, while the more concentrated data 
points, implying a higher purifying efficiency, appeared in SB and SW. 

3.2. Genetic diversity revealed by microsatellites and mtDNA region 

In general, 15 microsatellite loci were selected for genotyping 384 
oysters from four shell color strains (SB, SW, SG, SO) and four wild 
populations of C. gigas (LYG, QD, RC, ZS). There was no obvious scoring 
error caused by large allele dropout and/or stuttering at any loci. The 
estimated frequencies of null alleles per locus were from 0.043 to 0.263, 
of which only the locus ucdcg-112 (0.244) and otgfa0_0007_B07 (0.263) 
were above 0.2. The average polymorphic information content (PIC) for 
all loci was 0.749, including 13 highly polymorphic loci (PIC > 0.5) and 
2 moderately polymorphic loci (0.25 < PIC < 0.5) (Botstein et al., 1980). 
The overall high polymorphism allowed the 15 loci to accurately assess 
genetic diversity and genetic differentiation among populations. 

Genetic diversity indices of each shell color and wild population are 
summarized in Table 3. The average number of alleles (Na) for the 15 
microsatellite loci ranged from 4.07 to 7.67 in shell color strains and 
from 11.73 to 13.60 in wild populations, while the effective number of 
alleles (Ne) ranged from 3.39 to 5.70 and from 6.50 to 7.58, respectively. 
We observed little difference in microsatellite diversity among all wild 
populations, but the Na and Ne values of the orange shell strain (SO) 
were significantly 
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populations (P < 0.05). Besides, all Ho values were lower than those 
expected, suggesting that deficits of heterozygotes were prevalent in 
both wild and breeding populations. Similarly, the positive inbreeding 
coefficient values (Fis), between 0.01 (LYG) and 0.29 (SO), highlighted 
heterozygote deficiency again. In terms of comprehensive indicators, the 
Shannon-Wiener index (I) ranged from 0.98 to 2.23, and the PIC values 
from 0.44 to 0.76. With the exception of SO, the I and PIC values of other 
populations were all greater than 1.0 and 0.5, respectively, indicating 
high polymorphism (Botstein et al., 1980). 

After the sequential Bonferroni correction, 52 out of the 120 locus- 
population combinations deviated from Hardy-Weinberg equilibrium 
(HWE), especially for locus ucdCg-198, ucdCg-117, otgfa0_0007_B07, 
and otgfa0_0139_G12 where all the populations showed significant de-
viation. After correcting the data for null alleles, the number of de-
viations from HWE was reduced from 42 to 16 in shell color strains and 
from 10 to 3 in wild populations (Table 3). Significant heterozygote 
deficiency could not be found, since the corrected Fis values changed 
from 0.01–0.29 to − 0.21–0.12. In addition, the observed and expected 
heterozygosity after correction were higher than the raw data, and the 
values of Ho were no longer consistently lower than He (data not shown). 

After sequence alignment, the 607-bp fragments of the 

mitochondrial COI gene generated from 80 oysters in shell color strains 
were obtained. Combined with the 18 mtCOI haplotypes identified in 
the four wild populations by Chen et al. (2022), a total of 23 haplotypes 
were used for further analysis, 17 of which were private, sharing 6 
haplotypes (Table 4). The Median-joining (MJ) network is dominated by 
a major haplotype shared by all 8 populations (Fig. 3). Haplotype 1 
(Hap_1) with a prevalence of 78.13% (125/160) across individuals was 
at the center, with other low-frequency haplotypes scattered around. 
The number of haplotypes (Nh) ranged from 3 to 11 in wild populations 
and from 1 to 5 in shell color strains. Except for the SO with one shared 
haplotype only, the other populations have their own unique haplo-
types. Overall, the average haplotype diversity (Hd) and percent nucle-
otide diversity (Pi) of wild populations were higher than those of shell 
color strains. Similar to microsatellite data, the minimum values of 
mtDNA diversity index were all found in the SO. 

3.3. Effective population size 

Estimates of current effective population sizes (Nb) based on linkage 
disequilibrium showed a large difference between wild and shell color 
populations (Table 1). The Nb ranged from 198.3 (QD) to 595.3 (LYG) in 

Fig. 2. Principal component analysis (PCA) of 192 individuals from four shell color strains based on color parameters.  

Table 3 
Genetic diversity parameters in shell color strains and wild populations of C. gigas based on 15 microsatellite loci.  

Population N Na Ne I Ho He PIC Fis
R/Fis

C dHWR/dHW C 

Shell color strains 
SB 96 6.40 ± 0.84b 5.16 ± 0.47b 1.36 0.66 ± 0.07ab 0.69 ± 0.06ab 0.54 0.11/− 0.04 10/4 
SW 115 7.67 ± 1.07b 5.70 ± 0.55b 1.55 0.63 ± 0.07ab 0.75 ± 0.06ab 0.60 0.17/0.08 9/3 
SG 84 5.60 ± 0.60b 4.63 ± 0.30b 1.27 0.65 ± 0.06ab 0.67 ± 0.04bc 0.51 0.19/0.02 11/4 
SO 61 4.07 ± 0.56c 3.39 ± 0.32c 0.98 0.52 ± 0.08b 0.59 ± 0.07c 0.44 0.29/0.12 12/5  

Wild populations 
LYG 204 13.60 ± 1.56a 7.58 ± 1.41a 2.23 0.74 ± 0.03a 0.85 ± 0.05a 0.76 0.01/− 0.17 2/0 
QD 194 12.93 ± 1.70a 6.70 ± 1.37a 2.08 0.78 ± 0.03a 0.82 ± 0.02a 0.72 0.04/− 0.11 2/1 
RC 176 11.73 ± 1.53a 6.50 ± 1.33a 2.02 0.75 ± 0.04a 0.82 ± 0.02a 0.68 0.07/0.01 4/2 
ZS 179 11.93 ± 1.52a 6.80 ± 1.47a 2.06 0.79 ± 0.05a 0.83 ± 0.02a 0.71 0.04/− 0.21 2/0 

N: number of alleles, Na: average number of alleles, Ne: number of effective alleles, I: Shannon Wiener index, Ho: observed heterozygosity, He: expected heterozygosity, 
PIC: polymorphic information content, R Fis: inbreeding coefficient calculated by raw data, C Fis: inbreeding coefficient calculated by corrected data, dHWR: number of 
loci deviating from Hardy-Weinberg equilibrium using raw data, dHWC: number of loci deviating from Hardy-Weinberg equilibrium using corrected data. Means in the 
same column superscripted by different letters were significantly different (P < 0.05). 

Y. Zhang et al.                                                                                                                                                                                                                                   
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Table 4 
Genetic diversity and haplotype frequency of mtCOI sequences observed among shell color strains and wild populations of C. gigas.  

Haplotype Shell color strains Wild populations  Total 

SB SW SG SO LYG QD RC ZS   
160 

20 20 20 20 20 20 20 20   

Hap_1 12 19 19 20 12 10 16 17  125 
Hap_2     3   1  4 
Hap_3        1  1 
Hap_4       1   1 
Hap_5       1   1 
Hap_6       1   1 
Hap_7       1   1 
Hap_8      1    1 
Hap_9   1   1    2 
Hap_10      1    1 
Hap_11     1 1    2 
Hap_12      1    1 
Hap_13      1    1 
Hap_14      1    1 
Hap_15     2 1    3 
Hap_16      1    1 
Hap_17     1 1    2 
Hap_18     1     1 
Hap_19  1        1 
Hap_20 5         5 
Hap_21 1         1 
Hap_22 1         1 
Hap_23 1         1 
Nh 5 2 2 1 6 11 5 3   
Hd 0.600 ± 0.101 0.100 ± 0.088 0.100 ± 0.088 0.000 0.632 ± 0.113 0.763 ± 0.103 0.368 ± 0.135 0.205 ± 0.119   
Pi (%) 0.152 ± 0.108 0.050 ± 0.081 0.017 ± 0.047 0.000 0.160 ± 0.048 0.368 ± 0.187 0.083 ± 0.036 0.053 ± 0.034   
k 0.921 0.300 0.100 0.000 0.958 2.200 0.500 0.316   

Haplotype: number of individuals for each haplotype, Nh: number of haplotypes, Hd: haplotype diversity (±standard deviations), Pi: percent nucleotide diversity 
(±standard deviations), k: average number of nucleotide differences. 

Fig. 3. Median-joining (MJ) networks for 23 COI haplotypes of shell color strains and wild populations of C. gags. The number of substitutions separating two 
haplotypes was indicated by the vertical bars on the line. 

Y. Zhang et al.                                                                                                                                                                                                                                   
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four wild populations, and from 66.4 (SO) to 86.7 (SB) in shell color 
strains. In addition, the Nb estimates exhibited a 13.3 to 33.6% decrease 
compared to the actual number of breeders used in each strain. 

3.4. Genetic differentiation and clustering analysis 

Analysis of molecular variances (AMOVA) revealed no significant 
genetic differentiation at all levels (among populations, among in-
dividuals within populations, and within individuals) for mitochondrial 
COI datasets (P < 0.01). Similarly, the Median-joining (MJ) network 
based on 23 COI haplotypes presented a typical ‘star-like’ topology 
dominated by one major haplotype, with no obvious genetic structure 
among populations (Fig. 3). For the nuclear microsatellite datasets, 
significant genetic differentiation was detected among shell color strains 
(P < 0.01), while only 2.69% of molecular genetic variances were found 
between different wild populations (Table 5). Besides, the predominant 
source of molecular variation was within individuals, both in shell color 
and wild populations. 

Pairwise genetic differentiation coefficient (FST) calculated by 
microsatellites and mtCOI region are given in Table 6. Consistent with 
the result of mitochondrial AMOVA analysis, the pairwise FST values 
were generally low, with only a few populations genetically different 
from each other (P < 0.05). For microsatellites, the values of pairwise 
FST with a range of 0.267 to 0.121 characterized the high levels of ge-
netic differentiation among four shell color strains, which is also sup-
ported by DC with a range of 0.249 to 0.538 (data not shown). Besides, 
the maximal genetic identity of SB and SW (FST = 0.121; DC = 0.249) and 
the strongest genetic difference between SG and SO (FST = 0.267; DC =

0.538) were identified. In contrast, pairwise FST and DC of wild samples 
were from 0.012 to 0.034 and from 0.145 to 0.309, respectively, only 
producing a weak trend of genetic divergence. Samples from ZS 
exhibited relatively high differences from other wild sampling sites 
included in the study. The assessment of the genetic differentiation be-
tween shell color strains and wild populations revealed moderate to high 
FST values ranging from 0.074 to 0.176 and DC from 0.195 to 0.434. The 
principal coordinates analysis (PCoA) based on genetic distance 
matrices was conducted to further reveal the genetic relationships 
among populations and individuals (Fig. 5). Compared to wild pop-
ulations, the boundaries of different shell color strains were easier to 
distinguish, while neither Coordinate axis 1 (7.29%) nor Coordinate axis 

2 (7.01%) could completely separate the strains of the SB and SW, which 
confirmed a relatively high genetic similarity of the two strains. 

When the clustering analysis was carried out on 192 oysters from 
shell color strains, the samples studied can be optimally divided into 
four theoretical groups, since the parameter curve of ΔK exhibited an 
extremely significant peak when K = 4. The genetic composition of each 
cluster was clearly divided, with a very low degree of genetic admixture 
at the individual level (Fig. 4a). When all 384 samples were included in 
the analysis, ΔK reached the highest value at K = 7. The genetic back-
ground of each shell color strain was completely separated and greatly 
differentiated from that of wild-collected oysters (Fig. 4b). In contrast, a 
high level of admixture was exhibited across all wild sampling locations, 
with samples from LYG and RC sharing similar genetic signatures and 
being grouped into one cluster. 

4. Discussion 

Since the introduction of artificial selection in aquaculture, enor-
mous numbers of aquatic animals have been purposefully bred for 
desirable economic traits, which has dramatically altered the genetic 
background of cultured breeds and ultimately changed the development 
prospects of the whole aquaculture industry (Gjedrem, 2012). In nature, 
the shell color of marine mollusks varies widely not only from species to 
species but also between different populations within the same species, 
providing substantial numbers of variants for selective breeding. Usu-
ally, shell pigmentation in bivalves is considered as a continuously 
distributed, quantitative trait with a gradual and sustained response to 
selection (Batista et al., 2008). For better shell color performance of the 
Pacific oyster, our selective breeding program has been consecutively 
conducted for 11–12 generations since 2010. Due to the great shape 
variation and bumpiness in oyster shells, traditional methods of 
measuring color properties, such as observing with naked eyes or using a 
colorimeter, are unreliable for assessing the effect of genetic improve-
ment on shell color. Here, we made use of the computer vision system 
(CVS) to quantify shell color characteristics into colorimetric parameters 
of CIELAB, which eliminated the effects of surface roughness and 
contrived error, thereby enabling a non-destructive and objective eval-
uation. In this study, the chromatic values of L*, a*, and b* varied 
significantly (P < 0.05) between different shell color strains, and in-
dividuals from each strain were closely gathered and completely sepa-
rated from other strains in principal component analysis (PCA), 
evidencing the expected selection effect of shell color trait. The tightly 
clustered data points in PCA scatter plot implied a highly uniform color 
in the SB and SW strains, while relatively dispersive points indicated 
that the SO and SG strains have to be purified further. Previous studies 
identified differences in the heritability of shell pigments, which may 
account for the inconsistent progress in genetic improvement of 
different shell color strains (Brake et al., 2004). 

For such polygenic, quantitative traits, which are strongly influenced 
by additive genetic variation, the achievement of genetic gains requires 
breeding strategies that accumulate favorable genes in the breeds over 
time using selection (Evans et al., 2009). Along with the continuous 
improvement of shell color traits, the identification and discrimination 
of four strains based on morphological criteria become increasingly 
clear. To further explore the genetic composition among these shell 
color-defined strains, the analysis of population simulation was con-
ducted using microsatellite data, and four genetically differentiated 
clusters were identified based on the optimal number of subgroups. As 
expected, the boundaries of the inferred genetic clusters turned out to be 
completely concordant with the classification results based on distinct 
phenotypes of shell color, demonstrating that the populations with well- 
defined shell color have generated distinctive multi-locus combinations 
that render them genetically unique. Moreover, the pairwise FST calcu-
lated by microsatellites ranging from 0.267 to 0.121 and DC from 0.249 
to 0.538 further identify the high genetic heterogeneity among shell 
color strains. We, consequently, inferred that though the base 

Table 5 
Analysis of molecular variances (AMOVA) for shell color strains and wild pop-
ulations based on 15 microsatellite loci.  

Source of 
variance 

d.f. Sum of 
squares 

Variance 
components 

Percentage 
of variation 

F- 
statistics* 

Among shell color strains 
Among 

populations 
3 312.776 1.03828Va 19.43 FCT =

0.19426* 
Among 

individuals 
within 
populations 

188 816.833 0.27779Vb 5.20 FSC =

0.06451* 

Within 
individuals 

192 773.500 4.02865Vc 75.38 FST =

0.24624* 
Total 383 1948.109 5.34471    

Among wild populations 
Among 

populations 
3 67.073 0.15927Va 2.69 FCT =

0.02695 
Among 

individuals 
within 
populations 

188 1328.729 1.31641Vb 22.27 FSC =

0.22889* 

Within 
individuals 

192 851.500 4.43490Vc 75.03 FST =

0.24967* 
Total 383 2247.302 5.91057    

* Significant at P < 0.01. 
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population of each color strain was a subset of the original stock located 
in Shandong, the four varieties may have become less representative of 
the initial ancestries after deep division. When wild oysters distributed 
in different sampling areas were added, all oysters can be optimally 

assigned to seven genetically similar groups. The clustering analysis 
clearly differentiated each shell color strain from wild oysters, while 
differences within wild populations were comparatively less pro-
nounced. However, the ‘star-like’ haplotype network generated from 

Table 6 
Estimated pairwise FST values of C. gigas based on microsatellite makers (above diagonal) and mtDNA COI (below diagonal).   

SB SW SG SO LYG QD RC ZS 

SB – 0.121* 0.206* 0.220* 0.094* 0.120* 0.126* 0.131* 
SW 0.088* – 0.181* 0.166* 0.074* 0.095* 0.101* 0.090* 
SG 0.063* 0.016 – 0.267* 0.147* 0.153* 0.154* 0.158* 
SO 0.049 0.011 0.101* – 0.160* 0.176* 0.167* 0.152* 
LYG 0.102 0.020 0.041 0.038 – 0.027 0.025 0.030* 
QD 0.049 0.006 0.037 0.010 0.003 – 0.012 0.033* 
RC 0.112* 0.001 0.002 0.006 − 0.008 − 0.003 – 0.034* 
ZS 0.003 0.007 0.093* 0.003 0.005 0.013 0.009 – 

The significance of population pairwise FST tested by 1000 permutations. 
* Significantly at P < 0.05. 

Fig. 4. Clustering analysis from STRUCTURE by 15 microsatellite datasets. Each vertical line represents an individual oyster, and each color represents a unique 
cluster detected by STRUCTURE. a. Proportion of the genome of each individual from shell color strains assigned to the four clusters (K = 4). b. Proportion of the 
genome of each individual from shell color strains and wild populations assigned to the seven clusters (K = 7). 

Fig. 5. Principal coordinates analysis (PCoA) of 384 individuals from eight populations based on genetic distance matrices. The different populations are indicated 
by different colors and symbols, respectively. 
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mitochondrial COI data showed that no obvious mtDNA branches or 
genetic clusters were formed in all samples. This is because microsat-
ellite markers, by contrast, possess a faster rate of mutation and are 
therefore more susceptible to selection and drift, both of which are more 
likely to take place during artificial breeding (Bruford and Wayne, 
1993). 

For conspecific populations, the level of genetic structuring depends 
largely on the evolutionary forces that either homogenize genetic re-
sources or promote divergence (Bruford et al., 2003). Strong positive 
selection was a vital driver in shaping heterogeneous structures among 
shell color strains (Zou et al., 2014), and strict breeding measures to 
separate and preserve phenotypically distinct sets, ultimately creating 
the barrier to gene flow, also played an important role. Additionally, 
samples of shell color strains were highly differentiated from those of 
wild populations, which was either due to inherent genetic differences 
from the original population or a genetic drift phenomenon caused by a 
few founders (Hillen et al., 2017). However, our observation of weak 
genetic differentiation (FST: 0.012–0.034; DC: 0.145–0.309) among wild 
C. gigas populations is not unexpected. Many marine organisms 
including most bivalves were less geographically differentiated, as a 
result of widespread dispersal capability and intricate hydrology con-
ditions (Naaykens and D'Aloia, 2022; Thomas and Miller, 2022; Yu and 
Chu, 2006). The considerable genetically admixed individuals in the 
STRUCTURE plots also suggested the strong genetic connectivity across 
all geographical groupings. Consistently, the genetic boundary of wild 
populations was not distinct with high overlapping by PCoA analysis, 
while individuals from each shell color strain tended to cluster together 
and stood out from other strains, indicating high genetic uniformity 
within strains and great genetic divergence among strains. 

In aquaculture, genetic diversity is closely related not only to bio-
logical survivability but also to the response to selection, however, it 
might be gradually eroded in the face of continuous selection pressures 
(Varney and Wilbur, 2020). Thus, it is essential to monitor the trend in 
genetic diversity, which will inform further management and conser-
vation to ensure the achievement of desired gains. The use of nuclear 
microsatellites and mtCOI sequences here is expected to elucidate 
whether the present shell color strains contain adequate genetic di-
versity on which further genetic gains and improvements rely. It is well 
accepted that the Shannon-Wiener index (I) and the polymorphism in-
formation content (PIC), which can reflect the richness and heterozy-
gosity of alleles in an integrated manner, are two of the most important 
indicators of genetic diversity. In this study, the PIC value ranged from 
0.44 (SO) to 0.60 (SW) with an average of 0.52, and the Shannon-Wiener 
index (I) changed from 0.98 (SO) to 1.55 (SW) with a mean value of 
1.29, supporting overall high polymorphism and rich allelic contents 
possessed by shell color strains (Botstein et al., 1980). The higher genetic 
diversity compared with other cultured stocks of aquatic species 
benefitted from our breeding practices such as balancing sex ratio, 
expanding population size, controlling inbreeding level, as well as the 
selection intensity tailored to each color strain (Han et al., 2019; Xing 
et al., 2017). In addition, we combined growth performance as our joint 
breeding target in generations of mass selection (Xu et al., 2019), which 
can effectively avoid selecting individuals just from a few families with 
the best performance of coloration character, thereby conducing to 
maintaining a relatively rich gene bank during the long-term breeding 
program. 

Despite the sufficient genetic information contained in the shell color 
strains, a tendency of reduced alleles, with an overall 52.65% drop in Na 
and 34.05% drop in Ne, was identified compared to outbred wild pop-
ulations. The number of mtCOI haplotypes also exhibited a similar 
decline. This may be a corollary of selection effects that occurred during 
(i) the choice of original parents–generally, segregating broodstocks 
from the wild result in a sharp shrinkage of genetic information content; 
and (ii) three to four generations of family selection aimed at elimi-
nating variegated phenotypes, frequently followed by the loss of rare 
alleles and minor haplotypes. By contrast, heterozygosity is much less 

sensitive to genetic change than the number of alleles, consistently with 
the prior result obtained in other selected strains of aquatic species 
(Appleyard and Ward, 2006; Hillen et al., 2017). Remarkably, the 
orange-shell variant suffered the greatest loss of diversity and scored the 
lowest values for all genetic diversity indices both in mtCOI and mi-
crosatellite datasets (Tables 3 and 4). According to the reports by Cong 
et al. (2014) and Han et al. (2019), the SB, SG, and SW strains were 
initially selected from large-scale wild populations containing wealthy 
genetic information, whereas the first generation of SO was constructed 
by only four variants accidentally detected in the hybrid offspring of 
cultivated oysters. Thus, it is the limited founders that restricted the 
genetic diversity of the SO strain, which suggests capturing large 
numbers of genotypes at the beginning was extremely important for the 
long-term sustainability of breeding lines of oysters. If a small number of 
parents cannot be avoided, like rare orange shell oysters in this case, the 
deficiency of initial genotypes can be partly compensated by cross-
breeding of strains rich in variation (Evans et al., 2004b). That is, of 
course, provided that such hybridization won't cause the degeneration of 
well-defined traits. 

The occurrence of heterozygote deficits related to Hardy-Weinberg 
disequilibrium is a common population-genetic phenomenon in micro-
satellite surveys of marine mollusks (De Meeus, 2018; Lemer and Planes, 
2012). The populations under study, whether they were cultured or 
wild, exhibited significant deficits of heterozygotes, as shown by the 
disparity between expected and observed heterozygosity as well as the 
fact that all of the Fis values were positive. Previously, a strong corre-
lation between heterozygote deficits and null alleles was documented in 
plenty of marine or freshwater bivalves (Astanei et al., 2005; Yu et al., 
2015). Similarly, correcting the data set for null alleles made hetero-
zygote deficiency less pronounced and decreased the number of loci 
deviating from HWE from 52 to 19 in this study. Additionally, both using 
raw and corrected data, deficits of heterozygotes in shell color strains 
were more prevalent than in the wild as a result of typical small popu-
lation processes such as founder effects, inbreeding, and non-random 
mating (Chen et al., 2017; Hansen et al., 2001). 

When analyzing the effective population size (Nb) of shell color 
strains separately, results showed that the SB had a larger effective 
population size than the other three strains, but even so, the Nb was 
13.3% lower than the actual number of spawning individuals. This does 
not seem surprising, as this phenomenon is prevalent in oysters and 
other marine organisms that have in common a tendency for unbalanced 
parental contributions, i.e., sweepstakes reproductive success (Saura 
et al., 2021). Simultaneously, due to the limitations of small broodstock 
size, different viability of gametes, etc., the effective population size 
would inevitably decay over time during the artificial breeding process 
(Brown et al., 2005). The Nb estimates, as expected, ranged from 66.4 
(SO) to 86.7 (SB) in the four shell color strains, which were significantly 
lower than that of the wild populations ranging from 198.3 (QD) to 
595.3 (LYG). This general result was also observed by Lallias et al. 
(2010) in the flat oyster and by Hu et al. (2022) in the Iwagaki oyster, 
using microsatellite markers. At present, a consensus rule emerging from 
animal breeding programs is that the minimum effective population size 
to avoid severe inbreeding depression and to survive in the short-term is 
around 50, which corresponds to a 1% increase in inbreeding per gen-
eration (Villanueva et al., 2022). Encouragingly, the breeding measures 
we have taken may have contributed to the Nb estimates above the 
critical size of 50 for all shell color strains, for example, artificial 
spawning during the breeding process could better control the contri-
bution of gamete and somewhat narrowed the reproductive or survival 
differences between parents. In addition, most wild populations of 
C. gigas in this study showed Nb estimates higher than 400, with only the 
QD being less than 200. It is likely that the significantly lower Nb esti-
mate in QD is due to large-scale breeding programs in surrounding areas 
diluting the natural gene pool of C. gigas, resulting in fewer families 
represented in the samples. 

In conclusion, the four selected strains of C. gigas with distinct shell 
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color characteristics are sufficiently genetically diverse and highly 
differentiated from wild populations. Although the process of artificial 
selection had some effects on the genetic diversity and genetic structure, 
the four shell color strains still have the potential to continually increase 
genetic gains in future generations. It is indicated that the problem of 
inbreeding depression or genetic homogenization in shell color strains 
has not been ignored, and current breeding approaches help to achieve a 
balance between phenotypic improvement and genetic health. The 
present investigation provides important information for future genetic 
improvement and management of these valuable resources. 
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