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a b s t r a c t

The shell color of the Pacific oyster (Crassostrea gigas) is a desirable trait, but only a few
genetic studies on shell color have been documented. Through successive selective
breeding, four shell color variants of white (W), gold (G), black (B) and purple (P) C. gigas
have been developed. The amplified fragment length polymorphism (AFLP) technique was
used to scan the genomes of the four variants with different shell colors and one wild
population (C) to identify candidate markers for shell polymorphism. Fifteen AFLP primer
combinations were used, 1079 loci were scored as polymorphic loci, and the percentage of
polymorphic bands was 95.5%. In the gold, white, black, purple and wild populations, the
percentages of polymorphic loci were estimated to be 90.5% (G), 90.0% (W), 91.1% (B),
95.3% (P) and 93.2% (C); the expected heterozygosity values were 0.3115 (G), 0.3044 (W),
0.3102 (B), 0.3285 (P) and 0.3105 (C). The white shell variant was observed to have slightly
lower genetic diversity than others, with a FST value of 0.1483. These results indicated that
the four different shell color variants had high genetic diversity and that the genetic dif-
ferentiation of populations mostly results from genetic diversity of individuals within
populations. Furthermore, 11 outlier loci were considered candidate markers for shell
color. This work provides new insights on relationships among color variants of C. gigas.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Shell color polymorphism is a distinctive feature of the populations of manymolluscs and terrestrial gastropods (Sokolova
and Berger, 2000). Although shell morphology is typically unique and characteristic for a given species, shell color may vary
frommostly single color in some species to awide array of colors in others (Liu et al., 2009). The shells of molluscs exhibit high
diversity in beautiful forms and colors and have always attracted the interest of naturalists and collectors. This suggests an
adaptive value to shell color in molluscs and has triggered numerous experimental works on shell coloration (Zheng et al.,
2003). In many cases, variation in shell color is related to environmental gradients such as temperature, insolation, inges-
tion, and salinity (Lindberg and Pearse, 1990; Sokolova and Berger, 2000; Liu et al., 2009). However, some researches have
indicated that shell color also has a genetic basis. Kozminsky (2014) proposed that at least two genes are responsible for
incorporation of each pigment into the shell of periwinkle (Littorina obtusata). The examination of color morphs in Baltic clam
(Macoma balthica) also suggested shell color intensity is a heritable trait and determined that four alleles at a single locus
display a linear hierarchy of dominance (Luttikhuizen and Drent, 2008).
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Shell coloration is an easily recognized trait. Among triangle pearl mussels (Hyriopsis cumingii), snail (Cepaea nemoralis)
and Pacific lion-paw scallop (Nodipecten subnodosus), shell color polymorphism is controlled by a few major genes (Petersen
et al., 2012; Wen et al., 2013; Richards et al., 2013). Thus, artificial selection was used for shell color polymorphisms in many
cultured aquatic animals. For example, strains of the bay scallop (Argopecten irradians) with orange, purple, and white shells
were selected (Zheng et al., 2003). In pearl oyster (Pinctada fucata martensii), white coloration strains were obtained after a
fewgenerations of selection (Wada and Komaru,1996). However, genetic studies on the coloration of molluscs, particularly on
the diversity, are still limited. Therefore, it is necessary to evaluate the genetic basis of shell color polymorphisms and the loci
linked to shell color.

The identification of the loci responsible for different traits plays a crucial role of understanding the importance of genetic
adaptation (Tang et al., 2007). A genomic approach can be used for detecting candidate genes. The benefits of outlier analyses
include the ability to screen numerousmarkers in genome scans to identify candidate genes for further investigation. Genome
scans are a powerful tool to detect natural selection in natural populations among a larger sample of marker loci (Oetjenk and
Reusch, 2007). This approach is also commonly employed in ecological and population genetic studies to detect outlier loci
that are putatively under selection (Narum and Hess, 2011). There has been recent interest in using genome scans to identify
loci that might be targets for selection in many populations of evolutionary interest (Beaumont and Dbaldingi, 2004). The
amplified fragment length polymorphism (AFLP) technique is a powerful marker systemwhich can generate a large number
of genome-wide markers within a short time (Vos et al., 1995). AFLP genome scans is also an effective technique for detecting
outlier loci potentially undergoing selection at the genome scale without DNA sequence (Zou et al., 2014). Therefore, AFLP
genome scan has been successfully used to obtain outlier loci under selective pressure, especially suitable for species inwhich
no other genetic information was available (Mattersdorfer et al., 2012).

The Pacific oyster (Crassostrea gigas) has the largest production among all cultured aquatic animals and its coloration is of
interest to the whole industry. Thus, selective breeding was implemented for the shell color of C. gigas, and four variants
characterized by shell colors which are gold shell, white shell, black shell, and purple shell were developed after successive
four generations of selection (Cong et al., 2014). These particular variants permit us to analyze specific pigmentation in shell of
C. gigas. In this study, AFLP analysis was used to investigate the extent of genetic diversity and genetic differentiation, and to
identify potentially genetic markers in the four shell color variants. This study will provide new insights on relationships
among color variants of C. gigas, which would be beneficial to conservation of genetic diversity in C. gigas.
2. Materials and methods

2.1. Sample collection and DNA extraction

We surveyed one wild population (C) and four shell color variants of C. gigas, separately named the gold shell variant (G),
white shell variant (W), black shell variant (B), and purple shell variant (P) (Fig. 1). Samples of wild C. gigas were collected
from city of Weihai in China in 2013, while the samples of four shell color variants of one-year-old C. gigas were collected in
2014 from an oyster farm in Rushan in Shandong province, China. The four shell color variants (G, W, B, and P) were the fourth
generation offspring produced by successive selection, and exhibited steadily hereditary shell color traits. In July 2013, 92 (47
females and 45 males), 86 (41 females and 45 males), 107 (50 females and 57 males), and 96 (50 females and 46 males)
individuals were respectively selected from the third-generation strains selected for gold, white, black and purple shell traits
to serve as parents for the fourth generation selected strains. For each variant, oysters were sexed andmales and females were
separated. Gametes were then rinsed into separate buckets by stripping the gonad. Equal gametes were well mixed after
Fig. 1. Five Pacific oyster populations with gold (G), white (W), black (B), purple (P), and common (C) 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.)
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estimating concentrations using a microscope. The rearing of the larvae, spat, and adults were conducted using standard
practices, and the rearing conditions were kept the same for the four shell color variants.

Genomic DNAwas extracted from the adductor muscle tissue using proteinase-K digestion and DNA extraction buffer. The
quality and quantity of extracted DNA were assayed by 1% agarose gel electrophoresis and Thermo NanoDrop-2000,
respectively. DNA concentration was adjusted to 100 ng/ml for the following experiments.
2.2. AFLP procedure

The AFLP procedure was performed as described by Vos et al. (1995), with some modifications. Digestion of genomic DNA
was processed in 10 ml of mixture containing 100 ng of genomic DNA, 1 U of EcoRI and MseI, 2 � Tango™ buffer (MBI Fer-
mentas) at 37 �C for 3 h, and then 65 �C for 3 h. After digestion, 10 ml of ligation mixture including 5 pmol EcoRI adaptor,
50 pmol MseI adaptor, 10 � buffer, 1 U T4 DNA ligase (MBI Fermentas), and 50% PEG was added. The reaction mixture was
incubated at 16 �C overnight and then diluted by addition of 180 ml TE0.1 (10 mM TriseHCl, 0.1 mM EDTA, pH 8.0). Pre-
amplification PCR was conducted in 10 ml reactions containing 2 ml of diluted ligation mixture and 8 ml of preselective
amplification solution (0.25 pmol of pre-amplification primers with a single selective base, 200 mmdNTPs,1� PCR buffer, and
0.25 U Taq DNA polymerase), and cycled as follows: 72 �C for 2 min, 20 PCR cycles of 20 s at 94 �C, 30 s at 56 �C, and 2 min at
72 �C, followed by a final 30-min extension at 60 �C. The pre-amplification PCR product was diluted 20 times with TE0.1.
Selective amplification was also performed in a 10-ml volume using 1.5 ml of diluted ligation and 8.5 ml of selective amplifi-
cation solution (0.25 pmol of EcoR I and Mse I, 0.2 mM dNTPs, 1 � PCR buffer, and 0.25 U Taq DNA polymerase). Selective
amplificationwas performed for 2 min of denaturing at 94 �C, then 10 cycles of 20 s at 94 �C, 30 s at 66 �C, and 2 min at 72 �C,
with a 1 �C decrease in the annealing temperature each cycle, followed by 20 cycles of 20 s at 94 �C, 30 s at 56 �C, and 2min at
72 �C, with a final extension of 30 min at 60 �C. Amplification products were separated on an ABI 3130 automatic sequencer
(Applied Biosystems). Data were analyzed using software GeneMapper® 4.0. Fifteen primer combinations were genotyped
(Table 1).
2.3. AFLP data analysis

Polymorphic AFLP fragments ranging from 50 to 500 base pairs were scored by using the presence (1) or absence (0) of a
peak as a criterion. The percentages of polymorphic loci (P), observed number of alleles (Na), effective number of alleles (Ne),
and the Nei's genetic distance (Nei, 1978) were calculated using POPGENE 1.31 (Yeh et al., 1999). Expected heterozygosity (He)
and FST values were analyzed using ARLEQUIN 3.5 (Excoffier and Lischer, 2010). The average expected heterozygosity and
percentage of polymorphic loci for cultured populations were tested against local wild populations. Significance was tested
using SPSS 14.0 software (Zar, 1999). The significance of FST estimates was tested with a null distribution created by 10000
random permutations of the data set (Excoffier et al., 1992). An FST analysis of molecular variance (AMOVA; Excoffier et al.,
1992) was employed to define the grouping of genetic variation in hierarchical arrangements using ARLEQUIN 3.5 with a
null distribution created by 10,000 random permutations of the data set.

There are several challenges in using outlier analysis. For example, false positive and false negative results make the in-
terpretations complicated. The outlier loci were detected using two methods to limit the number of false negatives. We first
used the hierarchical analysis of program ARLEQUIN 3.5 for detecting loci under selection using the F-statistic tab, with the p-
values of each locus under neutrality of heterozygosities. Any locus with higher FST values might be considered as outlier
because an outlier was expected to generate a high frequency disequilibrium. In this study, the FST values above simulated
quantile distributions were designated as 99% outlier loci. The second method we used to detect outlier loci was the Bayesian
approach of BAYESCAN 2.01 that implements the method of Foll and Gaggiotti (2008). Bayescan aims at identifying candidate
loci under natural selection from genetic data, using differences in allele frequencies between populations. Loci with prob-
ability values that exceeded 0.76 were likely considered as outlier loci.
Table 1
Selective primer combinations and their respective extensions chosen (marked with √) for use in the AFLP assay.

EcoRI MseI

M-TCC M-TGA M-TCT M-TCA M-TGC M-TCG M-TAC M-TAG

E-ACC √
E-ACT √ √
E-AGG √ √ √ √
E-ACA √ √
E-ATC √ √
E-AGG √ √ √

Rows contain selective trinucleotide extensions attached to the 30 end of the fluorescently labeled EcoRI primer 50-GACTGCGTACCAATTCNNN-30 . Columns
contain selective trinucleotide extensions attached to the 30 end of the MseI primer 50-GATGAGTCCTGACCGANNN-30 .
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3. Results

3.1. Genetic diversity

A total of 1130 loci were identified and transferred into 0/1 matrix using 15 AFLP primer combinations across 190 Pacific
oyster individuals (Table 2). A total of 1079 loci were scored as polymorphic loci and the percentage of polymorphic loci was
95.5% (Table 2). The number of loci generated from each primer combination ranged from 63 to 116. The percentage of
polymorphic loci was estimated to be 93.2% in the wild population (C) and varied from 90.0% (W) to 95.3% (P) within the four
shell color variants. The He values were 0.3105 in the wild population and ranged from 0.3044 (W) to 0.3285 (P) within the
four shell color variants. The white shell variant was observed to have the lowest genetic diversity (P ¼ 90.0%, He ¼ 0.3044)
than the other color variants. Between the wild population and cultured four shell color variants, there was no significant
difference in the percentage of polymorphic loci (P ¼ 0.400) and the He values (P ¼ 1.000).

3.2. Genetic differentiation

Genetic differentiation across all populations as awholewasmoderate significant (FST¼ 0.1483, P< 0.05). Themost genetic
differentiation was between the purple shell (P) and golden shell (G) variants (0.2112), while the least genetic differentiation
was between the purple shell (P) variant and common wild (C) population (0.0941) (Table 3). In concordant with FST values,
the pairwise Nei's (1978) genetic distance values were low (0.0293) between the purple shell (P) variant and commonwild (C)
populations, but high (0.0730) between the purple shell (P) and golden shell (G) variants (Table 3). The AMOVA analysis
revealed only 14.8% of the total variations among populations and the largest level of variation (85.1%) was explained by
differences within populations.

3.3. Outlier loci analysis

In comparisons with the hierarchical analysis and the Bayesian likelihood method, 17 loci were selected. Eleven of the 17
loci found in bothmethods were used for positives, four were only found in the hierarchical analysis (Table 4), and 2 were just
found in the Bayesian likelihood method (Table 4). The 6 outliers that were only identified in one analysis method were
considered as false positives and were not studied further (Table 4). Taking into account the frequency of the 11 outlier loci in
different shell color variants, locus 795 was more likely to present in the white shell variant with a frequency of 0.8421. The
frequency of loci 309 and 360 was 0.8947 and 0.9737, respectively in the purple shell variant, respectively, while the loci 601
and 946 were highlighted in the purple shell variant and wild population. The same analysis for other outlier loci revealed
that the loci 1085 and 1090 were more prone to be found in the gold shell variant (Table 5). On the basic scale of Foll et al.
(2010), the locus 998 supported with statistics of log10 (PO) > 2 was considered ‘decisive’ evidence for selection, and the loci
494 and 1085 supported with log10 (PO) > 1 were ‘strong’ evidence for selection (Table 4).

4. Discussion

The genetic diversity of a species is related to its ability to adapt to environment, viability and capability of evolution.
Diversity can be of great importance to the overall sustainability of populations (Hamrick et al., 1991). In aquaculture, the level
of genetic diversity in some species is high under artificial selection such as the pearl oyster (Yu and Chu, 2006) and scallop
(Zhao et al., 2009). However, the reduction of genetic diversity in cultured populations was demonstrated in many species
(Evans et al., 2004; Liu et al., 2010; Miller et al., 2012). The genetic diversity of hatchery strains is affected by several factors
such as a small number of breeders, unequal sex ratios, unequal contribution of parents, and family size variations (Hedgecock
and Sly,1990; Gaffney et al., 1996). In this study, the percentage of polymorphic loci ranged from 90.0% (W) to 95.3% (P), with a
mean of 95.5% across all individuals. The He values of the five populations varied from 0.3044 (W) to 0.3285 (P), with a mean
of 0.3170. Therewas no significant difference in genetic diversity among thewild population and different shell color variants,
demonstrating that the four shell color variants of C. gigasmaintained a high level of genetic diversity. This could be the result
of the relatively large number of the broodstock used and approximately equal sex ratio, which may reduce the risks of
Table 2
Statistical analysis of genetic diversity in one wild population and four shell color variants of Crassostrea gigas.

Population N No. of polymorphic loci Polymorphic loci (%) Na Ne He

G 38 971 90.5% 1.906 1.503 0.3115
W 38 964 90.0% 1.900 1.466 0.3044
B 38 987 91.1% 1.911 1.526 0.3102
P 38 993 95.3% 1.953 1.515 0.3285
C 38 1039 93.2% 1.932 1.489 0.3105
Overall 190 1079 95.5% 1.950 1.502 0.3170

N ¼ the sample sizes; Na ¼ observed number of alleles; Ne ¼ effective number of alleles; He ¼ average expected heterozygosity.



Table 3
Pairwise estimates of Nei's unbiased measures of genetic distance (above diagonal) and FST (below diagonal) between all C. gigas populations. Significant Fst
values (P < 0.05) are in bold; 10000 permutations were used to test the significance of Fst estimates.

Population G W B P C

G **** 0.0474 0.0549 0.0730 0.0474
W 0.1456 **** 0.0505 0.0642 0.0369
B 0.1639 0.1535 **** 0.0611 0.0405
P 0.2112 0.1809 0.1763 **** 0.0293
C 0.1357 0.1017 0.1111 0.0941 ****
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inbreeding. Another factor which might account for the stability of genetic diversity was the practice of artificial fertilization.
Gametes were rinsed into separate buckets by stripping the gonad and then equally mixed. This ensured that all parental
oysters contributed to the next generation and avoided that some parents cannot have offspring. The breeding practices
performed in this study appear to have minimized the loss of genetic diversity levels within different shell color variants.

In this study, the white shell variant was observed to have slightly lower genetic diversity than the others, which may be
due to the white shell controlled by recessive homozygousmodel. This result was consistent with the previous observation of
Ge et al. (2015) that the white background color types were controlled by a recessive allele in the Pacific oyster. Similar
inheritancemodel was reported in pearl oyster that white colorationmight be inherited under the control of recessive gene(s)
for shell color (Wada and Komaru, 1996).

As indicated by the pairwise FST analysis, significant genetic differentiation was detected among the four shell color
variants, and between the cultured shell color and wild populations. AMOVA analysis indicated that genetic differentiation of
populations mostly resulted from the individuals within populations. Similar phenomena were observed in the Pacific
abalone, eastern oyster, and pearl oyster (Li et al., 2004; Yu and Guo, 2004, Yu and Chu, 2006). Significant genetic differ-
entiation between wild and cultured populations is most likely due to random drift, bottleneck effect, and artificial selection
during the production of a newgeneration (Pampoulie et al., 2006). It is well accepted that high genetic differentiation among
Table 4
Outlier loci detected by hierarchical analysis and Bayesian approach.

Locus Bayesian Hierarchical analysis

P log10(PO) FST Levels Obs FsT P

169 99% 0.50 0.0051
309 0.82 0.65 0.27 99% 0.47 0.009
349 0.86 0.8 0.29 99% 0.46 0.0059
360 0.89 0.92 0.3
364 99% 0.48 0.0087
483 0.85 0.74 0.3 99% 0.60 0.0049
494 0.95 1.29 0.34 99% 0.63 0.0051
583 99% 0.56 0.00031
601 0.83 0.7 0.28 99% 0.51 0.0028
795 0.77 0.54 0.29 99% 0.71 0.0016
925 0.88 0.88 0.3
946 0.93 1.12 0.31 99% 0.48 0.0044
985 99% 0.48 0.0051
998 1 2.44 0.37 99% 0.56 0.000700
1085 0.93 1.11 0.34 99% 0.52 0.00069
1090 0.91 0.99 0.29 99% 0.519 0.0024

P ¼ P value of FST.

Table 5
Frequency of outlier loci in the five populations of C. gigas.

Locus G W B P C

309 0.02632 0.1842 0.4474 0.9737 0.4737
349 0.92105 1 0.5263 0.1316 0.5789
360 0 0.1053 0.4737 0.8947 0.6053
483 0.9737 1 1 0.2368 0.8421
494 1 1 1 0.2368 0.8421
601 0.08 0.1053 0.5263 0.8684 0.8421
795 0.07900 0.8421 0.0526 0 0
946 0.3158 0.02631 0.4474 0.8947 0.8684
998 0 0.5789 0.8421 0.9474 0.9211
1085 1 0.2632 0.1579 0.1053 0.1316
1090 0.7895 0.6053 0.3947 0.2368 0.1579
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cultured strains is due to positive selection, particularly strong artificial selection (Zou et al., 2014). The marked genetic
differentiation of the four different shell color variants in this study might be due to strict reproductive isolation by artificial
selection.

Two approaches were used to detect outliers in the same data sets in this study. The number of outliers detected by the
two approaches were limited, because the two approaches have completely different assumptions and employ separate
algorithms. The main difference between Arequin and BayeScan is that the FST within-populations is variable in BayeScan, but
it is assumed to be the same across all populations in the former program (Nunes et al., 2011). We implemented two different
outlier programs in order to avoid complications with false-positive loci in outlier tests. It is expected that a strong loci should
be picked up by detecting outlier loci in the genome scan. Among 1130 AFLP loci, AFLP genome scans approach detected 11
outlier loci by dual analysis that could be considered as candidates for color artificial selection.

The oyster individuals used in this study was cultured in a common environment which would be critical to minimize the
environmentally induced phenotypic and epigenetic effects. Because the outlier analysis was performed with samples from
populations with different color and no variables were dependent on environment, it was presumed that outlier loci might
have been under the effect of artificial selection for shell colors. Most of the outlier loci were not unique to a single color
population (Table 5). One explanation was that some outliers might be linked to the same locus controlling different color.
Previous studies have suggested that shell color and shell pigmentation in some shellfish species might be associated with
more than one alleles at a single locus (Ge et al., 2015; Luttikhuizen and Drent, 2008). Furthermore, Narum and Hess (2011)
suggested that neutral markers were not the actual loci under selection but rather indicators of a nearby quantitative trait
locus (QTL), a section of DNA that correlates with variation in a phenotype, or quantitative trait. The small number of loci
detected as outliers in this study might not be genes under selection but may represent QTL regions that warrant further
investigation and validation as important regions of the genome causing true color variation.

In summary, this study revealed high level genetic diversity and the genetic differentiation of populations mostly resulted
from the individuals within populations. Among the different shell color variants, 11 outliers were detected by two methods.
The present study provides a solid foundation for the genetic basis of shell color traits in the Pacific oyster. The molecular
mechanisms and major gene underlying shell coloration will be required to further develop for addressing shell color
polymorphism.
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