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Abstract The Pacific oyster, Crassostrea gigas, naturally distributing along the coast of northwest Pacific, is one of the most im-
portant bivalve species due to its high economic value and fecundity. In China, we have initiated a selective breeding program on
both shell color and growth rate of C. gigas since 2010. A black shell line was obtained through four-generation family selection. In
this study, mass selection for growth improvement was conducted in the sixth generation and seventh generation of black shell lines.
To assess the progress of potential genetic improvement, the progeny of two generations of black shell lines were selected to evaluate
their shell heights via a 450-day farming experiment. As the results, after growing for 450 days, the sixth generation and seventh
generation of selected lines were 9.03% and 11.42% larger than the control lines, respectively. During the grow-out stage, the genetic
gain of two generations was 8.82% +0.18% and 11.54% +0.43%, respectively; and the corresponding realized heritability was 0.45+
0.04 and 0.41+0.04, respectively. These results indicated that the mass selection for shell height achieved steady progress in the two

generations of C. gigas.
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1 Introduction

The Pacific oyster, Crassostrea gigas, is cultivated in
numerous countries around the world due to its fast grow-
ing and a wide tolerance to different environmental con-
ditions, ranking the first in production among all other
aquaculture species worldwide (FAO, 2014). In China,
the production of cultured oyster was over 4 million tons
in 2016 (DOF, 2017), and C. gigas was one of the most
important species. However, the production of C. gigas is
mainly based on wild and unimproved populations, likely
limiting profitability and expanded production of this
species due to the unrealized potential for genetic im-
provement (Gjedrem et al., 2012).

Selective breeding has been shown to be an effective
method of improving the performance of many important
bivalve species (Gjedrem et al., 2012). For C. gigas, it
should be particularly amenable to selection due to its
high fecundity, relatively short generation interval and
high phenotypic variation in wild populations (Newkirk,
1983). Shortly after the development of efficient hatchery
techniques of C. gigas, numerous selective breeding pro-
grams have been launched in many countries to improve
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commercially important traits with additive genetic vari-
ance. Recent studies have reported on the genetic im-
provement on disease resistance (Dégremont et al., 2015),
growth rate (Wang et al., 2012), yield (Langdon et al.,
2003) and shell color (Brake et al., 2004; Xu et al., 2017)
of C. gigas.

The shell pigmentation of C. gigas presents a large
polymorphism and it continuously distributes from near-
white to near-black. Previous studies showed that a con-
siderable additive genetic variation in shell color makes it
feasible to produce genetic improvements in selective
breeding program (Wan et al., 2017; Xu et al., 2017; Xing
et al., 2018). The attractive and exclusive shell color of C.
gigas is highly appreciated by consumers, hence driving
high prices in the international market. Therefore, a selec-
tive breeding program for genetic improvement of C. gi-
gas has been initiated in 2010. As a result, a new selected
line with black shell coloration of C. gigas was obtained
through four-generation family selection. Then mass se-
lection for fast growth was carried out to improve the
productivity of this line.

In this study, the black shell color was further purified
and the realized heritability, selection response and ge-
netic gains of shell height were evaluated in both sixth-
generation and seventh-generation selections of the black
shell line. Our results will contribute to evaluate the pro-
gress being made per generation and the potential for in-
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creased gains in future generations of black shell line.

2 Materials and Methods

2.1 Base Stock and Selection

In 2010, a total of 100 adult oysters with dark pigmen-
tation selected from wild stock (Rushan, Shandong, China,
36.4°N, 121.3°E) were used to establish the first-genera-
tion selected family (BS1). Then further selection on shell
color was carried out in each of the three years from 2011
to 2013, and a total of 80, 60 and 24 adult oysters were
used to establish the second-generation (BS2), third-gen-
eration (BS3) and fourth-generation (BS4) selected fami-
lies, respectively. In 2014, five full-sib families with black
shell coloration and significant growth advantage were
chosen among BS4, and totally 75 individuals were se-
lected from all five selected families and served as par-
ents to produce the fifth-generation selected line (BS5).

In this study, a stock of 625 oysters were randomly
taken from BS5 and their size-frequency distribution of
shell height was determined in 2015. Based on the shell
height distribution, the top 12% of oysters were chosen as
parents (23 sires and 52 dams) for producing the sixth-
generation selected line (BS6). In addition, 72 individuals
(31 sires and 41 dams) were randomly sampled to serve
as parents for producing a control line (BC6). Following
one year of culture, a total of 678 oysters were randomly
taken from BS6 as base stock to produce the seventh-
generation selected line (BS7). In 2016, 90 oysters (40
sires and 50 dams) with the top 13.3% of shell height
distribution of the stock were used for producing BS7,
and 90 oysters (38 sires and 52 dams) were randomly
taken for producing control line (BC7).

2.2 Hatchery, Nursery, and Grow-Out

In June 2015, 75 individuals at the top end of shell
height distribution of BS5 and 72 individuals randomly
taken from BS5 were respectively stripped-spawned in
two 20-m® concrete tanks in the same day to create BS6
and BC6. For each line, oysters were sexed and males and
females were separated. Gametes were then rinsed into
separate buckets by stripping the gonad. Equal amounts
of gametes were mixed well after estimating concentra-
tions using a microscope. Fertilization was performed at a
sperm: egg ratio of 50:1, with 10" oocytes being used for
each female. After fertilization, embryos were put into a
20-m® tank. After 24-h incubation, 100 million D-larvae
were randomly collected from each hatching tank and
stocked into two 20-m?® larval rearing tanks (Li et al.,
2011).

The rearing of the larvae, spat, and adults were carried
out using standard protocols described by Li et al. (2011),
and the rearing conditions were maintained the same for
control and selected lines. Briefly, larvae were raised for
18-22 days with an algae diet of Isochrysis galbana and
Nitzschia closterium (30000-80000 cells mL™) with an
initial stocking density of approximately 5 larvae per mL.
The water temperature was maintained at 24-25C and
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the salinity at 30. Small individuals were no culled to
retain all genetic variability. Strings of scallop shells were
used to collect the spat metamorphosed from eyed larvae.
When shell height of reached 500-600 um, the spats were
transferred to an outdoor nursery tank (5000 m®). After 2-
month culture, spats were transported to Sanggou Bay
(Rongcheng, Shandong province, China, 37.1°N, 122.5°E)
when the shell height reached 2-3mm. They were placed
on nylon ropes and cultured on suspended longlines. The
density was about 15-20 spats per scallop shell.

In 2016, the BS7 (produced by 50 dams and 40 sires at
top end of SH distribution of BS6) and BC7 (produced by
52 dams and 38 sires random from BS6) oysters were
respectively produced with the same way as BS6 and
BC6. The hatchery, nursery and grow-out procedures of
BS7 and BC7 followed the description of BS6 and BC6.

2.3 Sampling and Growth Measurement

Thirty larvae were randomly chosen from each line,
and their shell heights were measured using a microscope
equipped with an ocular micrometer on days 5, 10, 15 and
20 after fertilization. The shell heights of 40 spats per line
were measured using an electronic Vernier caliper (0.01
mm accuracy) on days 80, 120 and 150. During grow-out,
shell heights of 50 oysters per line were measured on
days 270, 330 and 450.

2.4 Estimation of Genetic Parameters and
Data Analysis

The mean shell heights of both selected and unselected
lines were calculated at different ages of both two genera-
tions. Similarly, the realized heritability (hﬁ), the stan-
dard response to selection (SR) and the genetic gain (GG)
were estimated at every date of sampling in both two
generations, and means of SR, GG and h5 were calcu-
lated at each corresponding life-history stage, respectively.
The intensity of selection (i) was defined as the difference
in mean shell height between selected parents and the
base line divided by the standard deviation of the line
(Falconer and Mackay, 1981). The realized heritability,
the standard response to selection and the genetic gain
are calculated by using the following equations (Hadley
et al., 1991; Zheng et al., 2006):

_Xs—Xc

I

sr=25"%c
GC ,

_Xs—Xc

GG %100,

C

where Xs and X, are the mean size of offspring of se-
lected and the control lines, respectively, o¢ is the stan-
dard deviation of control offspring, and i is the intensity
of selection.

Differences in mean shell height, response to selection,
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realized heritability and current genetic gain between se-
lected line and control line in each generation, as well as
between sixth-generation selected line and seventh-gen-
eration selected line at different ages were analyzed with
one-way analysis of variance (ANOVA). All data analyses
were performed using the Statistical Package for the So-
cial Sciences (SPSS) 22.0 software. Significance level for
all analyses was P<0.05.

3 Results

3.1 Base Stock and Selection Intensity

Through a four-generation family selection on shell
color of C. gigas, a black shell line (BS5) was obtained
with a genetically stable shell color (Fig.1) and used for
subsequent selection on shell height. A total of 625 adult
oysters (mean shell height was 56.195 +8.29 mm) from
BS5 were used as base stock to produce BS6 and BC6.
Similarly, 678 adult oysters (mean shell height was 52.60
+9.27 mm) from BS6 were used as base stock to produce
BS7 and BC7. The cutoff point for the truncation selec-
tion was determined as a shell height of 62.33mm for the
stock to produce BS6 and 63.04 mm for the stock to pro-
duce BS7. The mean shell heights of the stocks for pro-
ducing BS6 and BS7 were 66.80+4.13mm and 67.41+

A B C

Fig.1 The left shell (A), the right shell (B) and the edible
part with left shell (C) of black shell line of C. gigas.

3.90 mm, respectively. Thus, the selection intensity was
1.281 and 1.598, respectively (Fig.2).
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Fig.2 Pedigree of selected lines indicating the size of base
stock (n) and selection intensity (i) for a successive two-
generation selection.

3.2 Growth Comparison

Growth data of progeny from control and selected two
generation lines at larval, spat and grow-out stages are
presented in Table 1. In both generations, the selected line
had a larger mean shell height than the control line at any
stage of C. gigas. The differences in larval shell height
between selected and control lines were significant (P<
0.05) only on day 21. In spat and grow-out stages, no
significant difference (P > 0.05) was detected in shell
height between selected and control lines on day 80 in
each generation.

Table 1 Mean shell heights of two generations of C. gigas from selected and control lines at different developmental stages

Line
Parameter Oysters age (d)
BS6 BC6 BS7 BC7
1 63.80+2.15° 63.78+2.14° 63.97+2.04° 63.87+1.93°
6 95.06+5.17° 94.10+5.70° 95.13+3.72° 93.63+3.79°
Larvae (um) 11 154.10+7.58 147.37+10.23 160.50+8.17° 155.03+9.16°
16 222.13+19.21° 208.15+24.69° 232.33+21.64° 218.17+19.76°
21 302.08+18.41° 281.80+28.78" 302.83+15.57° 282.83+25.28"
80 12.42+2.55° 11.66+2.96° 14.44+2.28° 13.62+2.73°
Spat (mm) 120 42.36+4.44° 39.37+5.53" 41.85+6.54° 36.75+7.78"
150 43.68+5.23° 40.45+5.49" 45.44+7.54° 41.52+7.66"
270 50.20+5.72° 46.12+8.06" 53.82+7.13° 48.45+9.59"
Grow-out (mm) 330 64.79+8.06 59.66 +8.42" 62.23+9.16° 55.50+9.20°
450 90.34+6.51° 82.86+12.38" 78.04+7.22° 70.04+12.3°

Note: Different letters indicate significant difference (P <0.05) between two lines in the same generation.

When harvested on day 450, mean shell heights of BS6
and BC6 reached 90.34 and 82.86 mm, respectively; oys-

ters from BS7 and BC7 reached 78.04 and 70.04 mm,
respectively. The increase in shell height of the selected
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line over the control was 9.03% in sixth-generation line
and 11.42% in seventh-generation line, respectively.

Differences in mean shell height between BS6 and BS7
were compared at different oyster ages. The BS7 had a
higher mean shell height than BS6 except at days 120 and
450, and a significant difference was displayed on day
450. On day 450, the average shell height of BS6 oysters
was 13.62% higher than that of BS7 oysters.

3.3 Genetic Parameters

Standardized response to selection (SR), current ge-
netic gain (GG) and realized heritability (h,%) for both
generations at larval, spat and grow-out stages are pre-
sented in Fig.3. At any stages, there were no significant
differences in SR, GG and %} between the two genera-
tions. At the larval stage, the SR of BS7 was higher than
that of BS6, but the GG and /2 were lower than those
of BS6. At the spat stage, the BS7 had a lower h,% and
higher SR and GG than BS6. At grow-out stage, the SR,
GG, and h% of BS6 and BS7 reached the highest level,
which were 0.57+0.04 and 0.65+0.07, 8.82+0.18 and
11.54+0.43, and 0.45+0.04 and 0.41£0.04, respectively.
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Fig.3 Standardized response to selection (SR), current ge-
netic gains (GG), and realized heritability (/42) of BS6
and BS7 oysters at larval, spat and grow-out stages.

4 Discussion

In this study, genetic improvement on growth for the
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black shell line of C. gigas have achieved notable gains
using a mass selection approach. At harvest day, the dif-
ference in shell height between the selected and control
lines of each generation was significant. As all circum-
stances for parent-conditioning, larval-culture, spat-nursery,
and grow-out were kept the same for the black shell lines,
the significant differences between selected and control
lines can be explained by the positive response to selec-
tion.

In the first twenty days of larval stage, there was no
significant difference between the mean shell heights of
selected lines and control lines for both two generations,
which might be caused by the presence of maternal ef-
fects at the early development stage of C. gigas larvae.
Maternal effects are also recognized as energy reserves on
fitness traits at the early stage of shell species (Pirchner,
1969). Previous studies found that maternal effects usu-
ally play a significant role in early development of shell
species and may obscure the effect of selection response
at larval stages. For example, Cruz and Ibarra (1997) re-
ported that maternal effects significantly affected larval
growth and survival of the speckled scallop A. circularis.
Wang et al. (2012) evaluated mass selection for fast growth
in three stocks of C. gigas and found no significant differ-
ences on shell height between selected and control lines at
the early larval stage. When the oysters grow for some
time, the maternal effects on growth of C. gigas receded,
and the effects of selection were enhanced gradually. It is
well known the growth of larvae was mainly controlled
by rearing conditions, such as the temperature, salinity,
rearing density, food supply and so on. Hence the same
rearing conditions of selected line and control line lead to
similar growth of larvae with no significant difference. At
the harvest day 450, mass selection led to an increase of
8.24% and 9.68% in shell height for sixth-generation and
seventh-generation lines, respectively. The level of growth
improvement is comparable to what has been reported in
other bivalves. For instance, in some scallops, genetic
gains for growth have been observed between 8% and
10% per generation (lbarra et al., 1999; Zheng et al.,
2004; Liang et al., 2010). Nell et al. (1996, 1999) found
that the growth of Sydney rock oysters Saccostrea com-
mercialis was 4% and 18% greater by mass selection after
one and two generations of selection, respectively. In C.
gigas, Langdon et al. (2003) observed 10%-20% gains
per generation for general yield in different rearing en-
vironments by family-selection. de Melo et al. (2016)
obtained an accumulated gain of 11.3% in the 5th genera-
tion from a family-based selective breeding program of C.
gigas. Similarly, 7.2%-13.2% genetic gains per generation
for shell height have been obtained in three stocks of C.
gigas (Li et al., 2011; Wang et al., 2012).

Up to now, realized heritability (%42) has been esti-
mated in numerous studies on oyster growth. In the Chi-
lean oyster Ostrea chilensis, hﬁ for shell height was
0.34+£0.12 (Newkirk and Gary, 1991). In the European
oyster Ostrea edulis, h,% for shell height was 0.11+£0.04
at 6 months and 0.19 £ 0.07 at 18 months (Toro and
Newkirk, 1990). In the small Thai oyster Saccostrea cu-
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cullate, hﬁ for total weight was 0.28 £ 0.01 (Jarayab-
hand and Thavornyutikarn, 1995). In C. gigas, Langdon
et al. (2003) estimated the realized heritability of average
family yield ranged from 0.01 to 0.50 in different envi-
ronments. Dégremont et al. (2007) reported the heritabil-
ity estimates for growth was from 0.07 +0.07 to 0.15+
0.08 in 6- to 8-month-old C. gigas. Li et al. (2011) first
reported the realized heritability of shell height for mass
selection in three stocks of C. gigas, ranging 0.149-0.402
at harvest day 360. In this study, the /45 for shell height
in BS6 and BS7 during grow-out stage reached 0.45 +
0.04 and 0.41 £0.04, respectively. The heritability esti-
mates for grow-out should be more informative than av-
erage heritability across all different stages. In general,
heritability values no less than 0.20 indicate that genetic
improvement can be easily achieved through the applica-
tion of selective breeding programs (Newkirk et al., 1977;
Falconer et al., 1981).

In this study, it is notable that the mean shell height of
BS7 was less than that of BS6 after day 270 onwards, and
the same finding was observed for the control line. The
reason might be the potential impact of genotype x en-
vironment interactions. Genotype x environment interac-
tions are pervasive in natural and aquaculture environ-
ments. For instance, significant family x environment in-
teractions have been observed for yield and survival in C.
gigas (Langdon et al., 2003; Dégremont et al., 2005; Evans
and Langdon, 2006).

In summary, the continuous selection of top individuals
for shell height can achieve satisfactory growth improve-
ment in black shell line of C. gigas, which lead to an av-
erage increase of growth for approximately 10% per gen-
eration. The moderate-to-high realized heritabilities in
this study indicate that genetic variation exists in the
black shell line, and mass selection for the genetic im-
provement can be successfully used for faster growth in
black shell line of C. gigas.
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