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Abstract:

The multidisciplinary project “MOREST” aims to improve our understanding of causes of summer
mortality in Crassostrea gigas juveniles in France and to reduce its impact on oyster production. As
part of the MOREST project, 43 full-sib families nested within 17 half-sib families were produced,
planted out and tested in 3 sites during summer 2001 to assess to what extent genetic variability exists
for this trait. A strong genetic basis was found for survival as narrow-sense heritability estimates
ranged from 0.47 to 1.08, with higher values in sites where summer mortality was higher. Genetic
correlations across sites were positive and very high for survival, indicating no genotype by
environment interaction. In contrast, lower genetic variation was observed for growth in all sites.
Finally, genetic correlations between growth and survival were low, in all sites. Selective breeding in a
single site should therefore be an efficient means of improving survival in oysters less than one year
old along the French Atlantic and Channel coastlines with only very limited effects on growth. As yield
mostly depends on survival and growth, this approach should significantly improve harvestable yield.
Possible reasons why a high genetic variance for survival appears to be maintained in wild populations
are discussed.
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1. Introduction

World oyster production was estimated at around 4.3 million metric tons in 2002 with
a value of $3.5 billion. The Pacific oyster, Crassostrea gigas, is one of the most important
oysters cultured worldwide (FAO 2004a,b). This species has been extensively (both
accidentally and intentionally) transported beyond its native oriental range (for review, see
Shatkin et al., 1997). In France, C. gigas was introduced in the early 1970s (Grizel and Héral
1991) after the collapse in production of the Portuguese oyster (C. angulata) due to massive
mortality events (Comps et al., 1976; Comps, 1983; Héral, 1989). In 2002, French oyster
production represented 107,000 metric tons at a value of $210 million (FAO, 2004a,b).

Summer mortality of C. gigas has been reported for many years in Japan and the
United States (Koganezawa, 1975; Glude, 1975). It was first reported in France in the early
1980s by Maurer and Comps (1986) and by Bodoy et al. (1990) who observed mass summer
mortalities of up to 90% in the Marennes-Oléron Bay in 1988. Along the coasts of France,
mortality events among adults generally occur during spring, while those among juveniles are
more prevalent during summer (Fleury et al., 2001). Pathogens, predators, sudden
environmental changes, spatial and trophic competition, and toxic algal blooms are the most
common causes of mass mortality in oysters (Mackin, 1961). In most cases, however,
summer mortality cannot be explained by a single factor. A combination of environmental
(biotic and abiotic) and internal (i.e., genetic, physiological and immunological) parameters
would be more plausible. “MOREST’, a national multi-disciplinary program co-ordinated by
IFREMER, was initiated to investigate the causes of summer mortality in juvenile Pacific
oyster C. gigas in France and to propose possible solutions. As part of this program, a multi-
site field experiment was designed to assess the genetic basis of resistance to summer
mortality and the potential value of selection for improving survival of juveniles, known as
‘spat,” during their first summer.

Bivalves are well suited to a selective breeding approach because of their high
fecundity, the ease of controlling their biological cycles (particularly in oysters), adequate
genetic variability, and economic importance (Gosling, 2003). Mahon (1983) listed the main
goals for genetic improvement of commercial oyster stains by selective breeding: (i)
characters linked to spawning and larval development, (ii) survival and growth from
settlement to harvest, (iii) resistance to sub-optimal environmental conditions, and (iv) shell
shape. More recently, Sheridan (1997) reported that the vast majority of oyster selection
studies focus on growth rate and/or live weight, together with selection for resistance to
diseases, shell shape and shell prismatic layer coloration. In bivalves, quantitative genetic
studies have investigated a wide range of traits. The most frequently studied trait is growth,
which represents almost 93% of genetic parameter estimations in marine mollusks
(Dégremont, 2003). A large number of studies found significant heritability for juvenile and
adult growth among a variety of clam, mussel, oyster and scallop species (Lannan, 1972;
Haley et al., 1975; Wada, 1984, 1986, 1994; Mallet et al., 1986; Strémgren and Nielsen, 1989;
Rawson and Hilbish, 1990, 1991; Toro and Newkirk, 1990, 1991; Crenshaw et al., 1991,
Hadley et al., 1991; Hilbish et al., 1993; Jarayabhand and Thavornyutikarn, 1995; Toro et al.,
1995; Crenshaw et al., 1996; Toro and Parades, 1996; Ibarra et al., 1999; Brichette et al.,
2001; Ernande et al., 2003; Zheng et al., 2004). Even though survival is usually considered a
trait difficult to improve through genetic selection (Gjedrem, 1985), a number of papers have
reported a significant genetic basis for survival in C. gigas (Beattie et al., 1980; Hershberger
et al., 1984, Soletchnik et al., 2002; Ernande et al., 2004). Successful selection to improve
resistance to MSX and to Dermo has been achieved in eastern oysters, C. virginica (Haskin
and Ford 1987; Ragone-Calvo et al., 2003), as well as resistance to bonamiosis in European



flat oysters, Ostrea edulis (Naciri-Graven et al., 1998) and resistance to Marteilia sydneyi in
Sydney rock oyster, Saccostrea glomerata (Nell and Hand, 2003).

Langdon et al. (2003) demonstrated a positive response to selection for yield with
realized heritability ranging from 0.01 to 0.50, indicating that yield can be improved by
genetic selection. Because yield is the result of survival and growth, it is important to
determine if this genetically determined variation in yield is primarily driven by differences
in growth, survival or both traits. This is likely to vary according to site (Dégremont et al.,
2005a). In the present paper, we report heritability estimates for survival and growth during
the summer period, and genetic correlations between these two traits. These genetic
parameters were computed using the data from the experiment described by Dégremont et al.
(2005a), who suggested that there is a significant genetic component for spat survival.



2. Materials and Methods
2.1. Broodstock conditioning and spawning.

Wild oysters were collected from the Marennes-Oléron Bay in November 2000 and
brought to the IFREMER hatchery at La Tremblade, France. These oysters were divided into
three random groups of 100 individuals to be used as broodstock for three successive sets of
crosses. The sets of oysters were successively placed in conditioning tanks in December,
January, and February to promote gametogenesis. After a period of 8 weeks, once oysters
were ripe, the sex of ripe broodstock animals was determined and 6 males and 24 females
were chosen at random to produce 24 families for each set following a nested half-sib mating
design, (each male was mated with four different females). To control fertilization, sperm of
each male and eggs of each female were individually collected by stripping the gonads.
Gametes were rinsed using a screen and the numbers of eggs and spermatozoids determined
for each male and female using an image analyzer (Samba IPS). Each cross was conducted
using 3 million eggs mixed with 200 spermatozoids per egg in a beaker containing 200ml
seawater. This high gamete density was created to improve fertilization rates. The mixture
was left to rest for 15 minutes. In order to maintain seawater quality, 600 ml seawater was
then added to each beaker and the gametes were gently mixed at regular intervals over the
next 45 minutes. One hour after fertilization, the zygotes were transferred to the larval room.
Crosses following this design were conducted on February 5th, March 5th, and April 18th
2001 resulting in 18 half-sib and 72 full-sib families.

2.2. Larval and spat culture.

Each family was reared as described in Ernande et al., (2003). Briefly, larvae were reared
in 30-litre conical bottomed tanks with permanent aeration at a regulated temperature of 23°C.
Larvae were fed a mixed diet of cultured micro-algae (Isochrysis galbana, Chaetoceros
pumilum, Pavlova lutheri, and Tetraselmis suecica) on a daily basis. Filtered seawater was
changed 3 times a week. Larval density was adjusted to 10 and 5 larvae per ml at days 2 and
7 after fertilization respectively. The excess larvae were stored at -80 °C for detection of
Ostreid Herpesvirus 1 by PCR (see Barbosa-Solomieu et al., 2005). When the largest larvae
had reached 280 um shell length, a set of 2 sieves (100 and 220um) were then used to collect
larvae when the water was changed. The eyed and pediveliger larvae were retained on the
220 pum screen and then counted and transferred to a settlement room. Smaller individuals,
that passed through the 220um screen but were retained on 100 pum, were counted and
returned to the larval rearing tanks. This process was repeated on alternate days until all
larvae had been moved to the settlement room. Pediveliger larvae were settled on microcultch
in 120-litre raceways and reared under standard hatchery conditions with continuous water
flow, controlled food ration and temperature (Robert and Gérard, 1999). When spat reached 2
mm, they were transported to the IFREMER nursery in Bouin, France. This occurred 44, 44,
and 42 days after fertilization for sets 1, 2, and 3, respectively. The nursery period lasted 2 to
3 months (until oysters could be retained on an 8 mm sieve) and no mortality was observed
during this period. On the day prior to placement in the field, 200 oysters from each family
were individually weighed. Each family was divided among 27 bags (7mm mesh size, 100
cm x 27 cm) of 150 oysters. The total weight of oysters in each bag was recorded prior to
planting in the field. Due to the differential survival at the larval and settlement stages
(Boudry et al., 2002; Ernande et al., 2003) and to limited facilities in the nursery, only half-
sib families represented by at least 2 full-sib families were kept for this study. Finally, 17



half-sib families representing 43 full-sib families were deployed in the field divided into 13,
15 and 15 full-sib families for sets 1, 2 and 3, respectively.

2.3. Grow-out and sampling protocol

Growth and survival of oysters were monitored at three sites along French coasts (Fig.
1): Ronce in the Marennes-Oléron bay (1°10° W, 45°48’ N), Riviere d’Auray in southern
Brittany (2°57” W, 47°36° N) and Baie des Veys in Normandy (1°06” W, 49°23" N). Oysters
were raised according to local practices, off-bottom in oyster bags attached to re-bar racks
with heavy-duty rubber bands. Oysters were deployed at all three sites on June 20th, July 5th,
and August 7th for sets 1, 2, and 3 respectively (i.e., 135, 122 and 108 days after fertilization).
Each family was represented by 9 bags at each site that were randomly arranged on the re-bar
racks. Survival and individual weight were recorded for all sets in October 2001. Oysters
from sets 1, 2, and 3 were therefore grown in the field for 104, 89, and 56 days respectively.
Survival was determined by counting live and dead oysters and the total weight of live
oysters was recorded for each bag. Individual weights of between 30 and 90 oysters were also
recorded for each family at each site. Survival was also evaluated on two intermediate dates:
i.e., after 15 and 29 days, after 14 and 33 days, and after 14 and 28 days in the field for sets 1,
2 and 3 respectively. The importance of field placement timing (i.e. differences between sets)
on the studied traits in this experiment was previously discussed by Dégremont et al. (2005a).

2.4. Data analysis

Survival analysis: Survival data were treated as Bernouilly data using the SAS
GLIMMIX macro (SAS Institute Inc., 1989; Wolfinger and O'Connell, 1993) for generalized
linear mixed models, using a probit link whereby survival is considered as a threshold trait
underlain by a continuous internal trait on the probit scale (Falconer and MacKay, 1996).
More specifically, survival recorded at three points in time (see above) was analyzed by
nested-factorial probit analysis with time in the field d (in days) as a continuous covariate.
The following models were used for the analysis among sites:

Probit(Sijum(d)) = ag + a;.d + a,.d% + o + Bi + Yka) + Sk T blj-d+b2j-d2 + (af)ij + (ay)ikg) +
(ad)it(kgy * Eijkim

and the analysis within sites:

Probit(Sjium(d)) = ap + a1.d + ap.d* + Bj + yig + SI(K(j)) + bj.d+b2j.d* + gjm

where Sijum(d) is the survival at time d (in days) of an individual spat m in the family bred
using female | and male k nested within set j and reared in site i (O if the individual is dead
and 1 if alive). All effects except time d were class effects, so that ap + a;.d+a,.d’ is the
overall polynomial response to time, a; is the effect of site i, p; is the effect of set j, yig is the
effect of male k nested within set j, 8l(k(j)) is the effect of female | nested within male k and
set j, b1j.d+b2j.d? allows for different responses to time according to sets. (aB)ij, (ay)ikg) and
(ad)iik(y are the two-way interaction terms between corresponding class effects and &ijum iS
the error term. All class effects were classified as random except set effect which was
classified as fixed. Interactions were classified as random since they all involved at least one
random effect. Preliminary analyses were performed to test more complex models of
response to time, i.e., different responses according to sites, males or females, but none was



significantly different from the one described above (likelihood ratio test; results not shown).
The replicate level (i.e. rearing bags) was also found non significant (P>0.05) and was
therefore dropped from the model to gain degrees of freedom for subsequent analyses.
Interactions between male and set (i.e. field placement timing) could not be tested in our
experiment.

Growth analysis: The Shapiro-Wilks test of the SAS UNIVARIATE procedure
indicated that 66% of the 387 individual weight datasets at the replicate level (i.e., rearing
bags) were not normally distributed and the Bartlett test of the SAS GLM procedure showed
that the data were not homoscedastic. Therefore, individual weight was log-transformed prior
to statistical analyses in order to increase the normality of the data and the homogeneity of
variance (Neter et al., 1985). Growth was analyzed by performing a random-factor nested-
factorial ANCOVA on the log-individual weight with time d (in days) in the field as
continuous variable using SAS GLM (SAS Institute Inc., 1989). The following models were
used for the analysis among sites:

log(Wijkim(d)) = @ + a1.d + o + Bj + kg + Oikgy) + b1i.d + byj.d + bag).d + brykgy).d
+ ()i + (a)ikg) + (@d)itggy + Caij-d + Caikg)-d + Caitge-d + &ijm

and within sites:

log(Wikim(d)) = a0 + a1.d + Bj + ykg) * Sikgy + byj.d + bakg)-d + Duigegy-d + €jem

The same class effects were used in the model as in the survival analysis (site, set, male,
female), but in this case all interactions, i.e., up to three-way interaction terms, were
considered since the interactions between time and class effects (b1, bij, bikg), Puwgy), Cuij,
Cuik(), Cuilkgy),) reflected class effects on the slope of log-individual weight regressed against
time, i.e. on growth rate. Class effects were treated as fixed or random using the same rule as
for survival analysis. Interactions involving at least one random class effect were classified as
random. The replicate level (rearing bags) was again found non significant (P>0.05) and was
dropped from the analysis. The TEST option of the RANDOM statement was used to define
the appropriate F-statistics of the model due to nested effects and interaction effects and
because the data were unbalanced, SAS type Il sums of squares were used to compute F
statistics (Littell et al., 2002). Multiple comparison tests were used to determine differences
in means by the Tukey method (LSMEANS).

Genetic parameter estimates: Variance components of survival among sites and
within each rearing site were estimated using the corresponding models described above and
heritabilities were estimated following the methods described in Lynch and Walch (1998).
The additive genetic variance (Va) was estimated as four times the covariance among half
sibs, i.e. the male variance component. The ratio between the additive genetic variance and
the total phenotypic variance Vt gave the narrow sense heritability (h’n = Va/Vt). Broad
sense heritability was calculated as the ratio between four times the female variance
component, i.e. total genetic variance Vg, and the total phenotypic variance (h*b = Vg/Vit).
Because the female variance component in a nested design includes variation associated with
dominance and maternal effects, as well as additive genetic effects, it is therefore important
for providing information on the relative significance of these variance components (Ashman,
1999). Finally, heritability was also estimated using both the male (Var(m)) and female
(Var(f)) components as: h’.q = 2 x (Var(m) + Var(f))/Vt) (Falconer and Mackay, 1996).



Growth variance components were estimated according to the method described in
Ernande et al., (2004) which uses resampling combined with bootstrapping. Briefly, 30 pairs
of initial and final weight per full-sib family per site were randomly created in order to obtain
a pseudo-individual growth dataset. Then the daily specific growth rate was calculated for an
individual as SGR = (In(Ws) — In(Wy))/t, where Ws = final individual weight, W; = initial
individual weight and t = the duration of the presence in the field in days. From this dataset,
one value of narrow- and broad-sense heritability was then obtained by performing a nested-
factorial ANOVA among sites and a nested ANOVA for each site with class effects as
described before. This operation was repeated 1000 times and the mean of the values gave the
definitive heritability estimate. Standard errors were then obtained by bootstrapping data
between males and females nested within males and computing the genetic parameter 1000
times according to the previously described resampling procedure. Although this method
inflates the error variance, it should leave estimates of the other variance components
unbiased.

Additive genetic correlations between traits (i.e., survival and growth) within and among
sites (i.e., Ronce, Riviere d’Auray or Baie des Veys) and between sites for the same trait were
estimated as p, = Cov(mymy) / (Var(my) x Var(my))¥? where Var(my), Var(m,), and
Cov(mg,m;,) denote the estimates of the male components of variance and covariance (Lynch
and Walsh, 1998). Whereas variance components Var(m;), Var(m;) were obtained from the
previous analyses at the individual level, male covariances were calculated by using data at
the replicate level (i.e. rearing bag). Survival probability was computed for each bag and
probit transformed before further analysis. The daily specific growth SGR was calculated for
each bag as described earlier, but using the mean individual weights (calculated as the total
weight of the live oysters divided by the number of live oysters in the bag considered both at
the planting and in October) instead of individual weights. Fixed effects known from
previous analyses to influence the two traits (polynomial of time and set for survival, and set
for SGR) were removed by performing preliminary analyses with models containing only
these effects and recording the residuals. Components of covariance, their standard errors,
and their significance level (Wald z test) were then estimated through a covariance analysis
on these residuals using SAS Proc MIXED as described in Singer (1998) and Thiébaut et al.,
(2002). Standard errors for genetic correlations were computed using the delta method for
compound random variables described in Lynch and Walsh (1998) since genetic correlation
estimates came from two different procedures for variance and covariance components.



3. Results
3.1. Survival

Mean survival across sites was 84% (94, 84 and 75% in Baie des Veys, Ronce and
Riviere d’Auray respectively) (Table 1). All tested factors significantly affected survival
except site and the interactions site x set and site x female (Table 2). Half-sib families
showed mortality ranging from 2 to 34% in Baie des Veys, from 3 to 69% in Ronce and from
8 to 82% in Riviere d’Auray (Figure 2). A significant site by male interaction was found
(Table 2) but the half-sib family resulting from male 14 showed the highest mortality in all
sites (Figure 2). In the same way, the half-sib families bred from males 4, 7 and 8 had high
mortality levels in Ronce and Riviére d’Auray (from 38 to 63%) and in Baie des Veys (from
9 to 12%) compared to the other half-sib families. Conversely, the half-sib families from
males 2, 9, 10, 11, 15 and 18 showed lower mortalities compared to the other half-sib
families: less than 7% in Ronce, 12% in Riviere d’Auray and 6% in Baie des Veys.

3.2. Growth

The plant-out sizes of the different families ranged from 1.05 to 2.58 g (mean = 1.69 g
0.36). Phenotypic correlations between survival in the field and initial weight were very low
and not significant (r = -0.10 in Ronce, r = 0.09 in Baie des Veys and r = 0.01 in Riviére
d’Auray). Mean daily specific growth rates (SGR) within site and among sites are given in
Table 1 and SGR among half-sib families in Figure 3. SGR ranged from 8.5 to 12.4 10°
log(g).d™ in Ronce, from 6.7 to 9.6 10° log(g).d™ in Riviére d’Auray and from 9.2 to 15.1 10"
® log(g).d* in Baie des Veys. Significant differences in growth were found across males (P =
0.0002) and among sites (P = 0.0001) (Table 2) with the best growth in Baie des Veys (11.7
10 log(g).d™), intermediate growth in Ronce (10.2 107 log(g).d™) and the lowest in Riviére
d’Auray (8.3 10° log(g).d™). No significant site by male interaction was found (P = 0.45). In
all sites, the half-sib family from male 4 showed the lowest SGR whereas the half-sib family
from male 18 showed the highest SGR. A similar finding was observed for the site by female
interaction (Table 2). Set effect was significant (P = 0.0125) with the highest growth for the
oysters in set 3 (11.1 107 log(g).d™), intermediate growth in set 2 (9.8 10°° log(g).d™) and
lowest growth in set 1 (9.2 10 log(g).d™).

3.3. Genetic parameters

The heritability estimates for survival and growth in the three sites are shown in Tables 3
and 4. Narrow- and broad-sense heritability estimates for survival were significantly different
from 0. Narrow-sense heritability values were high among sites (0.83 + 0.40), in Ronce (1.08
+ 0.46) and Riviere d’Auray (0.89 £ 0.40) and moderate in Baie des Veys (0.47 = 0.20)
(Table 2). Conversely, broad-sense heritability estimates were lower ranging from 0.07 +
0.04 in Baie des Veys to 0.38 £ 0.12 in Riviére d’Auray (Table 3). The combined estimate of
heritability using male and female components was moderate in Baie des Veys (0.27 + 0.10)
and high in Ronce, Riviére d’Auray and among sites with values ranging from 0.56 to 0.68.

Heritability estimates for growth were lower than those for survival, with none
significantly different from O within sites. Heritability of growth was significant among sites
but with a value of 0.10 £ 0.05 (Table 4). Within sites, the heritability estimate for growth
was highest in Ronce (0.15 % 0.08), intermediate in Baie des Veys (0.10 + 0.06) and lowest
in Riviere d’Auray (0.07 £ 0.07) (Table 4). Broad sense heritability estimates were similar to
the narrow-sense ones in Ronce and Baie des Veys, but higher in Riviere d’Auray (0.13 £



0.07) and lower for the analyses including all sites (0.06 + 0.03). Once again, only the broad
sense heritability among sites was significant (P < 0.001).

Genetic correlations between survival and growth were low and positive in Ronce (pa =
0.24) and Baie des Veys (pa = 0.17), negative in Riviére d’Auray (pa = - 0.01) and among
sites (pa = - 0.17), and the only significant correlation was in Ronce (Table 5). Genetic
correlations for survival between sites were all positive, very high (0.92 to 1.26) and
significantly different from 0. The opposite was found with genetic correlations for growth
which ranged from 0.02 to 0.05 (Table 4).



4. Discussion

The ideal approach for estimating genetic parameters of particular traits is to produce and
raise a large numbers of oyster families under common conditions, but this is not
straightforward. A mixed-family approach combined with parentage analysis using highly
polymorphic microsatellite makers is attractive for studying quantitative genetics (Taris et al.,
2005), but its relevance for estimating genetic parameters of family traits, such as survival,
remains to be demonstrated. In our study, we produced three successive sets of families in
order to increase the number of half- and full-sib families and thus obtain better estimates of
genetic parameters. Set effect is therefore a combination of the effects of age, field
placement timing, and the duration over which oysters were tested. Our major objective in
this study was to investigate the genetic parameters of survival in juvenile C. gigas during
summer so as to assess whether a selective breeding program could significantly improve
resistance to summer mortality. The causes of the summer mortality phenomenon are
complex and depend notably on environmental factors that are impossible to control in field
experiments. As heavy mortality was observed in some of our families in each set, we
concluded that environmental conditions were conducive to summer mortality for each of our
three successive sets (Dégremont et al., 2005a).

4.1. Survival

Summer mortality is a major concern for C. gigas production around the world. Several
authors have suggested that a significant genetic component exists for resistance to summer
mortality and that selection could improve this trait (Beattie et al.,, 1980; Hershberger et al.,,
1984, Degremont et al., 2005a) but heritability estimates for summer mortality had not been
determined up to now. In our study, juvenile C. gigas mortality ranged from 2 to 82% during
summer, similar to levels observed by Beattie et al., (1980) and Perdue et al., (1981). A high
narrow-sense heritability estimate was found in Baie des Veys (0.47) and even higher ones in
Ronce and Riviere d’Auray (0.89-1.08) indicating that most phenotypic variance observed
was due to additive genetic effects. Lower broad-sense heritability estimates indicate an
apparent lack of non-additive (i.e., dominance, maternal and epistatic) variation for survival
in juvenile oysters. Only a few studies provide estimates of heritability for survival in marine
mollusks to compare with our present results. Low estimated heritabilities for survival were
found in Mytilus edulis (0-0.15) (Mallet et al.,, 1986) and Haliolis rufescens (0.11) (Jonasson
et al.,, 1999). Ernande et al. (2003) reported heritability estimates that were not significantly
different from 0 in 6-month-old C. gigas kept in an intensive nursery system. Our results
seem closer to those obtained by Ernande et al. (2004) for 18-month-old oysters tested in
either controlled or field conditions (0.16 — 0.43), as well as those recently presented by
Evans and Langdon (in press) concerning survival of oysters over a longer rearing period
(0.36 - 0.71). The high heritability estimate obtained in our study also suggests that resistance
to summer mortality might be controlled by a limited number of genes (Huvet et al., 2004).

Fitness-related traits, such as fecundity and survival, usually show lower heritabilities
than physiological and behavioral traits, which are in turn less heritable than morphological
traits (Mousseau and Roff, 1986). Several hypotheses can be proposed to explain how genetic
variation for survival is maintained in French C. gigas populations. Among these, genotype
by environment interaction can be excluded in the present case because it was weak and
because genetic correlations for survival across environments were all significant and close to
1(0.92 - 1.26, Table 5).

The first hypothesis we propose is related to the lack of effective stabilizing selection in
French C. gigas populations since the introduction of the species in the early 1970s. Oyster
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farming occurs in the natural environment where very few environmental parameters (i.e.,
density, protection from predators) are controlled. In consequence, a period of 30 years might
be too short for stabilizing selection to become established. Furthermore, environmental
conditions are highly spatially and temporally variable, so selection pressures are likely to
vary in time and space. Another hypothesis is that the introduction of C. gigas to the French
coastline is sufficiently recent that it could still be experiencing directional selection, leading
to maintenance or even increasing genetic variance. An increase in frequency of rare
genotypes occurs as a trait responds to directional selection and may dramatically increase
the genetic variance (Barton and Turelli, 1987) by as much as six times for some traits
(Reeve, 2000).

The second possibility that could explain the high additive variance for survival is
related to farming practices with C. gigas in France. For the last two decades, two spat
collection areas, Marennes-Oléron and Arcachon, have provided 90% of all cultivated oysters
with only 10% from hatcheries (Robert and Gérard, 1999). Wild spat usually experience
about 80% of mortality during the first year, essentially due to predation and overcrowding,
before they are distributed at growing sites along the French coast. Furthermore, during the
farming period, oysters are transferred among different growing areas (Goulletquer and Le
Moine, 2002). For example, large quantities of oysters, originating from either Marennes-
Oléron or Arcachon, are grown in Brittany and Normandy, and then transferred to the
Marennes-Oléron *“claires” (oyster ponds) before being marketed. This could produce
migration-niche selection, a type of disruptive selection combined with a migration-selection
balance, where alleles are introduced from outside populations at a rate faster than they can
be eliminated by selection. Thus, oysters, that experienced different selective pressures due
to the fluctuating environmental conditions could mate and maintain high genetic variance
over generations. Additionally, mortality differs according to culture techniques, with higher
mortality in on-bottom than in off-bottom culture (Soletchnik et al.,, 1999). Furthermore,
feral oysters (i.e., wild populations) represent a large biomass, estimated to be 23% of the
cultivated oyster biomass in Marennes-Oléron Bay (Goulletquer and Le Moine, 2002). Wild
populations experience various selective pressures, such as those due to predators,
competition for space, silt and other environmental effects. For example, sub-tidal oysters
usually grow faster, show little summer mortality and allocate more energy to reproduction
than those living in the inter-tidal zone (as do most cultivated oysters) (Ernande, 2001).
Consequently, selective pressures are likely to be different between sub-tidal and inter-tidal
zones. All these factors, combined with temporal variability, could easily lead to the
maintenance of the high genetic variance, as revealed in our study.

The third hypothesis that could explain high genetic variance involves trade-offs between
survival and other fitness-related traits. Our results, together with those published by Ernande
et al. (2004) do not show any significant trade-off between survival and growth. However,
Ernande et al. (2004) found a clear genetic trade-off between survival and reproductive
allocation in C. gigas adults that was influenced by food abundance, this parameter being
related to spatial and temporal variation in the environment. Interestingly, the genetic
correlations between reproductive effort and both survival and growth were negative when
food availability was low but positive when it was high. These sign reversals may reflect
genetic variability in resource acquisition, which is only expressed when food is abundant
and might contribute to the maintenance of genetic variation for resistance to summer
mortality.

Finally, life-history trait modifications under hatchery propagation may provide an
explication for the maintenance of genetic variation in survival. In our study, oysters were
produced during late winter and early spring and then grown under intensive nursery
conditions before being deployed in the field at 4-5 months old. Consequently, these oysters
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may have begun their active reproductive phase (i.e., gametogenesis) in the nursery and
encountered suitable environmental conditions when put in the field during their first summer.
In French wild populations in contrast, reproduction occurs in July and August. Oyster larvae
that settle during summer therefore only reproduce for the first time during the following
summer, once they are one year old. Thus, the reproductive process in oysters less than one
year old could have revealed genetic variation for survival produced in our experiment, while
no selection (or only weak selection) occurs early in life in wild spat. Dégremont et al.,
(2005a) suggested that a larger proportion of oysters became mature in Ronce and Riviere
d’Auray due to the higher seawater temperature compared to Baie des Veys. Since oysters
are not all then sexually mature, especially in Baie des Veys, genetic variance in survival was
not fully expressed in the experimental population. In wild populations, genetic variance for
this trait is not revealed at all, which would maintain this variation in the wild. This
hypothesis also requires that genetic variance for survival is also unexpressed later in life;
such there is no selection at all on this trait. First results on effects of age and environment
on the summer mortality in C. gigas showed evidence that survival to 0.5 years old is a
different trait (depending on different genes) than survival to 1.5 years old, especially in
Riviere d’Auray (Dégremont et al., 2005b). Phenotypic and genetic correlations between
survival performance during the first and second summers will be examined in a future paper.
To conclude, we consider that the maintenance of high genetic variance in the sampled wild
population might result from a combination of the different points described above.

The very high genetic correlation between survival across the three sites indicates that the
genotype by environment interaction is particularly low (Table 5). Consequently, a single
selective breeding program to improve survival of juvenile C. gigas (< 1 year) should be
effective for all growing areas along the French coast. In contrast, genetic correlations
between growth and survival were low in all sites (only one was significantly different from 0)
but positive in Ronce and Baie des Veys. This supports the results found by Ernande et al.
(2003) and indicates that a selective breeding program to improve survival would also result
in a small increase in growth. Harvestable yield could therefore be significantly improved by
choosing survival as a primary character for selective breeding, because yield is the combined
result of both survival and growth and depends mainly on variation in mortality (Dégremont
et al., 2005a).

4.2. Growth

Genetic variation for growth or traits related to growth at a specific age has been widely
studied in marine mollusks, especially in oysters (Dégremont, 2003). However, very few
studies have obtained heritability estimates for spat growth. The narrow-sense heritability
estimates for growth were low in all sites of our study, ranging from 0.07 + 0.07 to 0.15 +
0.08 in 6 to 8-month-old C. gigas (Table 4). Ernande et al. (2003) found similar values (0.05
+ 0.18) for 6-month-old oysters when they were kept in intensive nursery conditions. The
lower standard deviation seen in our study is likely to be due to the higher number of families
used. It is clear that additive genetic variation for growth in juvenile C. gigas is lower than
for survival. In O. edulis, Toro and Newkirk (1990) reported a similar value at 6 months old
(0.14 £ 0.12) while heritability was higher at 18 months old (0.24 = 0.20). However, two
other studies reported higher heritability during the spat life stage in oysters. Davis (2000)
obtained narrow-sense heritabilities ranging from 0.10 + 0.05 to 0.51 + 0.15 for live weight at
seven months in C. virginica depending on the founder population. Higher estimates were
obtained in flat oyster O. chilensis at eight months with a realized heritability ranging from
0.35+0.08 t0 0.69 + 0.11 (Toro et al., 1995).
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Our results confirm that growth rate in bivalve mollusks usually exhibits low levels of
heritable variation (Rawson and Hilbish, 1990). The low heritability at all sites suggests that
genes influencing growth have been selected for and that genetic variation for that trait may
have been reduced as a result. Indeed, our parental population was collected from an area
were oysters are harvested according to their weight. Fast growing oysters are therefore
harvested after a shorter period (2 — 3 years) than slow growing ones (4 years or more), SO
exploitation is strongly size-selective. Since farmed oysters represent the large majority of the
total oyster biomass, the recruitment is mostly offspring of farmed stocks, such that selective
exploitation can readily affect subsequent generations. This might result in a selection for
reduced growth, and a subsequent decrease in genetic variance of this trait. This hypothesis is
supported by the data on farmed oysters, showing that a significant decrease in growth rate
and delay in spawning timing have developed since the introduction of C. gigas to France.
However, the relative importance of (1) phenotypic plasticity in response to environmental
changes and (2) exploitation-induced evolution remain to be determined. Finally, low genetic
correlations between growth and survival within site and for growth across environments
suggest that different genes contribute to these traits (Table 5).

5. Conclusion

Our study showed a high genetic basis for survival in oysters less than a year old. Several
hypotheses might explain how high additive genetic variance is maintained in C. gigas in
Marennes-Oléron Bay: lack of stabilizing selection, directional selection, cultural practices,
trade-offs, and life-history trait modifications related to hatchery propagation. High additive
genetic correlation for survival across environments, associated with low genetic correlation
between survival and growth suggest that a selective breeding program based at a single site
should significantly improve the resistance of juvenile oysters to the summer mortality
phenomenon along French Atlantic coasts. As a result, the harvestable yield could also be
significantly improved, benefiting oyster production in France. Further studies are needed to
assess genotype by environment interaction at a larger geographic scale and follow survival
up to market size (as in Evans and Langdon, in press). The establishment of a full-scale
family-based selective breeding program is currently being discussed with the French oyster
production industry.
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Figure 1: Field site locations at Ronce, Riviere d’Auray (RA), and Baie des Veys (BDV).
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Figure 2: Mortality of half-sib families (HSF) and standard deviation between full-sib

families recorded in October 2001 at Ronce, Riviere d’Auray and Baie des Veys.

20



0.020 - mRonce
ORiviére d’Auray

EBaie des Veys
0.015

0.010 -

SGR (log(g).d™)

0.005

0.000 -

N
[N
w
IN
ol
~
0o
©
o

1

=
=
N
=
w
=
N
[ER
(63}
=
(o]
=
\‘
AR
(o]

HSF
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Table 1: Mean (SE) for survival (%) and daily specific growth (log.(g) d™*) within and among

sites in October 2001.

Trait Ronce Riviere d’Auray Baie des Veys All sites
Survival 84.1 (18.2) 75.2 (23.1) 93.5 (7.5) 84.3 (15.4)
Growth 10.2 1073 (1.1) 8.310° (1.0) 11.710%(1.7) 10.1 103 (1.9)
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Table 2: Probit analysis of survival and analysis of covariance of weight among sites.

Survival Growth *

Source Df° Forz P MS F P
Site 2 0.91 0.1803 100.07 333.17 0.0001
Set 2 34.07 0.0002  27.18 6.09 0.0125
Male (set) 14 211 0.0176 4.46 496 0.0002
Female (male (set)) 26 3.07 0.0011 0.90 3.08 0.0003
Site x Set 4 1.09 0.1381 5.80 19.31  0.0001
Site x Male (set) 28 2.38  0.0088 0.30 1.03 0.4526
Site x Female (male (set)) 52 1.62 0.0528 0.29 0.97 0.5430
Error 258/31929 145.06 0.30

 Here, we only present the statistical tests for interactions between log(weight) regressed
against time in the field, and for simplicity, refer to them as Y instead of time x Y.

® Degrees of freedom correspond to both traits except for error df, for which the two values
are shown as survival df/growth df.

¢ The denominator for testing set is male(set), male(set) is female(male(set)), site and site x set

is site X male(set), and site x male(set) is site x female(male(set)).
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Table 3: Variance components and narrow- and broad-sense heritabilities (h?> n and h?* b

respectively) (S.E.) for survival in C. gigas less than one year old within each site and for all

sites.

Variance Ronce Riviere d’Auray Baie des Veys All sites
Va 1.728 1.619 0.596 1.414
Vg 0.518 0.697 0.093 0.594

Venv 0.201
Venv(a) 0.180
Venv(g) 0.077

Verror 1.081 1.116 1.168 0.840

Vtotal 1.598 1.813 1.260 1.712

h%n 1.08 £ 0.46* 0.89 + 0.40* 0.47 + 0.20** 0.83 £ 0.40*
h® b 0.32 £ 0.11** 0.38 £ 0.13*** 0.07 +0.04* 0.35+0.13**

h? s+d 0.68 +0.23 0.62 +0.20 0.27+0.10 0.56 £ 0.17

Va, Vg, Venv, Venv(a), Venv(g) are the additive, genetic, environment, additive by
environment interaction and genetic by environment interaction variances.
*: P<0.05; **: P<0.01; ***: P<0.001
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Table 4: Variance components and narrow- and broad-sense heritabilities (h? n and h® b

respectively) (S.E.) for growth in C. gigas younger than one year old within each site and for

all sites.
Variance Ronce Riviéere d’Auray Baie des Veys All sites
Va 1.216 10° 0.622 10° 0.915 107 0.914 107
-5
Vg 0.97310° 1.096 10° 0.894 10 0.505 10
venv 0.930 10
Venv(a) 0.094 10°®
Venv(g) 0.443 10
5
verror 7.129 10 7.278 10° 7.32510° 7.21510
Vtotal 8.102 107 8.374 10° 8.220 10° 10.101 10°
h? n 0.15+0.08 0.07 + 0.07 0.11 +0.08 0.10 + 0.05%**
2 *kKk
h“b 0.12 + 0.04 0.13 +0.07 0.11 + 0.06 0.06 +0.03

Va, Vg, Venv, Venv(a), Venv(g) are the additive, genetic, environment, additive by
environment interaction and genetic by environment interaction variances.
*: P<0.05; **: P<0.01; ***: P<0.001
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Table 5: Genetic correlations (x S.E.) for survival and growth in C. gigas less than one year

old.
Ronce Riviere d’Auray  Baie des Veys All sites
Ronce 0.24 £0.11* 1.26 +£ 0.46* 1.13+0.37*
Riviére d’Auray 0.05+0.06 -0.01 £0.09 0.92 +0.30*
Baie des Veys 0.04 +0.03 0.02 £0.02 0.17+0.11
All sites -0.17+0.14

Diagonal elements are the genetic correlations between growth and survival. Those above the
diagonal are genetic correlations for survival across sites and those below are genetic
correlations for growth across sites.

*: P<0.05

27



	Summer mortality of hatchery-produced Pacific oyster spat (Crassostrea gigas). I. Estimation of genetic parameters for survival and growth.
	1.  Introduction

