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Abstract : 
 
Mortality associated with ostreid herpesvirus 1 (OsHV-1) has significantly impacted Crassostrea gigas 
farmers all around the world. Although selective breeding programs to improve OsHV-1 resistance can 
significantly reduce the mortality rate below 20%, husbandry practices have also been one way to limit 
or decrease mortality. The main objectives of this study were to describe the influence of two husbandry 
practices on OsHV-1-induced mortality in C. gigas spat and how different family lines respond to 
husbandry practices to gain a better understanding of the potential benefits of breeding management as 
a tool to adapt to improved practices. The first analysis investigated the importance of the size of C. 
gigas when challenged with OsHV-1 for the first time. For each of the 40 families of C. gigas evaluated, 
small (S) and large (L) oyster groups were tested for two years in the field. A significant mortality 
outbreak associated with OsHV-1 occurred during the first spring. At the end of the trial, the mean 
cumulative mortality of the L group (54.1%) was significantly lower than the mean cumulative mortality 
of the S group (74.8%), indicating the importance of size in OsHV-1-associated mortality. However, the 
overall effect of size was not consistent for all families: in 11 of the 40 families tested, there appeared to 
be no difference in mortality between the S and L groups. Observations at the family level allowed the 
identification of a large range of susceptibility to OsHV-1 regardless of the size group, with highly 
resistant families (< 32%) and highly susceptible families (> 80%). The second investigation compared 
different growing heights. Each of the 40 families was grown at three heights (high Hi, medium Me, and 
low Lo) corresponding to mean emersion times of 25, 12 and 2%, respectively. After an OsHV-1-related 
mortality outbreak, the mean mortality among the families was 91.6%, 88.0% and 86.9% for the Lo, Me 
and Hi conditions, respectively. Growing height had no effect in 31 of the 40 families tested, and these 
families showed no potential for adaptation to improve growing height practices. Among them, 24 
families showed extremely high mortality (> 95%) and 2 families showed the lowest mortality (< 40%). In 
contrast, nine families showed differences in mortality associated with growing heights. A tendency 
toward higher mortality was observed for oysters that emerged less, with 85% for Lo compared to 72% 
for Hi. A protective effect of a high growing height on spat oysters was confirmed. In both experiments, 
higher relative growth rates were associated with higher mortality by OsHV-1. Finally, we identified 
oyster families from the two husbandry practices that were resistant or susceptible to OsHV-1 infection 
regardless of their size, growing height and age. Finally, a moderate heritability of mortality, ranging 
from 0.44 to 0.49, was determined from the size investigation. 
 

 

http://dx.doi.org/10.1016/j.aquaculture.2017.01.011
http://archimer.ifremer.fr/doc/00366/47717/
http://archimer.ifremer.fr/
mailto:lionel.degremont@ifremer.fr


2  

Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive 
publisher-authenticated version is available on the publisher Web site.  

Statement of relevance 

Husbandry practices can decrease OsHV-1 mortality in C gigas, but it depends on the genetic 
resistance of the oyster stocks used. 

 

Highlights 

► Larger oysters had lower mortality than smaller ones when exposed to OsHV-1 for most of the 40 
families tested. ► Lower mortality for high growing heights but only for families which are not highly 
resistant or highly susceptible to OsHV-1. ► Higher growth is associated to higher susceptibility to 
OsHV-1. ► Moderate heritability for OsHV-1-associated mortality ranging from 0.44 to 0.49 
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1. Introduction 

 

The ostreid herpesvirus 1 OsHV-1 causes severe mortality outbreaks in Crassostrea gigas in 

many countries where C. gigas is cultivated, including in Europe (Domeneghetti et al., 2014; 

Lynch et al., 2012; Peeler et al., 2012; Roque et al., 2012), the USA (Burge et al., 2006), New 

Zealand (Keeling et al., 2014), and Australia (Jenkins et al., 2013; Paul-Pont et al., 2014).  A 

new pattern of mass mortality in C. gigas has been observed in European countries since 2008 

(EFSA, 2015).  This finding is particularly evident in France, where massive mortality events 

in young C. gigas have become more regular and widespread. These have been ascribed to a 

particular genotype of the ostreid herpesvirus 1, OsHV-1, called µVar (Segarra et al., 2010).  

Although herpes-like virus was detected in C. gigas larvae as early as 1991 (Nicolas et al., 

1992) and regularly between 1998 and 2002 (Garcia et al., 2011), the exact cause of the 

increased mortality remains unknown.  Moreover, significant mortality associated with the 

detection of Vibrio aestuarianus has been observed in market-sized adults since 2012 (Azema 

et al., 2015c). 

C. gigas is susceptible to OsHV-1 in all stages of development, including larvae (Dégremont 

et al., 2016; Le Deuff et al., 1994), spat (Garcia et al., 2011; Pernet et al., 2012), juveniles 

(Azema et al., 2015c; Dégremont, 2013), and adults (Dégremont et al., 2013; Whittington et 

al., 2015).  For the latter, it has been argued that mortality is significantly reduced in adults 

compared with the other age groups (Peeler et al., 2012).  This result is partially explained by 

genetic resistance in the oysters that survive beyond the spat stage (Dégremont et al., 2010).  

Nevertheless, higher mortality rates are observed in younger individuals compared to adult 

oysters when using unselected naïve oysters (Paul-Pont et al., 2013a).  This statement 

highlights the importance of the age and/or size of the oysters when challenged with OsHV-1 
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for the first time (Paul-Pont et al., 2014; Pernet et al., 2012; Petton et al., 2015).  

To understand the role played by age and size on susceptibility to OsHV1, three groups of 

naïve oysters were analyzed (control and selected for either resistance or susceptibility to 

OsHV-1) at ages varying from 3 to 20 months and sizes varying from 1 to 25 g (Dégremont, 

2013).  Both age and size were negatively correlated with the final cumulative mortality, but 

the relationship between mortality and size (r = -0.87) was stronger than the relationship 

between mortality and age (r = -0.55) (Dégremont, 2013).  This finding was in agreement 

with a higher resistance of larger oysters to OsHV-1 at the time of the mortality event (Burge 

et al., 2007). 

Recently, the hypothesis that links resistance to OsHV-1 infection and oyster size has been 

questioned by two studies.  The first observed that the shell lengths of live and dead oysters 

were similar after an OsHV-1 outbreak, suggesting that there was no relationship between 

disease susceptibility and oyster size (Petton et al., 2015).  The second study reported that age 

was found to be a significant determinant of mortality rate after allowing for variation in 

mortality due to size, but size was not significant after allowing for variation in age (Paul-

Pont et al., 2014).  

Nevertheless, phenotypic variance for OsHV-1 resistance is driven by a high and significant 

genetic variance (Dégremont et al., 2015b).  Thus, genetic variation may impact the 

phenotypic responses, and a low sample size in terms of genetic background could blur the 

relationship between age/size and OsHV1 resistance.  Though a preliminary experiment 

testing three groups of oysters at different ages and the same size has been done (Dégremont, 

2013), a better way to obtain additional insights would be to produce different germplasms 

and test them at the same age but at different sizes.  This study used this genetic approach by 

testing two sizes from 40 bi-parental families at the same age.  
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In addition, a second experiment was performed to compare growing height among the same 

families.  High growing height was recently identified to have a protective effect on adult 

oysters, which exhibited a lower cumulative mortality than those with a low growing height 

(Paul-Pont et al., 2013a; Whittington et al., 2015).  Oyster farmers would be interested in 

these husbandry practices if they significantly limit OsHV-1-associated mortality.  

The primary objective of this study was to stress genetic effects on the outcomes of husbandry 

practices on OsHV-1-induced mortality in C. gigas by testing 40 full-sib families. Our study 

aimed to provide valid practical solutions to limit or decrease the OsHV-1-induced mortality. 

It also contributed to the identification of resistant and susceptible families for OsHV-1-

associated mortality, as well as a more accurate estimation of OsHV-1 resistance. 

 

2. Materials and methods 

 

2.1. Biological materials 

In December 2012, wild C. gigas oysters were sampled on an oyster bed located in the estuary 

of the Seudre River (Marennes-Oleron Bay - 45°46'53.5" N, 1°7'19.5" W).  It is likely that 

wild broodstock contained some individuals that were survivors of mortality related to OsHV-

1. Nevertheless, oysters produced from mass spawns using wild oysters between 2008 and 

2016 still exhibited high susceptibility to OsHV-1.  The oysters were brought to the Ifremer 

facilities in La Tremblade and placed in 240-L conditioning tanks with a flow of 400 L h-1.  

Seawater temperature was gradually increased to 21°C for one week and enriched with a 

cultured phytoplankton diet ad libitum (Isochrysis galbana, Tetraselmis suecica and 

Skeletonema costatum) to favor gametogenesis.  The oysters were maintained in these 
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conditions until reproduction.  In March 2013, the oysters were opened and sexed by 

microscopic observation of gonad samples spread on a slide.  Only mature oysters were kept 

for mating, and the oysters were separated by sex.  The gametes were individually collected 

by stripping the gonad from 20 males and 40 females.  Eggs were sieved through a 60-µm 

mesh and retained on a 20-µm mesh screen to remove tissue debris. The sperm were sieved 

through a 60-µm mesh screen. 

Fertilization was performed using a nested half-sib breeding scheme (called North Carolina I); 

each male was mated with 2 females, producing 20 half-sib families (HSF) that each 

contained 2 full-sib families (FSF).  The 40 FSF were reared separately in 30-L tanks at 25° C 

using UV-treated, filtered seawater (5 µm).  The water was changed 3 times a week.  Larvae 

were fed daily with I. galbana (30,000 cells/mL) until they reached 140 µm, and then the 

phytoplankton diet was supplemented with S. costatum (30,000 cells/mL). 

Fourteen to 18 days after fertilization, the larvae from all families settled on cultch in 120-L 

raceways with UV-treated seawater heated to 21° C. The size of the cultch (200-300 µm) was 

chosen so that one larva would settle per piece of cultch to produce a single spat.  The 

seawater flow was 300 L h-1 and was enriched with S. costatum.  The families were always 

reared separately under standard hatchery conditions until they reached 2-mm size.  Then, 

each family was grown in two sites, with 5,000 oysters per family transferred to the Ifremer 

nursery in Bouin (Vendée, France) in May 2013 and 2,000 oysters per family maintained in 

the hatchery facilities in La Tremblade.  During these production steps, no mortality was 

recorded. 

 

2.2. Experimental design for the size investigation 
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In May 2013, each family that was maintained at the Ifremer hatchery in La Tremblade was 

separated into two groups, one with 500 oysters and the other with 1,500 oysters.  In all 

families, each group was maintained in a separate tank with flow-through and UV-treated 

seawater enriched with S. costatum.  To obtain two size groups per family with the same 

genetic characteristics, the only parameter distinguishing the two groups was the density. This 

protocol was chosen to prevent eventual effects of positive or negative genetic correlations 

between growth and mortality when subsequently selecting the largest and the smallest 

oysters from a unique group.  In November 2013, 100 oysters per family were randomly 

sampled within the group of 500 oysters to produce the large size group (L) for each family.  

The total weight of the oysters was recorded, and they were placed in a bag.  Similarly, 100 

oysters per family were sampled within the group of 1,500 oysters to produce the small size 

group (S).  The mean individual weight among families was 0.43 g (SD 0.21) and 4.73 g (SD 

1.65) for the S and L groups, respectively.  Eighty bags from 40 families, each with L and S 

groups, were deployed in our oyster farms at Agnas in the Marennes-Oléron Bay 

(45°52’23”N, 1°10’15”W) on November 26th, 2013.  In 2011, the ranking of 46 families for 

their susceptibility to OsHV-1 was similar among several culture methods (e.g., different 

densities or mixed or separated families), suggesting a similar probability for OsHV-1 

infection in this site (Dégremont et al., 2015b). We assumed each of the 40 families tested in 

our study, regardless their size group, had the same probability of exposure to OsHV-1.  The 

bags were randomly attached to racks.  The site is characterized by a mixture of sand and 

mud, and it is surrounded by numerous oyster leases.  Emersion time at the site was 12%. 

Every month, the oyster bags were checked, but mortality was not estimated until its onset.  

Then, mortality was recorded by counting the numbers of dead and live oysters in June, July, 

September and November 2014, as well as in May and October 2015.  During counting, 

samples were taken from all moribund oysters in all families, with the exception of the peak 
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mortality when only 30-31 oysters were sampled per size group. No moribund oysters were 

sampled from November 2014 to October 2015 due to the absence of a significant mortality 

event. The total weights of the live oysters were recorded in November 2014, May 2015 and 

October 2015.  Finally, shell length and individual weight of the shells of 30 dead oysters 

were measured in June 2014 to confirm the difference in size between the L and S groups at 7 

months post-seeding.  This number was lower for families with low mortality.  The seawater 

temperature was recorded every hour throughout the study using two ThermoTrack probes 

(Progesplus, 59780, Willems, France). 

 

2.3. Experimental design for the growing height investigation 

On July 26th, 2013, oysters raised at the Ifremer nursery in Bouin were three months old, and 

the average individual weight among all families was 2.29 g (SD 0.59). Average shell lengths 

of the families were not recorded but were estimated to be 28 mm according to our 

length/weight database for C. gigas.  All families were seeded at Agnas, the same site as 

described above, at three growing heights: high (Hi), medium (Me) and low (Lo).  The Hi, Me 

and Lo growing heights corresponded to mean emersion times of 25%, 12% and 2%, 

respectively.  Four bags containing each of the 40 families with 25 spat per family were used 

at each growing height.  Within each bag, the families were separated using soft mesh bags 

with a label indicating the family name.  All bags were fixed on racks.  In 2011, the ranking 

of 46 families for their susceptibility to OsHV-1 was similar among several culture methods 

(e.g., different densities or mixed or separated families), suggesting a similar probability for 

all of them to be infected by OsHV-1 in this site (Dégremont et al., 2015b).  We assumed each 

of the families within each of the bags had the same probability of exposure to OsHV-1. 

Mortality was checked two weeks post-deployment and recorded 6 weeks post-deployment on 
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September 6th, 2013.  Twelve moribund oysters were sampled two weeks post-deployment, 

but only at the Me condition.  Seawater temperature was recorded every hour using two 

ThermoTrack probes (Progesplus, 59780, Willems, France). 

 

2.4. Detection of OsHV-1 and Vibrio aestuarianus DNA 

Moribund oysters collected in both experiments were individually analyzed to detect the two 

main pathogens involved in C. gigas mortality in France since 2008: OsHV-1 and Vibrio 

aestuarianus.  Total DNA was extracted from tissue fragments (mantle + gills) using the 

QIAgen (Hilden, Germany) QIAamp tissue mini kit and the automated QIAcube according to 

the manufacturer’s protocol, as described in Schikorski et al. (2011).  The total DNA 

concentration was measured on a Nanodrop spectrophotometer (Thermo Scientific) and 

adjusted to 5 ng/µl.  

The OsHV-1 DNA was detected and quantified with the SYBR® green real-time PCR 

protocol described by Pépin et al. (2008) and adapted for use with DPFor/DPRev primers to 

target the OsHV-1 DNA polymerase sequence (ORF 100; DPF 5’ ATT GAT GATGTG GAT 

AAT CTG TG 3’ and DPR 5’ GGT AAA TAC CAT TGG TCT TGTTCC 3’; (Pepin, 2013).  

The V. aestuarianus DNA was detected and quantified by real-time PCR according to the 

protocol described in Saulnier et al. (2009); DNAj-F 5’ 

GTATGAAATTTTAACTGACCCACAA3’; DNAj-R 5’ CAATTTCTTTCGAACAACCAC 

3’; and DNAj probe 5’ TGGTAGCGCAGACTTCGGCGAC).  The real-time PCR cycling 

conditions were as follows: 3 min at 95° C, followed by 40 cycles of amplification at 95° C 

for 5 s and 60° C for 20 s.  Negative controls (without DNA) were included.  The results were 

expressed as viral or bacterial DNA copy number per mg of oyster tissue. 
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2.5. Data analyses 

 

2.5.1. Size investigations 

All statistical analyses were conducted using SAS® 9.4 software. 

To assess if the size of each individual has an impact on the rate of mortality events, we set up 

a randomized complete block design. Each family was considered as a block and size as the 

factor. Each individual is the smallest statistical unit that determines the total number of 

degrees of freedom.  

The impact of size on mortality related to OsHV-1 was analyzed in November 2014 and in 

October 2015 with a binomial logistic regression equation using the GLIMMIX procedure 

and the following model: 

Logit (Yijk) = µ + Gj + Fi + Gj x Fi  

where Yijk is the probability that the kth oyster from the jth group (L or S) of the ith family (1 

to 40) will die, and µ is the intercept; Gj is the size factor and declared as a fixed effect and Fi 

is a block effect (family). Fi and Gj x Fi are both random effects and their significance was 

determined by the likelihood ratio statistic, computed by calculating the difference between 

the -2 log-likelihood for the full model and for the reduced model. 

For each family and at each size class (L and S), the individual weight was estimated as the 

total weight of live oysters divided by the number of live oysters.  The difference in the mean 

individual weights (only one value per family) between the two size groups, L and S, was 

analyzed at seeding in November 2013 and in November 2014, June 2015 and October 2015 
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using the GLM procedure.  

Daily specific growth (SGR) was calculated for each family according to the formula: 

SGR = (ln Wt1 – ln Wt0) / (t1-t0)  

where Wt1 is the individual weight in November 2014, and Wt0 is the individual weight in 

November 2015 and t1-t0 is the duration of the experiment between the two dates in days. The 

same calculation was done between November 2014 and June 2015, and between June 2015 

and October 2015. SGR was then analyzed using the GLM procedure to test the size group 

effect.  

Lengths and weights of the shells from dead oysters measured in June 2014 were analyzed 

using the GLM procedure by comparing the two size groups from each family.  

 

2.5.2. Growing height investigation 

To assess if the growing height of each individual has an impact on the rate of mortality 

events, we set up a split-plot experiment with a randomized complete block design. Growing 

height was considered as a whole plot factor, family as a subplot factor, and bags as a block 

effect. Each individual is the smallest statistical unit determining the total number of degrees 

of freedom. 

Mortality was analyzed in September 2013 using the same procedure described above and the 

following model: 

Logit (Yijkl) = µ + Gi + Fj + Bk(Gi) +Gi x Fj  

where Yijkl is the probability that the lth oyster of the jth family (1 to 40) at the ith growing 
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height (Lo, Me and Hi) in the kth bag will die; and µ is the intercept, Gi is the growing height 

factor, and Fj is family factor and Bk is a block effect (bag) nested within the growing height 

factor. Only the growing height was declared as fixed effect, the others were random. The bag 

effect was removed from the model because it was not significant. 

Individual weights for each of the four replicates at the three growing heights was estimated 

as the total weight of live oysters divided by the number of live oysters.  The difference in the 

mean individual weights between the three growing heights was analyzed on September 6th, 

2013, using the GLM procedure with the individual weight at seeding as the covariable.  

 

2.5.3. Genetic parameters 

Cross sectional models are simple statistical procedures that can be defined to analyze disease 

resistance measured as a single record (e.g., alive/dead) at a fixed point in time (Ødegård et 

al., 2011).  Hence, the time of death is not taken into account.  

For the size study (L and S groups), the mortality was approximately 50%, a value at which 

variances in the binary trait are maximized, given the best estimation of heritability (Ødegård 

et al., 2011). The data were analyzed with a generalized linear mixed model (GLMM) using 

the SAS GLIMMIX procedure with a logit link and the Laplace method to approximate the 

log likelihood (SAS, 2014). Males and females nested within males were the random factors, 

and the mean weight of the individual was considered as a fixed effect. Dominance was 

assumed to be negligible for separate estimation of the other causal components of variance.  

The GLMM estimators were provided in the underlying liability scale and the genetic 

parameters were directly computed. The SAS codes used are shown in the supplementary 

material in Dégremont et al. (2015b).  
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Narrow (h²n), broad (h²b) and combined heritabilities (h²m+f) for mortality were computed as 

follows (Falconer, Mackay, 1996):  

h²n = Va/Vt = 4σ²m / (σ²m + σ²f + σ²e) 

h²b = Vg/Vt = 4σ²f / (σ²m + σ²f + σ²e) 

h² m+f = 2×(σ²m + σ²f) / Vt 

where Va and Vg are the additive genetic variance and genetic variance, respectively, which 

were estimated as four times the variance among males (σ²m) and four times the variances 

among females (σ²f), Vt is the total phenotypic variance, and σ²e is π²/3 for a logit link 

(Ødegård et al., 2007). 

For the growing height investigations, the extreme mortality rate (mean 88.8%, median 

97.0%) combined with a relatively low number of families (40) jeopardized the estimation of 

variance, and consequently, heritability was not calculated (Ødegård et al., 2011). 

 

3. Results 

 

3.1. Size investigation 

3.1.1. Seawater temperature 

In France, OsHV-1 becomes virulent at and above 16° C. From November 2013 to October 

2015, the seawater temperature at Agnas ranged from 4.7° C in February 2015 to 22.6° C in 

July 2014, as shown in Fig. 1.  At deployment, the seawater temperature was below 10° C, 

and it reached 16° C temporarily on May 9th and May 16th. The seawater temperature stayed 

above 16° C from May 27th, 2014 to November 11th, 2014 and from May 24th, 2015 to 
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October 10th, 2015.  

 

3.1.2. Mortality 

No mortality was reported from November 2013 to April 2014.  Some moribund oysters were 

observed on May 15th. A significant mortality outbreak was then observed on May 28th, and 

mortality reached 31.7% and 64.5% for the L and S groups, respectively, on June 12th, 2014 

(Fig. 1).  At the end of the first growing season in November 2014, the mean cumulated 

mortality among families reached 54.1% and 74.8% for the L and S groups, respectively.  

Mortality was lower than 1% during overwintering for both groups, and in October 2015 the 

final cumulative mortality was 58.6% and 76.7% for the L and S groups, respectively. 

A significant interaction between family and size group was observed in November 2014 (P < 

0.0001; Table 1), which is illustrated in Fig. 2. The mortality was significantly higher for the 

S group than the L group for 29 families (P < 0.05), whereas both the L and S groups from 11 

families exhibited similar mortalities.  Among those 11 families, 4 displayed low mortality 

(<32%) and 4 displayed high mortality (>80%), regardless of size.  The same findings were 

observed in October 2015.  

 

3.1.3. Size and growth  

At deployment in November 2013, the mean individual weight of the L group (4.73 g) was 

significantly higher than the S group (0.43 g; P < 0.0001).  This trend was consistent in 

November 2014, May 2015 and October 2015 (Fig. 3). At the end of the trial, the mean 

individual weight among the families was significantly higher in the L group (79.95 g) than in 

the S group (59.95 g; P<0.0001).  

SGR was highest between November 2013 and November 2014, with 0.012 and 0.006 g.d-1 
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on the ln scale for the S and L groups, respectively, and then decreased to 0.002 for both 

groups between November 2014 and May 2015 and between May 2015 and October 2015 

(Fig. 3). There was a significant difference of SGR between the two groups only for the first 

period with a better growth for the S group (P < 0.0001).  

During the peak of mortality, the mean shell lengths and weights of the dead oysters were 

42.95 mm and 6.95 g for the L group and 34.87 mm and 1.93 g for the S group, respectively.  

For each family, the lengths and weights of the shells from the L group were always 

significantly higher than those of the S group (0.0001 < P < 0.0094; Fig. 4).  

 

3.1.4. OsHV-1 and V. aestuarianus detection  

For both the L and S groups, all moribund oysters sampled from May 2014 to September 

2014 were positive for OsHV-1, with a high amount of viral DNA (>106 copies per mg of 

fresh oyster tissue; Table 2). In contrast, V. aestuarianus was not detected in the L group in 

May 2014 during the main peak of mortality, whereas it was detected in 13% of the S group 

individuals.  In June, July and September 2014, V. aestuarianus was detected in both groups, 

ranging from 20 to 44% in June and September, whereas it was detected in 71 and 100% of 

the L and S groups, respectively, in July.  The amount of bacterial DNA was the lowest in 

June (10+4 copies per mg of fresh oyster tissue) and the highest in July (10+7 copies per mg of 

fresh oyster tissue; Table 2).  

 

3.2. Growing height investigation 

3.2.1. Seawater temperature 
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Seawater temperature averaged 20.6° C and ranged from 19.1° C to 22.3° C during the six 

weeks of this trial.  

 

3.2.2. Mortality 

Fifteen days after seeding, a massive mortality outbreak was observed, with many moribund 

oysters at the Hi, Me and Lo growing heights. At the end of the trial on September 6th, 2013, 

the mean mortality among the 40 families was 91.6%, 88.0% and 86.9% for the Lo, Me and 

Hi conditions, respectively (Fig. 5). A significant interaction between family and growing 

height was observed (P < 0.0001; Table 3).  At the family level, mortality was not 

significantly different among the growing conditions for 31 families, which were mostly the 

families that displayed extremely high mortality (24 families had mortality rates >95%) or 

families showing the lowest mortality (2 families had mortality rates <40%), regardless of 

growing height conditions.  In contrast, significant differences in mortality among the 

growing conditions were observed for 9 families, with a tendency toward higher mortality for 

the Lo condition (85%) and lower mortality for Hi condition (72%; Fig. 6). 

 

3.2.3. Growth 

At seeding on July 26th, 2013, the mean individual weights of the oysters were 2.24, 2.28 and 

2.35 g for Lo, Me and Hi groups, respectively.  At the end of the trial on September 6th, 2013, 

the mean individual weight of the oysters was significantly different among the growing 

height conditions (P < 0.0001), with the lowest weight for Hi (4.88 g), intermediate weight 

for Me (6.30 g) and the highest weight for Lo (7.62 g).  
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3.2.4. OsHV-1 and V. aestuarianus detection  

All oysters examined were positive for high concentrations of OsHV-1 DNA (>106 copies of 

OsHV-1 DNA per mg of fresh oyster tissue), but none were positive for V. aestuarianus. 

 

3.3. Genetic parameters for mortality 

The variance components and heritabilities for the size investigation are presented in Table 4.  

Narrow-sense heritabilities were high for the L group (0.47 ± 0.22) and the S group (0.62 ± 

0.32) in November 2014, as well as for both groups combined (0.45 ± 0.23).  Similar values 

were obtained for broad sense and combined heritabilities in November 2014 and October 

2015.  
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4. Discussion 

 

The main objectives of this study were to further describe observations of the influence of 

husbandry practices on OsHV-1-induced mortality in C. gigas by testing 40 full-sib families. 

The use of 40 families subjected to various conditions to control the size of individuals and 

the growing height, instead of using one single group of oysters, allowed us to gain a better 

understanding of the complexity of mortality in field conditions. The two experiments also 

assessed the differences between genetically distinct batches of oysters, which could be used 

in future breeding to address OsHV-1 susceptibility.  

 

4.1. Mortality and OsHV-1/V. aestuarianus 

Two seedings were conducted in our study. The first was in July 2013 for the growing height 

investigation, and a massive mortality event occurred two weeks post-seeding and lasted for 

two weeks. The second seeding occurred in November 2013 for the size investigation, and the 

onset of the mortality outbreak occurred in May 2014 when the seawater temperature was 

approximately 16° C and lasted for one month (Fig. 1).  Such observations are common for 

OsHV-1-associated mortality under field conditions in France when the seawater temperature 

exceeds (as in the growing height investigation) or reaches 16° C (as in the size investigation), 

as has been reported between 2009-2011 in Thau (Pernet et al., 2012), since 2009 in the 

Marennes-Oléron Bay (Dégremont, 2013; Dégremont et al., 2015a), or in 2011 in Brittany 

(Petton et al., 2015).  The detection of a large amount of OsHV-1 DNA (>106 copies per mg 

of fresh oyster tissue) for all moribund oysters strongly supports that OsHV-1 was one of the 

main causes of mortality (Table 2). Although V. aestuarianus was also detected during the 
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size investigations (Table 2), its role was quite limited during the peak of the mortality in May 

2014, as only 4 of 61 oysters were positive.  Meanwhile, both pathogens, particularly OsHV-

1, were detected in moribund oysters from June to September 2014, and both may have roles 

in the mortality observed during this period (Table 2).  Usually, the detection frequency and 

quantity of OsHV-1 DNA decreases markedly after an OsHV-1-related mortality outbreak in 

live oysters (Dégremont, 2011; Paul-Pont et al., 2013a; Pernet et al., 2012). Nevertheless, in 

our study, even after a major OsHV-1-related mortality outbreak, some oysters still died.  The 

detection of a high level of V. aestuarianus DNA in some oysters suggests the presence of a 

dual infection similar to that recently described by Azéma et al. (2016).  Both pathogens could 

then interact and kill the oysters that survived the primary infection with OsHV-1.  To our 

knowledge, this finding has not been reported in the literature, and requires further 

investigation.  

 

4.2. Size investigation 

Our study tested oysters of different sizes at the same age, which were 15 months old at the 

onset of the mortality outbreak.  It was clear that oyster size is a significant factor to explain 

the intensity of mortality associated with OsHV-1 infections, which is in agreement with the 

studies by Burge et al. (2007) and Dégremont (2013).  Most of the families had lower virus-

associated mortality when oysters were larger (Fig. 2), indicating that large oysters are more 

resistant to OsHV-1 infection than small oysters at 15 months of age.  This finding was also 

observed in C. gigas seed at Inner Tomales Bay in 2001, for which OsHV-1 was suspected as 

a possible cause of mortality (Burge et al., 2007). For this reason, oysters were seeded either 

in the autumn or the following spring, and the autumn cohorts outperformed those planted in 

the spring because they were a much larger size at the time of the mortality event (Burge et 
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al., 2007).  The protocol used in Burge et al. (2007) and our protocol generated the two size 

groups similarly by varying the environmental conditions (growing sites and density, 

respectively), but neither protocol created two size groups by selecting the largest and the 

smallest oysters within a single group. This last approach remains to be investigated, but it 

could have a major disadvantage in understanding the root cause of resistance due to a 

possible genetic correlation between mortality and growth.  

Our results contrasted with other studies that did not observe a significant impact of size on 

OsHV-1-associated mortality.  However, their conclusions were based on i) a small size range 

of oysters, ranging from 2 to >7 mm (Clegg et al., 2014); ii) a reduced sample size and narrow 

genetic background (6 transfers for one stock produced from 10 males and 20 females but 

without data on the mating design); and iii) the comparison of the shell lengths between live 

and dead oysters from a limited number of oyster stocks after the outbreak, without a true 

comparison of the mortality rates between two size groups within each stock (Petton et al., 

2015). 

A preliminary hypothesis to explain the higher susceptibility to OsHV-1 of the S group is that 

manipulation of oyster size by adjusting the density may have resulted in nutritional stress in 

the small-sized group due to a reduced food ration.  Our design was chosen to avoid possible 

genetic correlation between growth and resistance to OsHV-1, which would have been present 

if the largest and the smallest specimens from a unique stock were chosen.  Moreover, it is 

likely that the smallest spat from a unique stock would also be under nutritional stress too.  

Although our experimental design tried to minimize potential nutritional stress by planting the 

oysters in the field 7 months before the onset of the OsHV-1-associated mortality, this stress 

could have increased the susceptibility of the oysters for the S group to virus infection.  

However, a recent study investigated the starvation effect on susceptibility to OsHV-1 for a 
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resistant and a susceptible family, the same as used in our study.  The preliminary results 

showed that starvation decreased susceptibility to OsHV-1, which could be explained if 

OsHV-1 could not rely on host cell replication machinery.  

We also posit the hypothesis that S oysters had a higher growth rate than the L oysters, which 

was twice as fast during the first year of the experiment (Fig. 3).  OsHV-1 might actively use 

the host’s cellular mechanisms to replicate, indicating that the risk factor for OsHV-1-

associated mortality is increased in fast-growing oysters. In oysters, the daily growth rate 

regularly decreases from larvae to adult, which is consistent with a decrease of the 

susceptibility to OsHV-1 from larvae/spat to adults (Azéma et al., 2016; Dégremont et al., 

2016; Whittington et al., 2015).  

The significant interaction between families of different genetic backgrounds and size 

highlights the importance of genetics in this type of study, because different families 

exhibited contrasting mortality patterns with size (Fig. 2). Genetic background can therefore 

influence the outcome of such experiments, and this was demonstrated in our study.  

Nevertheless, identification of highly resistant and highly susceptible phenotypes with a large 

size range makes these contrasting families important for both selective breeding programs 

and research purposes.  Size and age, which are usually confounding factors, are both 

important factors for mortality events related to OsHV-1 (Dégremont, 2011; Paul-Pont et al., 

2013a; Paul-Pont et al., 2014; Peeler et al., 2012; Petton et al., 2015; Whittington et al., 2015).  

Overall, selective breeding programs should focus on the most resistant families, which would 

have to be identified at a small size.  If the genetic evaluation for resistance to OsHV-1 is 

done too late, breeders might select families that show low mortality at large sizes, even 

though these families might exhibit high mortality at smaller sizes. Conversely, both 

susceptible families and resistant families are of great interest for research purposes, such as 
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QTL identification (Sauvage et al., 2010) or transcriptomic studies (Segarra et al., 2014).  At a 

small size, numerous families showed high mortality, whereas only a few still showed high 

mortality at larger sizes (Fig. 2). Thus, the families that are truly susceptible to OsHV-1 might 

only be identified at larger sizes. 

In our experiment, only one replicate per size per family was used based on the assumption 

that there was an equal probability of exposure to OsHV-1 between L and S groups. This 

assumption was based on previous experiments at this site for which mortality related to 

OsHV-1 was similar among bags within families (Dégremont, 2011; Dégremont et al., 

2015b). This assumption is reinforced by the height experiment, which revealed similar 

mortality among the bags (see below). Additionally, it is unlikely that the bags containing S 

groups were more exposed to OsHV-1 than the bags of the L group because all bags were 

randomly attached on the racks. Nevertheless, others studies have shown spatial and temporal 

variations for OsHV-1 exposure, suggesting that probability of exposure is very uneven in 

their sites (Paul-Pont et al., 2013b; Pernet et al., 2014). Thus, replications within size should 

be addressed in sites where spatial variations are known.  

 

4.3. Growing height investigation 

Similar to the size investigation, a significant interaction was also observed between the 

families and growing heights. Again, mortality was similar among the growing heights for the 

families displaying the extreme mortality pattern, particularly for those exhibiting very high 

mortality (>95%).  This result is in agreement with OsHV-1-associated mortality in triploid 

spat during a study conducted in 2011-2012 in Australia, in which all seed died regardless of 

the growing height (Paul-Pont et al., 2013a).  In contrast, in our study, 9 families showed a 
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significant difference in mortality among the different growing heights.  Most of them 

displayed lower mortality for Hi and higher mortality for Lo (Figs. 5 & 6).  This tendency was 

observed in C. gigas spat in Australia (Whittington et al., 2015), as well as for adult C. gigas 

(Paul-Pont et al., 2013a; Whittington et al., 2015). Differences observed at the spat stage were 

explained by the use of different oyster batches, which differed in size, age and parentage 

(Whittington et al., 2015).  Our study highlighted the importance of parentage in OsHV-1-

associated mortality at different growing heights. Therefore, a study investigating the growing 

height could reach different conclusions depending on the family tested. Highly resistant and 

highly susceptible families should not be used in these studies.  In contrast, families showing 

intermediate resistance to OsHV-1 infection would better highlight the importance of this 

husbandry practice to limit OsHV-1 mortality. Thus, this approach could be used if farmers 

do not have access yet to selected oysters, although the benefit will be limited. 

One hypothesis to explain the higher mortality of oysters in the Lo condition is that oysters 

with a longer emersion time will exhibit more growth and increased cell activity compared to 

oysters in the Hi condition. Consequently, OsHV-1 might have actively used the host’s 

cellular mechanisms for its replication, and the viral load would have more quickly reached 

the resistance threshold of the oysters raised in the Lo condition compared to those raised in 

the Hi condition.  As a direct consequence, at least some of the oysters in the Hi condition 

with genetic resistance would have had more time to limit OsHV-1 replication, and thus, the 

viral load would have remained below the mortality threshold. Further investigations should 

explore this hypothesis. Meanwhile, this finding is consistent with the size investigation, 

which showed that the S oysters had a higher susceptibility to OsHV-1 and a higher daily 

specific growth than the L oysters.  

A second hypothesis to explain the reduced mortality in the Hi condition is that these oysters 
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had reduced exposure to OsHV-1, as was reported by Paul-Pont et al. (2013a) and 

Whittington et al. (2015).  Thus, oysters in Hi condition might have a longer span of time to 

limit OsHV-1 infection between successive OsHV-1 exposures, which could be enough to 

keep the viral load under the threshold required to cause mortality.  

Another hypothesis suggests that oysters in the Hi condition are to some extent undergoing 

starvation compared to those in the Lo condition. It is well known that starvation is a potent 

stimulus of autophagy, which was recently identified as an important defense mechanism of 

C. gigas against OsHV-1 infection (Moreau et al., 2015). Thus, the autophagy process might 

have been stimulated for some oyster families maintained at the Hi condition.  

 

4.4. Genetic parameters of mortality 

It is likely that OsHV-1 was the main etiological agent of the mortality observed in C. gigas 

during the size investigation, suggesting that the mortality trait was highly linked to the 

resistance to OsHV-1 infection trait.  

The broad and narrow sense heritabilities were similar, indicating that non-additive variance 

or variance due to a common environment was negligible (Table 4). Thus, both heritabilities 

can be regarded as equally reliable, and the combined heritability was used as the best 

estimate (Falconer, Mackay, 1996).  The combined heritabilities for mortality in the field in 

November 2014 were moderate, ranging from 0.48 to 0.68 (Table 4). This result is consistent 

with several studies conducted to determine the resistance of C. gigas to OsHV-1 infection.  A 

separate study, conducted with the same 40 full-sib families that were experimentally infected 

with OsHV-1 in laboratory conditions, showed the same range of heritability for the same 

size/age ranges (Azema et al., 2015b).  Other studies focusing on mortality related to OsHV-1 
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resistance in C. gigas also showed moderate narrow-sense heritability (Dégremont et al., 

2015b), as well as moderate realized heritability after four generations of selection 

(Dégremont et al., 2015a). 

Nonetheless, higher additive genetic variance was observed for the S group than the L group 

(Table 4), indicating that size has a significant effect on the estimation of heritability of 

OsHV-1 resistance.  Azema et al. (2015a) also observed a decrease in the heritability from 

spat to adult, but the experimental infections were conducted at different ages. 

Similar heritabilities were observed in October 2015, indicating that the influence of genetic 

variance was not eroded until the oysters reached market size.  Our results are in agreement 

with those obtained for C. gigas on the west coast of the USA (Evans, Langdon, 2006).  

  

5. Conclusions 

In conclusion, our study showed that OsHV-1 played a major role in the mortality outbreak 

observed in spat when the temperature reached 16° C.  Our study clearly showed that smaller 

oysters had a higher susceptibility to OsHV-1 than larger oysters at 15 months of age.  Size is 

a major factor that must be considered in genetic evaluations of spat resistance to mortality.  

This factor also discriminates the highly resistant and highly susceptible families, which is of 

great importance for both selective breeding programs and research purposes. Our study also 

showed that growing height has a limited effect on mortality related to OsHV-1 in 3 months 

old spat, which exhibited high mortality regardless of growing height.  Meanwhile, a tendency 

of higher mortality in Lo (85%) compared Hi (72%) growing heights was observed for 9 

families.  Our results again highlight the importance of the germplasm used for such 

investigations due to the strong genetic basis for resistance to OsHV-1 in C. gigas. Finally, 
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our study confirmed that the heritability of resistance to OsHV-1 in C. gigas is moderate to 

high and that natural selection would be expected to develop in the field. 
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Fig. 1: Mean cumulative mortality (% ± SE) of the 40 families for the large and small 

groups and seawater temperature (°C) at Agnas from November 2013 to October 2015.  
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Fig. 2: Mortality (%) for the large (L) and small (S) groups from each family at Agnas in 

November 2014. Each family is represented by a triangle, and a triangle located above the 

diagonal indicates a higher mortality for the L group, whereas a triangle located below the 

diagonal indicates a higher mortality for the S group. For example, for the left-most triangle, 

the S group of the family had a mortality of 17%, but mortality was 22% for the L group from 

the same family.  
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Fig. 3: Mean individual weights (g) and mean daily specific growth rate (g.d
-1

) of the 

large and small groups (± SE) at Agnas from November 2013 to October 2015. The daily 

specific growth rate values are ln-transformed. 
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Fig. 4: Mean shell length (mm) of dead oysters from the large (L) and small (S) groups of 

each family at Agnas in June 2014. Each family is represented by a triangle, and a triangle 

located above the diagonal indicates that the dead oysters in the L group were larger than the 

S group for a given family. For example, for the left-most triangle, the S group of the family 

had an average shell length of 22.5 mm, but the average shell length was 44.9 mm for the L 

group from the same family.  
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Fig. 5: Mean mortality (% +SE) of the 40 families tested at three growing heights six 

weeks after planting on September 6
th

 2013.  
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Fig. 6: Mortality (%) of the 9 families showing a significant difference in mortality 

among growing conditions.  
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Table 1: Logit analysis of mortality for the size investigation in November 2014 

  

Source NumDF DenDF Fvalue Estimate Standard Error P 

Size 1 39 61.80   <.0001 

Family    1.09 0.30 <.0001
a
 

Size x Family    0.37 0.10 <.0001
 a
 

a Effects are random. P value is from Log-likelihood ratio test by comparing the reduced and 

the full models. 
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Table 2: Detection and quantification (DNA copies per mg of fresh oyster tissue) of 

OsHV-1 and Vibrio aestuarianus DNA in moribund oysters of the large and small 

groups from May 2014 to September 2014 during the size investigation 

experiment. 

Date Size 

gro

up 

OsHV-1  V. aestuarianus 

 Positive/ana

lyzed 

Prevale

nce (%) 

Quantifica

tion 

 Positive/ana

lyzed 

Prevale

nce (%) 

Quantifica

tion 

May 

2014 

Larg

e 

31/31 100 1.9 10+8  0/31 0  

 Sma

ll 

30/30 100 3.8 10+8  4/30 13 1.5 10+6 

         

June 

2014 

Larg

e 

5/5 100 1.6 10+8  1/5 20 4.6 10+4 

 Sma

ll 

4/4 100 1.5 10+8  1/4 25 3.6 10+4 

         

July 

2014 

Larg

e 

7/7 100 9.7 10+7  5/7 71 2.0 10+7 

 Sma

ll 

4/4 100 1.8 10+6  4/4 100 5.8 10+7 

         

Septem

ber 

2014 

Larg

e 

5/5 100 2.2 10+7  1/5 20 2.6 10+5 

Sma

ll 

9/9 100 1.5 10+7  4/9 44 8.2 10+5 
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Table 3: Logit analysis of mortality for the growing height investigation in September 

2013 

Source NumDF DenDF Fvalue Estimate Standard 

Error 

P 

Growing height 2 351 11.14   <.0001 

Family    5.64 1.56 <.0001
a 

Family x 

Growing height 

   0.19 0.07 <.0001
a 

a Effects are random. P value is from Log-likelihood ratio test by comparing the reduced and 

the full models.  
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Table 4: Variance components (additive, genetic and total for Va, Vg and Vt, 

respectively) and heritabilities (narrow, broad and combined for h²n, h²b and h²m+f, 

respectively) for mortality in C. gigas in the L (large) group, S (small) group, and both 

groups in November 2014 and October 2015. 

Variance November 2014 October 2015 

 
Large Small Both Large Small Both 

Va 2.05±1.06 3.09±1.79 1.96±1.06 2.01±1.05 3.31±1.80 2.10±1.04 

Vg 2.08±0.70 3.76±1.38 2.11±0.75 1.95±0.70 3.36±1.25 1.90±0.65 

Vt 4.32±0.27 5.00±0.46 4.31±0.27 4.28±0.26 4.96±0.46 4.29±0.26 

       

h²n 0.47±0.22 0.62±0.32 0.45±0.23 0.47±0.22 0.67±0.32 0.49±0.22 

h² b 0.48±0.15 0.75±0.26 0.49±0.16 0.46±0.16 0.68±0.24 0.44±0.14 

h² m+f 0.48±0.09 0.68±0.12 0.47±0.09 0.46±0.09 0.67±0.12 0.47±0.09 
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