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ABSTRACT: Juvenile oysters Crassostrea gigas cultured in the Bay of Morlaix (France) have suffered
unexplained summer mortalities for over a decade. In the present study, we tested the hypothesis that
a bacterial pathogen could be responsible for this phenomenon. A first attempt failed to isolate a bacterial pathogen from moribund or weak oysters. Only non-pathogenic, probably opportunistic, bacteria were isolated. As an alternative approach, we focused on oysters presenting reduced stressresponse capacities (determined by circulating noradrenaline measurements), a characteristic of
juvenile oysters entering an early phase of the disease. Cultures of bacterial isolates on TCBS plates
revealed that a Vibrio strain was present in diseased oysters and scarce or absent in healthy oysters.
Experimental infections indicated that this Vibrio can cause mortalities of juvenile oysters when
injected at concentrations ranging from 104 to 108 CFU oyster–1. Similarly to the summer mortality disease, the Vibrio isolate caused higher mortalities at higher temperatures; apparently, it could not be
transmitted horizontally, it did not affect adult oysters and it induced stress-response dysfunctions in
juvenile oysters. Phenotypic and genotypic characterizations identified the pathogen as Vibrio splendidus. Taken together, the present results satisfy Koch’s postulate and suggest that this bacterial
strain is probably responsible for the juvenile oyster summer mortalities in the Bay of Morlaix.
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INTRODUCTION
Mass mortalities of Pacific oysters Crassostrea gigas
have repeatedly occurred in Brittany (France) since the
mid eighties. Losses (10 to 80% of stock) only affect 6
to 12 mo old oysters (so-called ‘juvenile’ oysters) ranging from 5 to 40 mm in shell length and 100 to 800 mg
dry weight. Older oysters are not affected. Mortalities
occur during summer (June to September), when
water temperatures exceed 16°C (Deslou-Paoli et al.
1982). The disease itself shares several similarities with
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the so-called juvenile oyster disease (JOD) affecting C.
virginica stocks cultured in the north eastern United
States (Lee et al. 1996). Notably, the mortality episodes
last relatively short periods of time (1 to 2 wk), and factors such as food limitation, oxygen depletion, salinity
and temperature variations do not appear to be direct
causal agents of the mortalities (Soletchnik et al. 1998,
Poulet et al. 2000). Although several causes have been
attributed to this type of mortality (Lee et al. 1996), the
actual agent of the disease of either C. virginica or C.
gigas remains unknown.
Preliminary experiments had shown that when juvenile oysters belonging to batches suffering high mortality were treated with antibiotic solutions, daily mor-
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tality rates decreased within 24 to 48 h (Poulet et al.
2000). A similar approach gave similar results when
applied to Crassostrea virginica to elucidate the etiology of the JOD (Boettcher et al. 1999, Elston 1999b). In
addition, previous studies indicated that 2 to 3 wk
before mortalities occur, juvenile oysters showed signs
of neuroendocrine system dysfunction. Indeed, the
stress-induced noradrenaline (NA) responses were
reduced in these oysters (Cueff et al. 2000, Lacoste et
al. 2000, Poulet et al. 2000). In the present study, juvenile oysters presenting this early sign were selected to
test the hypothesis that a bacterial pathogen was
responsible for the juvenile oyster summer mortalities
observed in the Bay of Morlaix.

MATERIALS AND METHODS
Oysters. Twenty batches (n ≥ 500 organisms per
batch) of juvenile Crassostrea gigas oysters originating
from different hatchery or oyster farm stocks were
placed on an experimental field site in the Bay of Morlaix between May and September 1999. They consisted of 2 reference batches, 1 wild-caught batch
(named Batch B) and 1 hatchery produced batch
(named Batch V), which experienced low mortality
(< 5%), and of 18 other wild-caught or hatchery
produced batches which experienced 10 to 65% mortality (including Batch RRB, which suffered 63.75%
mortality). Juvenile oysters belonging to batches
exhibiting > 45% mortality were termed ‘naturally
infected’ oysters.
Isolation of bacterial strains. A first set of bacterial
strains was isolated from 20 to 30 moribund or gaping
juvenile oysters belonging to the 20 batches present on
the experimental field site. A second set was later
isolated from 10 RRB juvenile oysters showing signs of
impaired stress-response capacity (see below).
Juvenile oysters (100 to 400 mg dry weight) were
removed from their shells and minced in 5 ml of sterile
seawater. The resulting solution was vigourously
mixed for 1 min using a vortex mixer and centrifuged
at 200 × g for 5 min at 4°C. The pelletted tissues were
discarded and the supernatant was serially diluted
(1/10 to 1/106), spread onto either Zobell (Gibco) or
TCBS (Gibco) agar and cultured at 17 to 18°C for 24 to
48 h.
Pathogenicity assays. Dominant colonies on Zobell
or TCBS plates were isolated and cultured in liquid
Zobell (Gibco) for 24 h at 20°C. The bacterial cultures
were then harvested in sterile seawater. Serial 10-fold
dilutions were prepared and juvenile oysters Crassostrea gigas belonging to batches suffering low mortality (< 5% mortality) were injected with 104, 106, 107
or 108 CFU oyster–1 (n = 20 to 30 oysters per treatment

unless otherwise indicated) in the adductor muscle. In
separate experiments, 30 juvenile oysters were incubated in 300 ml of a bacterial suspension (106 CFU
ml–1) for 30 min. Thirty adult oysters (25 to 30 g dry
weight) were also injected with 106 CFU per oysters in
the adductor muscle. Control juvenile and adult
oysters (n = 20 to 30) were injected with and/or incubated in sterile seawater. Following bacterial injection,
test and control oysters were maintained in separate
polyethylene tanks containing 110 l of aerated and
continuously flowing (50 l h–1) natural seawater at 7, 16
or 26°C to determine the effects of temperature on the
development of the infection. Following incubation in
the presence of bacteria, juvenile oysters were maintained at 16°C in aerated and continuously flowing
natural seawater. The number of dead oysters was
determined daily over a 5 to 10 d period, in both
challenged and control oysters.
Among the juvenile oysters subjected to an injection
of 106 CFU oyster–1, 10 to 12 individuals were sacrificed on Day 5 of experiments for catecholamine quantifications (see below).
Seven days after the experimental infection, oysters
were examined for the presence of bacteria using the
technique described above.
Stress levels and catecholamine measurements.
These measurements were performed (1) on individual
juvenile oysters of the RRB batch to select those presenting reduced stress-response capacities and (2) on
10 to 12 juvenile oysters among those subjected to an
injection of 106 CFU oyster–1 to determine the effects of
the isolated bacteria on juvenile oyster stress-response
capacities. Moribund oysters and oysters presenting
signs of adductor muscle weakness (gaping oysters)
were excluded from these experiments.
Circulating catecholamine (CA) levels were measured in both resting oysters (controls) and in oysters
submitted to a physical stress (shaking the oysters for
1 min) to determine their stress-response capacities
(Cueff et al. 2000, Poulet et al. 2000, Lacoste et al.
2001). Hemolymph (50 to 100 µl) was sampled from the
pericardial cavity using 1 ml syringes and 26 G × 1⁄2’’
needles. Samples were centrifuged at 600 × g for
10 min to remove the cells from the hemolymph and
cell-free supernatants were used to quantify circulating CA levels. Fifty µl of 10 pg µl–1 3, 4-dihydroxybenzylamine (DHBA) was added. CA were then extracted
by absorption on alumina and CA levels were determined by liquid chromatography with electrochemical
detection (Goldstein et al. 1981, Lacoste et al. 2001).
The elution peaks from samples were spiked with NA,
epinephrine and dopamine external standards (Sigma)
for confirmation of their identity. Only NA results are
presented in this report. Oysters identified as having a
low NA response to stress were used to isolate poten-
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tially pathogenic bacteria. NA levels were also determined 5 d after the oysters had been experimentally
injected with either bacterial isolates or with sterile
seawater for control.
Phenotypic characterization. The bacterial strain
showing pathogenic properties was characterised by
standard physiological and biochemical tests using the
API 20E (bioMérieux, Marcy-l’Etoile, France), according to the manufacturer’s instructions with the modifications suggested by MacDonnell et al. (1982).
Genotyping. The pathogenic strain was prepared for
16S rDNA analysis.
Nucleic acid preparation: A single bacteria isolate
was grown overnight on a saline media at 20°C (EPT
NaCl 1%, BioRad, Marne La Coquette, France). Cells
were harvested by centrifugation (3 min at 10 000 × g).
Genomic DNA was prepared by using the Wizard
Genomic DNA purification system (Promega, Madison,
WI, USA) in accordance with the manufacturer’s recommendations. Resuspended DNA was quantified at
260 nm, and 50 ng were used for the polymerase chain
reaction (PCR) amplification.
PCR amplification: The PCR was carried out on a
GeneAmp 2 400 PCR system (Perkin Elmer Cetus,
Norwalk, CN, USA) with the MicroSeq Bacteria identification kit (Perkin-Elmer Applied Biosystem Division
[PE-ABD], Foster City, CA, USA). The 2 primers —
0005F and 0531R — used are complementary to a
phylogenetically conserved portion of the 16S rDNA
region and allow the PCR amplification of the first
527 bp of this gene (Brosius et al. 1978). Primer forward
(0005F) is complementary to the 5’ end of the 16S
rRNA gene, while Primer reverse (0531R) is complementary to the 3’ end of the opposite strand. PCR reaction was accomplished by adding 2 µl of genomic DNA
(50 ng) extract plus 23 µl of water and 25 µl of PCR
Master mix which included both primers in 0.2 µl
MicroAmp PCR tubes (PE-ABD). A negative control
(sterile deionised water) and a positive control
(Escherichia coli genomic DNA) were included. The
reaction was run for 35 cycles: denaturation was done
at 95°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 45 s. An initial 10 min denaturation
step at 95°C and a final 10 min extension at 72°C were
used. The reaction mixture was held at 4°C until use.
The PCR product was resolved for control on a 2%
(wt/vol) agarose gel (Quantum Biotechnologies Inc.,
Montréal, Canada) in 1× TBE containing ethidium bromide, and visualized under UV light at 260 nm. The
amplification product was purified on Microcon 100
column (Amicon Millipore Corp., Bedford, MA, USA)
following the manufacturer’s specifications.
Cycle sequencing: Both strands of the PCR product
were sequenced on an ABI Prism 377 DNA sequencer
(PE-ABD) with the dRhodamine dye terminators and

previously described primers. All necessary reagents
were provided with the MicroSeq system and used in
accordance with the manufacturer’s recommendations.
Sequence data analysis: Sequence data were visually aligned and eventually corrected, with the Gene
Jockey II software (Biosoft, Cambridge, UK) and converted into Pearson format. Sequence interrogation
and comparison was achieved by using the search program BLAST 2.0 (Altschul et al. 1990) to explore all
available DNA sequence databases (GenBank, EMBL,
PDB and DDBJ).
Statistics. All data are presented as mean and standard error of at least 3 experiments, unless otherwise
indicated. For comparison of 2 means, paired or unpaired Student’s t-tests were used where appropriate.
For multiple comparisons, the data were analysed by
1-way analysis of variance.

RESULTS
Abundance and pathogenocity of bacterial strains
Numerous bacterial colonies exhibiting various colors, shapes and sizes were isolated from moribund or
140gaping juvenile oysters belonging to the 20 batches
present on the experimental field site. Twenty bacterial isolates were selected among the most abundant
types of colonies. Each of these 20 isolates was used in
preliminary (n = 5 oysters assay–1) pathogenicity
assays. None of these 20 isolates were pathogenic
when injected (107 CFU oyster–1) to juvenile oysters
(Table 1).
As an alternative approach, juvenile oysters were
then selected according to their stress-response capacities (Fig. 1). After application of a physical stress
(shaking the oysters for 1 min), circulating NA levels
increased in all oysters; however, differences were
noticed between oysters from different batches. In
Table 1. Crassostrea gigas. Cumulative mortality of juvenile
oysters (n = 5 oysters sample–1) challenged with bacterial
strains isolated from moribund oysters or oysters showing
signs of adductor muscle weakness. In controls, sterile seawater was injected in place of bacterial suspensions
Bacterial isolates
No. of dead juvenile oysters (n = 5)
Day 0 Day 1 Day 2 Day 3 Day 4 Day 5
Control
Isolate 1
Isolate 2
Isolate 3
Isolate 4
Isolate 5
Isolates 6–20

0
0
0
0
0
0
0

0
0
0
0
0
0
0

0
0
0
0
0
0
0

0
1
0
0
0
0
0

0
1
1
0
0
0
0

0
1
1
0
1
0
0
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oysters incubated at 16, 26 or 7°C (Fig. 2b,d,f). Incubating juvenile oysters in 300 ml of a bacterial suspension
(107 CFU ml–1) for 30 min had no effect on mortality
(Fig. 2g), suggesting that the bacterial pathogen cannot be transmitted horizontally. Furthermore, 2 yr old
oysters injected with 106 CFU oyster–1 did not suffer
higher mortality than controls (Fig. 2h).

Fig. 1. Circulating noradrenaline concentrations in reference
(ref) juvenile oysters (Batches V and B; values are means and
standard errors of 3 experiments with 10 to 12 oysters each)
and in randomly sampled individuals belonging to Batch RRB.
Lines indicate the normal noradrenaline basal level (NBL)
and the normal noradrenaline level post-stress (NLPS) of reference batches. Stressed RRB oysters whose noradrenaline
level was below the NLPS (individuals marked with a ) were
selected for bacteriological analyses

$

reference oysters (oysters from Batches V and B), the
noradrenaline concentration reached 6131.52 ±
826.96 pg ml–1 of hemolymph (Batch V) and 6392.26 ±
912.82 pg ml–1 of hemolymph (Batch B). Taking into
account both these mean values and standard errors,
we considered that in healthy juvenile oysters, the normal noradrenaline concentration should be above
5000 pg ml–1 after the 1 min stress.
In several individuals from Batch RRB the stressinduced NA increase remained significantly (p < 0.05)
below this normal threshold (Fig. 1). These individuals
were then selected and homogenized for bacterial isolation. On Zobell plates, the number of colonies isolated from the selected RRB juvenile oysters (1 to 6 ×
106 CFU oyster–1) was much higher than the number of
colonies isolated from the reference juvenile oysters
(103 to 104 CFU oyster–1). One particular bacterial
strain, forming large yellow colonies, was dominant on
TCBS plates corresponding to the selected RRB oysters
whereas it was scarce or even absent in the TCBS
plates corresponding to reference juvenile oysters
(Batches V and B). This strain, identified as a Vibrio
species since it grew on TCBS, was isolated, subcultured in liquid Zobell and processed for pathogenicity assays. Juvenile oysters that received injections of
the isolated Vibrio strain at concentrations of 104, 106 or
108 CFU oyster–1 suffered significantly higher (p <
0.05) mortality than controls (Fig. 2a). At 26°C the mortality of challenged juvenile oysters was significantly
higher (p < 0.05), whereas mortality rates remained
below 10% at 7°C (Fig. 2c,e). This temperature effect
was similar to the one recorded in naturally infected

Fig. 2. Crassostrea gigas. Cumulative mortality in experimentally (a,c,e) and naturally (b,d,f) infected juvenile oysters incubated for 30 min in a bacterial suspension (106 CFU ml–1).
Infected oysters were maintained at 16°C (a,b,g,h), 26°C (c,d)
or 7°C (e,f). (g) Cumulative mortality in challenged adult
oysters. In controls, sterile seawater was used in place of bacterial suspensions (h). As shown, sterile seawater induced
very little or no mortality. Values are means and standard
errors of 3 replicates except in (c) and (e), which are single
experiments. All experiments were performed on 20 to 30
oysters
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Fig. 3. Circulating noradrenaline concentrations in both resting and stressed oysters 5 d after injection of sterile seawater
(Control) or challenged (106 CFU oyster–1) with the isolated
Vibrio strain (Challenged). The dotted line indicates the normal noradrenaline level post-stress (NLPS) of reference
batches (see Fig. 1). Values are means and standard errors of
3 replicates (10 to 12 juvenile oysters in each replicate)

NA quantifications showed that 4 to 5 d after challenge, juvenile oysters exhibited significantly (p < 0.05)
impaired stress-response capacities (Fig. 3). Furthermore, phenotypic and genotypic characterizations (see
below) indicated that the same pathogenic Vibrio
strain could be re-isolated from these juvenile oysters.

First attempts failed to isolate a bacterial pathogen
from moribund or gaping oysters belonging to 20
batches placed on an experimental field site in the Bay
of Morlaix (Table 1). Thus, a new approach was used
where bacterial strains were isolated from juvenile
oysters showing impaired neuroendocrine responses
to an experimentally induced stress (shaking the oysters for 1 min). Previous studies have demonstrated
that noradrenaline increases in the hemolymph of
stressed oysters (Lacoste et al. 1999, 2001). In oysters
entering an early phase of the disease, this stressinduced noradrenaline increase is reduced (Lacoste et
al. 2000), suggesting that an impaired stress response
capacity is an early symptom of the juvenile oyster
summer mortality disease.
In the present study, juvenile oysters exhibiting this
early symptom were selected (Fig. 1) and a bacterial
strain belonging to the genus Vibrio was isolated from
the selected animals. This strain exhibited pathogenic
properties when injected to healthy juvenile oysters at
concentrations of 104, 106, 108 CFU oyster–1 (Fig. 2a).
Table 2. Phenotypic characteristics of the isolated Vibrio
splendidus strain as determined using API 20E galleries
Tests

Results

Phenotypic and genotypic characterizations
Results in Table 2 present physiological and biochemical characteristics of the isolated bacterial strain.
This strain exhibited features of bacteria belonging to
the genus Vibrio (Alsina et al. 1994). Sequencing of the
16S rDNA revealed that the input sequence produced
a significant alignment with the following referenced
sequences: 100% gb|U64024.1|VSU64024 Vibrio sp.
16S ribosomal RNA gene and 99% emb|Z31657|VS16SRRN V. splendidus (SCB8) gene for 16S ribosomal RNA.

DISCUSSION
During the summer of 1999, 30 different stock-populations of juvenile oysters Crassostrea gigas were monitored in the Bay of Morlaix. One-third of these populations exhibited high mortality rates (40 to 80%) and
the remaining two-thirds suffered little or no mortality
(0 to 15%). Preliminary studies (Poulet et al. 2000)
revealed that, as demonstrated earlier with Crassostrea virginica (Boettcher et al. 1999, Elston 1999b),
antibiotic-treated juvenile oysters C. gigas suffered
lower mortalities than untreated ones. This result
suggested that a bacterial pathogen could be involved
in the summer mortality of juvenile C. gigas in the Bay
of Morlaix.

Gram
Motility
Swarming
Growth on TCBS
Use of
Citrate
Glucose
Mannitol
Inositol
Sorbitol
Rhamnose
Saccharose
Melibiose
Amygdaline
Arabinose
Enzymes
Hydrolysine ONPG
Arginine dihydrolase
Lysine decarboxylase
Ornithine decarboxylase
Urease
Tryptophane deaminase
Gelatinase
Cytochrome oxydase
Production of
H2S
Indole
Acetoine (Voges-Proskauer)
NO2
N2
Glucose oxydation
Glucose fermentation

–
–
+
+
–
+
+
–
–
–
+
+
+
–
–
–
–
–
–
–
–
+
–
+
–
+
–
+
+
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Moreover, mortality rates of experimentally infected
oysters increased at higher temperatures (Fig. 2c) and
decreased at lower temperatures (Fig. 2e). This temperature effect is also observed in naturally infected
oysters (Fig. 2b,c,d). These results are consistent with
the well-accepted idea that multiplication of bacteria
and mollusc mortality are linked and temperaturedependent (Friedman et al. 1991, Riquelme et al. 1995,
Lee et al. 1996).
The present results also show that juvenile oysters
incubated in a suspension of the isolated Vibrio did not
suffer mortality higher than controls (Fig. 2g). Previous
experiments have shown that healthy juveniles do not
suffer higher mortalities when grown on oyster fields
next to juveniles exhibiting high mortality (Poulet et al.
2000). Taken together, these results suggest that the
bacteria cannot be transmitted horizontally.
In addition, experimentally infected 2 yr old oysters
did not suffer significant mortality (Fig. 2h), which is
consistent with other studies showing that oyster summer mortalities affect 6 to 12 mo old juvenile oysters
but not older specimen (Martin et al. 1999, Poulet et al.
2000).
The use of hormonal stress indicators showed that 4
to 5 d after challenge, infected juvenile oysters exhibited reduced stress-response capacities (Fig. 3). This
result indicated that the isolated Vibrio strain induced
similar symptoms to the ones observed in naturally
infected juvenile oysters. Moreover, the bacterial
pathogen was re-isolated from experimentally infected
juvenile oysters. Taken together, these results satisfy
Koch’s postulate and suggest that the isolated Vibrio is
a probable causative agent of the juvenile Crassostrea
gigas mortalities observed in the Bay of Morlaix during
summer 1999.
Phenotypic (Table 2) and genotypic characterizations permitted identification of the pathogen as Vibrio
splendidus. Vibriosis is known to affect a wide range of
fish (Egidius 1987, Diggles et al. 2000), crustacean
(Leano et al. 1998) and shellfish (Jeffries 1982,
Bolinches et al. 1986, Borrego et al. 1996, Nicolas et al.
1996, Lambert et al. 1998). V. splendidus has been
associated with turbot larvae mortalities (Farto et al.
1999, Gatesoupe et al. 1999) and scallop diseases
(Lambert et al. 1999). In oysters, V. splendidus has
been isolated from Crassostrea virginica and C. gigas
larvae exhibiting high mortality in hatcheries (Sugumar et al. 1998, Elston 1999a,b). In adult oysters, V.
splendidus was shown to accumulate notably in the
gonad, which led Sugumar et al. (1998) to suggest that
this pathogen could be transmitted vertically.
Further work is in progress to determine the prevalence of this Vibrio splendidus strain in oyster stocks
cultured in the Bay of Morlaix. To date, it appears that
this particular strain was detected in all the monitored

oyster stocks that suffered high mortalities during the
summer of 1999. Repetition of the experiments during
summer 2000 confirmed these results.
Recent studies have shown that oyster defenses
against bacterial pathogens such as vibrios are influenced both by environmental and physiological parameters (Volety et al. 1999). Furthermore, the outbreak
of disease and stress are linked in molluscs (Bricelj et
al. 1992, Lee et al. 1996, Friedman et al. 1999, Cheney
et al. 2000). As a consequence, possible relations
between environmental factors, the physiological state
of the juvenile oysters and the pathogenicity of the
bacteria are under investigation. The mode of action of
this pathogen is also being studied.
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