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Oysters are permanently exposed to various microbes, and their defense system is continuously solicited to
prevent accumulation of invading and pathogenic organisms. Therefore, impairment of the animal’s defense
system usually results in mass mortalities in cultured oyster stocks or increased bacterial loads in food
products intended for human consumption. In the present study, experiments were conducted to examine the
effects of stress on the juvenile oyster’s resistance to the oyster pathogen Vibrio splendidus. Oysters (Crassostrea
gigas) were challenged with a low dose of a pathogenic V. splendidus strain and subjected to a mechanical stress
3 days later. Both mortality and V. splendidus loads increased in stressed oysters, whereas they remained low
in unstressed animals. Injection of noradrenaline or adrenocorticotropic hormone, two key components of the
oyster neuroendocrine stress response system, also caused higher mortality and increased accumulation of V.
splendidus in challenged oysters. These results suggest that the physiological changes imposed by stress, or
stress hormones, influenced host-pathogen interactions in oysters and increased juvenile C. gigas vulnerability
to Vibrio splendidus.

As with many filter-feeding benthic invertebrates, oysters
are constantly exposed to invasive and pathogenic microorgan-
isms. Efficient humoral and cellular defense mechanisms nor-
mally help to reduce infection by microbes (2, 9, 10). Recent
studies have demonstrated that certain environmental condi-
tions or the presence of oyster parasites such as the protozoan
Perkinsus marinus may suppress the bactericidal activity of
oyster immune cells, thus allowing the accumulation of bacte-
ria in oyster tissues (7, 24, 25). Further work is needed to better
understand how environmental conditions may influence host-
pathogen interactions in oysters and lead to the presence and
persistence of certain bacteria in these animals.

The significance of such studies is multifaceted. Indeed, out-
breaks of disease in oysters have both ecological consequences
in marine ecosystems and economic implications for the oyster
farming industry. Moreover, pathogenic bacteria that evade
killing by the oyster defense system and accumulate in tissues
have been implicated in several food-borne human diseases (7,
18, 19, 24, 26).

Several authors have suggested that stress may be associated
with high bacterial loads and disease outbreaks in mollusks (1,
15). Recent studies have shown that in oysters, stress induces
neuroendocrine responses involving the release of catechol-
amines (CA), such as noradrenaline (NA) and dopamine, in
the hemolymph. Neuropeptides such as adrenocorticotropic
hormone (ACTH) control this catecholaminergic response. In-
deed, previous experiments showed that following an injection
of 1 mM ACTH/g into oysters, the concentration of circulating
NA increased up to 18 to 20 ng/ml, which is equivalent to NA

concentrations measured in oysters after a 15-min shaking
stress (13). Although these hormonal responses are thought to
favor the survival of healthy animals in stressful situations,
their consequences for mollusk-pathogen interactions require
further clarification.

In the present study, we investigated the effects of stress and
stress-induced neuroendocrine changes on the vulnerability of
juvenile oysters (Crassostrea gigas) to a pathogenic vibrio
strain. This strain was isolated from juvenile oysters affected by
recurrent summer mortalities in France and was shown to
cause high mortality rates in juvenile oysters when injected at
concentrations of 104 CFU/oyster and above. Genotypic char-
acterization identified this pathogen as Vibrio splendidus (12).

MATERIALS AND METHODS

Bacterial cultures. The pathogenic vibrio strain used in this study was isolated
from juvenile oysters affected by summer mortalities during the 2000 epizootic.
Previous 16S ribosomal DNA analysis permitted identification of this pathogen
as V. splendidus (12). Bacterial cultures were maintained in Zobell medium or on
thiosulfate-citrate-bile salts-sucrose (TCBS) medium plates (Gibco).

Oyster treatments. Juvenile C. gigas oysters (500 to 600 mg [dry weight]) were
maintained in polyethylene tanks (60 to 70 oysters per tank) containing 110 liters
of aerated and continuously flowing (50 liters/h) natural seawater at 14 to 15°C.
Animals were notched on the valve margin to allow injections and then left
undisturbed for a 10-day acclimation period. Oysters were subjected to an in-
jection of either 10 ml of sterile Zobell medium or 10 ml of a bacterial suspension
(100 bacteria/oyster) in Zobell medium. Three days after challenge, oysters were
subjected to a physical stress (consisting of shaking animals in a 20-liter plastic
container rotating at 100 rpm; this treatment did not cause any damage to oyster
shells or tissues) or to an injection of either 10 ml of filtered seawater (FSW)
alone or 10 ml of FSW containing NA or ACTH (Sigma). Final NA concentra-
tions were either 5 or 30 ng/g (wet weight) of oyster. Final ACTH concentrations
were either 0.2 or 1 mM/g (wet weight) of oyster. All injections were performed
in the adductor muscle.

CA measurements. Immediately after stress or 10 min after injection of drugs,
circulating CA levels in oysters were measured as follows. Hemolymph was
sampled from the pericardial cavity using 1-ml syringes and 26-gauge by 1/2-in.
needles. Pools of 0.5 to 1 ml were centrifuged at 600 3 g for 10 min to remove
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the cells from the hemolymph, and cell-free supernatants were used to quantify
circulating CA levels. Fifty microliters of 3,4-dihydroxybenzylamine (10 pg/ml)
was added. CA were then extracted by absorption on alumina, and CA levels
were determined by liquid chromatography with electrochemical detection (8,
13). The elution peaks from samples were spiked with NA, adrenaline, and
dopamine external standards (Sigma) for confirmation of their identity. Only NA

results are reported here. All treatments were repeated at least three times using
batches of 20 oysters each.

Mortality and bacterial analyses. Numbers of dead oysters were recorded
daily over a 10-day period. Three animals were removed daily for bacteriological
analyses. Oysters were removed from their shells, and preweighted samples were
minced in 5 ml of sterile seawater. The resulting solution was vigorously vortexed

FIG. 1. Effect of a 5- or 15-min mechanical stress on circulating NA concentrations (a), cumulative mortality (b and c), and V. splendidus loads
(d and e) in juvenile oysters challenged (Chal) with a low dose of V. splendidus (100 bacteria/oyster) or injected with sterile culture medium (Med).
Data in panels a to c are means and standard errors from three replicate experiments. For panels d and e, bacterial counts were performed five
times on solid-TCBS cultures obtained from a single experiment.
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for 1 min and centrifuged at 200 3 g for 5 min at 4°C. The pelleted tissues were
discarded, and the supernatant was serially diluted (1/102 to 1/105), spread onto
TCBS agar, and cultured at 17 to 18°C for 24 to 48 h. V. splendidus forms typical
spreading yellow colonies on TCBS. These colonies were counted, and data were
expressed as log CFU per oyster. When a more accurate identification was
needed, standard physiological and biochemical tests were performed using the
API 20E system (bioMérieux, Marcy l’Etoile, France), as previously described
(12).

Statistical analyses. All data are presented as means and standard errors from
at least three experiments, unless otherwise indicated. For comparison of two
means, paired or unpaired Student t tests were used where appropriate. For
multiple comparisons, the data were analyzed by one-way analysis of variance.

RESULTS

The results in Fig. 1a show that the circulating NA concen-
tration was 1.52 6 0.71 ng/ml in juvenile oysters injected with
Zobell medium. The NA concentration increased significantly
(P , 0.01) after the injection of a low dose (100 bacteria/
oyster) of V. splendidus. In unchallenged oysters, a 5- or 15-min
mechanical stress induced a significant (P , 0.01) 2.5- or 10-
fold NA increase, respectively. The mean stress-induced NA
increase was lower in oysters challenged with V. splendidus;
however, the NA responses to stress were not significantly
different (P , 0.05) in challenged and unchallenged oysters.

Mortality remained below 10% in unchallenged oysters and
below 25% in challenged, unstressed oysters (Fig. 1b and c). In
oysters subjected to both bacterial challenge and a 5-min shak-
ing stress (Fig. 1b), mortality tended to increase. However, this
increase was not significant (P , 0.01) compared to mortalities
in challenged, unstressed oysters. In challenged oysters sub-
jected to a 15-min shaking stress (Fig. 1c), mortality increased
significantly (P , 0.01) 24 h after application of the stress and
reached 76.67% 6 5.77% at the end of the experiments. Fur-
thermore, V. splendidus loads remained at ,3 3 103 CFU/
oyster in challenged, unstressed oysters, whereas they tended
to increase rapidly in challenged animals subjected to a me-
chanical stress (Fig. 1d and e).

To determine whether neuroendocrine changes induced by
stress may affect the capacity of juvenile oysters to face an
infection by V. splendidus, challenged and unchallenged oysters
were subjected to an injection of NA. Concentrations of 5 and
30 ng of NA/g were chosen because they are equivalent to NA
concentrations measured in oysters after a weak or intense
mechanical stress, respectively (13). In oysters subjected to
both bacterial challenge and a 5-ng/g NA injection (Fig. 2a),

FIG. 2. Effect of an injection of 5 or 30 ng of NA/g or FSW on cumulative mortality (a and b) and V. splendidus loads (c and d) in juvenile oysters
challenged (Chal) with a low dose of V. splendidus (100 bacteria/oyster) or injected with sterile culture medium (Med). Data in panels a and b are
means and standard errors from three replicate experiments. For panels c and d, bacterial counts were performed five times on solid-TCBS cultures
obtained from a single experiment.
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mortality tended to increase. However, this increase was not
significant (P , 0.01) compared to mortalities in challenged
oysters injected with FSW. An injection of 30 ng of NA/g
caused mortality to increase significantly (P , 0.01) in chal-
lenged oysters (Fig. 2b). V. splendidus loads increased (Fig. 2c

and d) and reached a maximum of 5 3 105 CFU/oyster in
oysters injected with 30 ng of NA/g.

Previous studies have shown that ACTH controls the cat-
echolaminergic response to stress in mollusks (13). To deter-
mine the effects of this neuropeptide on the capacity of juve-

FIG. 3. Effect of an injection of 0.2 or 1 mM ACTH/g or FSW on circulating NA concentrations (a), cumulative mortality (b and c), and V.
splendidus loads (d and e) in juvenile oysters challenged (Chal) with a low dose of V. splendidus (100 bacteria/oyster) or injected with sterile culture
medium (Med). Data in panels a to c are means and standard errors from three replicate experiments. For panels d and e, bacterial counts were
performed five times on solid-TCBS cultures obtained from a single experiment.
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nile oysters to face an infection with V. splendidus, animals
were subjected to an injection of 0.2 or 1 mM ACTH/g, two
concentrations that elicit NA responses comparable to those
measured in oysters after a weak or intense stress, respectively
(13). The results (Fig. 3a) show that, under the experimental
conditions used in this study, NA increases caused by an in-
jection of 0.2 or 1 mM ACTH/g were comparable (P , 0.01) to
those measured in juvenile oysters subjected to a 5- or 15-min
mechanical stress (Fig. 1a), respectively. In oysters subjected to
both bacterial challenge and an injection of 0.2 mM ACTH/g
(Fig. 3b), mortality tended to increase. However, this increase
was not significant (P , 0.01) compared to mortalities in chal-
lenged oysters injected with FSW. Following an injection of 1
mM ACTH/g (Fig. 3c), mortality increased significantly (P ,
0.01) in challenged oysters, and it reached 56.66% 6 5.77% at
the end of the experiments. Simultaneously, V. splendidus loads
increased (Fig. 3d and e) and reached a maximum of 5.27 3
104 CFU/oyster 10 days after challenge in oysters injected with
1 mM ACTH/g.

DISCUSSION

Being highly dynamic, the marine environment provides a
wide array of stress sources that impinge on oysters throughout
their life cycle. Temperature and salinity changes, quantitative
and qualitative variations of food, the presence of predators or
competitors, and the appearance of toxic algae or pollutants
are known to be deleterious to bivalves (11). Aquaculture
practices such as handling, sorting, grading, and transport im-
pose additional stress (4) that may compromise physiological
functions in oysters.

As a primary response to stress, oysters develop a neuroen-
docrine reaction in which neuropeptides such as ACTH induce
and control the release of CA (13). CA play essential roles in
several physiological processes in mollusks, including feeding
(27), locomotion (22), respiration (23), and reproduction (16).
Thus, the stress-induced neuroendocrine changes are thought
to divert the organism’s energy resources away from physio-
logical functions such as reproduction, growth, and certain
immune processes to allow metabolic and behavioral adapta-
tions that may help the animal to overcome the threat and
survive (17, 20). However, under certain circumstances, redi-
recting internal energy to specific physiological functions may
weaken the animal’s defenses against a preexisting threat such
as the presence of pathogenic or invading microbes. This con-
cept is well known in vertebrates (3, 17, 23) but requires fur-
ther clarification for invertebrates.

In the present study, we have shown that a mechanical stress
favors the occurrence of mortality in juvenile oysters previously
challenged with low doses of the oyster pathogen V. splendidus
(12). This result is consistent with previous studies suggesting
that stress and certain diseases are linked in bivalves (1, 15).
Our results also show that stress led to higher V. splendidus
loads in oysters, confirming that, in the present experiments,
mortality was due to the accumulation of the bacterial patho-
gen in oyster tissues (Fig. 1e, 2d, and 3e).

A 30-ng/g injection of NA, the major CA released in oyster
hemolymph in response to stress (13), increased both mortality
and V. splendidus accumulation in oyster tissues. This result
suggests that the negative effect of stress on the survival of
challenged oysters is at least partially due to NA-mediated

physiological changes. Interestingly, this result is consistent
with previous in vitro studies showing that NA tends to inhibit
immunological functions in oysters (14). Thus, it is possible
that the redirection of energy imposed by stress or the stress-
induced NA release occurred to the detriment of immune
functions. In the present study, this situation may have pro-
vided a favorable environment for preexisting host-pathogen
interactions to turn to the advantage of the pathogen.

The use of phenylephrine, an a-adrenoceptor agonist, and
isoproterenol, a b-adrenoceptor agonist, showed that the sup-
pressive effects of NA on oyster hemocyte functions involves
b-adrenoceptor-mediated cellular signaling pathways (14).
However, in the present study, injection of these analogs into
both challenged and unchallenged oysters (data not shown) led
to highly variable results and failed to clearly demonstrate the
involvement of a- or b-adrenergic receptors in the NA-induced
vulnerability of oysters to V. splendidus. This may be due to a
lack of stability of these drugs in oysters in vivo.

Interestingly, a recent study has suggested that NA may play
a role in the pathophysiology of infectious diseases through its
capacity to induce the release of iron from iron-chelating se-
rum proteins (5). Iron is essential for the growth of several
microbes (28), including the oyster parasite P. marinus (6), and
for the pathogenicity of certain vibrios (21). Thus, the stress-
induced secretion of NA may lead to a release of iron from
oyster iron-chelating proteins and promote the replication
and/or pathogenicity of V. splendidus in infected oysters.

The neuropeptide ACTH (1 mM/g) also led to higher mor-
tality and increased accumulation of V. splendidus in juvenile
oysters. Some of the effects of ACTH are probably due to the
stimulatory role played by this neuropeptide in NA secretion in
oysters (13, 20). However, several studies have suggested that
ACTH may also control the release of other stress hormones in
invertebrates (20). Therefore, the possibility that other hor-
mones are involved in oyster stress-induced vulnerability to V.
splendidus cannot be excluded.

The present study provides new data on the influence of
stress and stress-associated neuroendocrine changes on the
persistence and pathogenicity of a bacterial agent in shellfish.
Considering that other vibrios, including species that are
pathogenic to humans, are known to be transiently or perma-
nently present in oysters (18, 19, 26), this new information may
reach beyond the field of invertebrate pathology and help in
the understanding of how human bacterial pathogens persist
and accumulate in shellfish intended for human consumption.
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