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ABSTRACT: Shellfish production is often affected by bacterial pathogens that cause high losses in
hatcheries and nurseries. We evaluated the relative survival of larvae and juveniles of 3 Crassostrea
virginica oyster lines: (1) GHP, a Rhode Island line; (2) NEHY, a line resistant to dermo and multinucleated sphere X diseases; and (3) FLOWERS, a line resistant to Roseovarius oyster disease, experimental challenge with Vibrio spp. isolates RE22 and RE101, causative agents of bacillary necrosis in
Pacific oyster larvae, and the type strain of Roseovarius crassostreae, causative agent of Roseovarius
oyster disease. All of the isolates were able to induce significant mortalities in oyster larvae and juveniles. Susceptibility to bacterial challenge in larvae was significantly higher at 25°C than at 20°C.
Susceptibility decreased with oyster age; mean survival time ranged from 24 h in oyster larvae to
more than 6 wk in juveniles. Significant differences in susceptibility to bacterial challenge were
observed between oyster lines; NEHY was the most resistant line overall. Extracellular products
(ECPs) from Vibrio sp. RE22 and R. crassostreae, as well as viable bacteria, were toxic to hemocytes
from the 3 oyster lines, suggesting that ECPs are involved in pathogenesis and that external and
mucosal barriers to infection are major contributors to resistance to bacterial challenge. These protocols will be useful in the elucidation of mechanisms of bacterial pathogenesis and resistance to infection in oysters.
KEY WORDS: Disease resistance · Pathogenesis · Hemocyte viability · Juvenile oyster disease ·
Roseovarius crassostreae · Vibriosis
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The eastern oyster Crassostrea virginica is an important ecological and economical resource of the Gulf of
Mexico and Atlantic coasts of North America (Castagna et al. 1996). Several parasitic pathogens, including Perkinsus marinus, causative agent of dermo disease, and Haplosporidium nelsoni, causative agent of
multinucleated sphere X (MSX) disease, have seriously hindered culture and restoration efforts of C. virginica (Ford & Tripp 1996). Shellfish production is also
often affected by pathogenic bacteria, leading to high
mortality rates that occur most frequently during the

larval and juvenile stages (Paillard et al. 2004). Mortalities of larval C. virginica caused by members of the
genus Vibrio were reported in the 1960s and 70s (Tubiash et al. 1965, Elston et al. 1980, Brown 1981, Brown &
Tettelbach 1988). Another bacterial species, Roseovarius crassostreae, has been recently described as the
causative agent of juvenile oyster disease (JOD)
(Boettcher et al. 2005), and the disease is now referred
to as Roseovarius oyster disease (ROD) (Maloy et al.
2007). ROD causes losses that may exceed 90% of total
production at enzootic sites in the northeastern USA
(Boettcher et al. 2006). Gross signs of the disease
include organic deposits in the inner valves of the oys-
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ter that form a light to dark brown ring typically
located inside the valve margins (Bricelj et al. 1992,
Ford & Borrero 2001). The impact of ROD may vary
from year to year; individuals < 25 mm in shell height
appear to be especially vulnerable when seawater
temperatures exceed 25°C (Bricelj et al. 1992, Davis &
Barber 1994, Boettcher et al. 1999). Oysters with gross
signs consistent with ROD have also been reported
from C. virginica reared in France (Renault et al. 2002),
indicating that this problem may be more pervasive
than originally thought, and is not restricted to the
northeastern USA.
One of the most efficient management strategies for
the prevention of infectious diseases in bivalves is the
development of disease-resistant lines through selective breeding (Roch 1999). Several efforts have been
made to obtain lines of Crassostrea virginica resistant
to MSX, dermo, and ROD through selective breeding.
Both natural epizootics and controlled selection and
breeding experiments at Rutgers University and the
Virginia Institute of Marine Science have produced
lines of oysters with increased resistance to MSX disease-related mortality. These lines are currently being
further developed to impart resistance to dermo disease as well (Ragone Calvo et al. 2003, Yu & Guo
2006). At least 2 lines with resistance to ROD are currently available: the FLOWERS line, developed by the
Frank M. Flowers Company from survivors of natural
ROD outbreaks (Lewis 2001); and the University of
Maine Flowers Select line, originated in 1986 by crossing FLOWERS with wild Damariscotta stocks, and
selected for faster growth in cooler Maine waters (Barber et al. 1998, Davis & Barber 1999).
In order to gain a better understanding of the pathogenesis of bacterial diseases in eastern oysters, as well
as to evaluate mechanisms of disease resistance, we
developed tools to experimentally challenge oysters
with bacterial pathogens and used those tools to compare the relative survival of several oyster lines to bacterial challenge. Oyster larvae and juveniles from 3
lines were experimentally challenged with 2 bacterial
isolates (Vibrio spp. RE22 and RE101) known to cause
mortalities in Pacific oyster larvae (Estes et al. 2004)
and the causative agent of ROD, Roseovarius crassostreae (strain CV919-312T) (Boettcher et al. 2005).
The post-exposure survivals and histological lesions
caused by challenge with these 3 bacterial isolates are
described, as well as the effects of their extracellular
products on the survival of oyster hemocytes in vitro.

MATERIALS AND METHODS
Oysters. Three Crassostreae virginica lines were
used in all experiments unless otherwise specified: (1)

a line derived from wild broodstock collected from an
area with known moderate to heavy exposure to
dermo and MSX diseases and located in Green Hill
Pond, Rhode Island (GHP); (2) a dermo and MSX diseases-resistant line, Rutgers NEHY (Yu & Guo 2006);
and (3) a ROD-resistant line, FLOWERS (Lewis 2001).
Broodstock oysters from the NEHY line were provided
by G. DeBrosse (Haskin Shellfish Research Laboratory). FLOWERS broodstock and juveniles were purchased from Frank M. Flowers Company. Broodstock
oysters were transported to the Roger Williams University (RWU) hatchery and spawned using standard
hatchery protocols. Oysters were kept in common conditions at the RWU hatchery and nursery upwellers for
at least 1 mo prior to transportation to the Aquatic
Pathology Laboratory at the University of Rhode Island
for experimental challenges. Oysters were maintained
in 50 l aquaria in artificial sea water at a salinity of
28 to 30 ‰ and a temperature of 20 to 22°C with aeration, and fed with an algal mixture of Tetraselmis sp.,
Pavlova sp., Thallassiosa sp., and Isochrysis sp. (Instant
Algae, Reed Mariculture). The water was partially
changed (50%) twice weekly.
Bacterial isolates. Vibrio spp. isolates RE22 and
RE101 were provided by R. Elston (AquaTechnics) and
cultured on trypic soy agar with 1% (w/v) of supplemental NaCl (TSAS). The isolate CV919-312T of
Roseovarius crassostreae, donated by K. Boettcher
(University of Maine) was cultured on seawater tryptone agar (SWT) (Boettcher et al. 1999). For the experimental challenges, bacterial isolates were grown for
24 to 36 h at room temperature on their respective solid
media. After that time, bacteria were removed from
plates with sterile swabs and suspended in 1 ml sterile
sea water (SSW). Bacterial concentrations were adjusted by direct counting in the microscope PetroffHauser counting chamber (Hauser Scientific). Bacterial concentrations were confirmed by enumeration on
respective solid media using conventional dilution
platting with incubation at room temperature for 2 d
(Gomez-Leon et al. 2005). For long-term preservation,
isolates CV919-312T, RE22, and RE101 were frozen at
–80°C in SWT or tryptic soy broth (TSB) supplemented
with 1% (w/v) of NaCl; both preservation media
contained 25% (v/v) glycerol.
Experimental challenges. Pathogenicity assays in
larvae were carried out in sterile 24-well culture plates
(BD Falcon) following a modification of the protocol
described by Estes et al. (2004). Briefly, 10 to 12 larvae
(8 to 12 d old, <1 mm) were placed in each well containing 1 ml of SSW at 28 to 30 ‰. Oyster larvae were
challenged by bath with Vibrio spp. isolates RE22 and
RE101, and Roseovarius crassostreae CV919-312T at a
final concentration in the bath water of 5 × 105 colony
forming units (CFU) ml−1; control larvae without bacte-
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ria were also included. Each experimental group was
done in triplicate. Plates were incubated for 48 h at 20
or 25°C. Survival was determined by direct observation using an inverted microscope (Leica Dmil, Leica
Microsystems) using the following criteria: (1) live larvae include swimming larvae and larvae with valves
closed but showing internal movement, and (2) dead
larvae include closed larvae without internal movement. In the case of the juveniles, groups of 50 oysters
ranging from 4 to 6 mm in shell height for the FLOWERS line and from 5 to 9 mm for the GHP and NEHY
lines were placed in circular flat-bottom 100 ml containers. Larger oyster sizes ranging from 15 to 22 mm
in shell height from the 3 lines were placed in 1 l containers. Triplicate groups of oysters were experimentally challenged by bath with either Vibrio sp. RE22 or
R. crassostreae CV919-312T at a final concentration in
the bath water of 5 × 105 CFU ml−1. Control containers
without bacteria inoculation were also included. Oysters were maintained in SSW at 28 to 30 ‰ at 25°C with
partial aeration (12 h d−1), and fed with Instant Algae
(Reed Mariculture). The water was partially changed
(50%) weekly. Survival rates were determined weekly
counting dead and live oysters in each container. Size
(shell heights in mm) of the oysters were also determined. Results were expressed as mean percent survival + SD. Recently dead and moribund oysters were
sampled to re-isolate and identify associated bacteria.
In all cases, mortalities were attributed to the inoculated bacterial strain if it was the predominant bacterial species recovered from gaping or dead challenged
oysters.
Condition index. Thirty oysters from each line with
sizes ranging from 15 to 22 mm in shell height were
processed for determination of the condition index
following the method of Abbe & Albright (2003).
Histopathological examination. Selected samples of
oysters from the experimental challenges were fixed in
Davidson’s fixative (Shaw & Battle 1957) for 24 h. Tissue samples were processed in an automatic tissue
processor, embedded in paraffin wax blocks, and cut
on a microtome. Sections of 5 µm were deparaffinized,
rehydratated, and stained with hematoxylin and eosin
(H&E). Histopathological examinations of all samples
were performed with a light microscope (Nikon
Eclipse E-600) and a SPOT Insight 2 digital camera
with SPOT software, v4.6 (Diagnostic Instruments).
Detection of Roseovarius crassostreae in oyster
tissues by immunofluorescence. Histological sections
mounted on Superfrost Plus slides (Fisher Scientific)
were deparaffinized, rehydrated through ethanol
graded series, equilibrated in phosphate buffered
saline (PBS), and incubated for 1 h at room temperature in blocking buffer (BlockHen, Avies Labs). Slides
were washed in washing buffer (PBS with 0.05% [v/v]
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Tween-20 [PBST]) and incubated in a humid chamber
at room temperature for 1 h with a 1:250 dilution
in PBS of a chicken anti-Roseovarius crassostreae
(CV919-312T) polyclonal antibody (Boardman 2005).
Slides were washed in PBST, incubated for 1 h at room
temperature with a 1:200 dilution of goat anti-chicken
antibody labeled with Alexa Fluor 546 (Molecular
Probes), washed, and cover slipped using Prolong
Gold (Molecular Probes) antifade and mounting
medium. Negative controls were performed by omitting either the primary antibody, the secondary antibody, or substituting the primary antibody with preimmune serum. Sections were examined using a Zeiss
AxioPlan 2 epifluorescent microscope with a Zeiss
AxioCam digital camera and Zeiss AxioVision v4.5
imaging software (Carl Zeiss).
Preparation of bacterial extracellular products
(ECPs). Bacterial ECPs from Vibrio sp. RE22 and Roseovarius crassostreae CV919-312T were obtained using
the cellophane plate technique (Liu 1957), by spreading
0.1 ml of a 24 h broth culture over sterilized cellophane
sheets placed on TSAS. Plates were incubated for 24 h
at room temperature and the cells washed of the cellophane with phosphate buffered saline. Suspensions
were centrifuged at 10 000 × g for 30 min at 4°C, and supernatants were filtered through 0.45 µm membranes
and stored at −80°C until required. The protein concentration of the ECPs was evaluated with Coomasie Brilliant Blue assays (Bio Rad Laboratories).
Hemolymph extraction and effect of bacteria on
hemocyte viability. Adult oysters from the 3 oyster
lines were maintained separately in 50 l tanks of aerated artificial seawater at 15°C and 28 ‰ of salinity and
fed daily with Instant Algae. Oyster shells were
notched and 1 ml of hemolymph was withdrawn from
each oyster by the adductor muscle sinus with a disposable syringe. The number of viable hemocytes in
each oyster’s hemolymph was counted with a hemacytometer after staining with trypan blue. Since the concentration of hemocytes in each oyster was similar
(around 1 × 106 hemocytes ml−1 of hemolymph), hemocytes were left in the hemolymph to avoid further cell
manipulation. Hemolymphs extracted from 10 oysters
were pooled; 3 pools of 10 oysters each were used for
each treatment. Treatments included viable or heatkilled (100°C, 2 h) bacteria at doses of 10, 103, and 106
CFU ml−1, and heat-treated (100°C, 2 h) or non-treated
bacterial ECPs at 75, 150, and 300 µg ml−1. After 4 and
24 h of incubation with the different treatments,
respectively, aliquots were taken and cell viabilities
determined by trypan blue exclusion assays with 3
replicate counts per sample. Data were expressed as
percent cell viability. The effect of treatments on cell
morphologies was determined by observation with an
inverted microscope.
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Statistics. Differences in hemocyte viabilities between oyster lines were tested by 2-way ANOVA using
Sigmastat 3.1 software (Systat). Data collected as percentages were transformed (arcsine of the square root)
before analysis. Differences in survival between oyster
lines were tested with the Kaplan-Meier log-rank
(nonparametric test) survival analysis using SigmaStat
3.1. Multiple comparisons were done using the HolmSidak post-hoc method. Results were deemed significant at p < 0.05.
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Experimental challenges by bath exposure showed
that Vibrio spp. isolates RE22 and RE101, and Roseovarius crassostreae CV919-312T induced significant
mortalities in larvae of Crassostrea virginica after 24 h
of exposure at either 20 or 25°C (Fig. 1). Low or absent
larval mortalities were observed in unchallenged control larvae. Significantly higher mortalities of GHP larvae were observed at 25°C than at 20°C when exposed
to Vibrio sp. isolate RE101 and R. crassostreae CV919312T. Significant differences between oyster lines in
percent survival to challenge with Vibrio sp. RE101
were observed at 20°C (mean survival time ± SD: 37 ±
3 h for GHP, 43 ± 1 h for NEHY, p < 0.001), as well as to
challenge with R. crassostreae CV919-312T (27 ± 2 h
for GHP, 38 ± 2 h for NEHY, p < 0.001), but not with the
highly pathogenic Vibrio sp. isolate RE22 (24 ± 1 h for
all oyster lines). Vibrio sp. isolate RE22 was significantly more pathogenic to NEHY oysters than isolate
RE101 and R. crassostreae CV919-312T. No statistical
differences in survival were observed between oyster
lines, or between bacterial isolates, at 25°C, probably
due to the severity of the challenge (Fig. 1b).
Microscopic examination of larvae from the GHP
and NEHY lines at regular intervals during experimental challenges showed that the first sign of disease was
a reduction of motility, followed by an abnormal circular pattern of swimming, and, finally, the inability to
swim. The abnormal velum of these moribund larvae
was stalk-like with clumped cilia (Fig. 2b). At the peak
of mortalities, bacteria swarming inside and around
dead and moribund larvae were observed (not shown).
No lesions or abnormal swimming were observed in
non-infected control individuals (Fig. 2a). Histopathological examination revealed the presence of rodshaped bacteria and phagocytic cells in the visceral
cavity of larva infected with Vibrio spp. RE22
(Fig. 2c,d) and RE101. No lesions were observed in
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Fig. 1. Crassostrea virginica. Percent survival of oyster larvae
challenged by bath in 5 × 105 CFU ml−1 of Vibrio spp. isolates
RE101 and RE22, and Roseovarius crassostreae CV919-312T
for 24 h at (a) 20°C and (b) 25°C. Data are expressed as mean
+ SD of % of oyster survival of 3 replicate groups of 10 to 12
larvae per treatment. For treatments without mortalities,
mortality bars are located by zeros

larvae infected with R. crassostreae CV919-312T or
non-infected control larvae (not shown).

Juvenile oysters
No significant differences were observed between
the condition indices of the 3 oyster lines (not shown).
Experimental challenge of oyster juveniles (4–9 mm
shell height) with Vibrio sp. RE22 and Roseovarius
crassostreae CV919-312T at 25°C resulted in mortalities in the 3 oyster lines. Significant differences in survival were detected; FLOWERS was the least resistant
line since no surviving individuals remained 27 d postchallenge (Fig. 3). According to the survival analysis,
NEHY was significantly more resistant than GHP and
FLOWERS to challenge with R. crassostreae CV919312T, with a mean survival time of 28 ± 1 d compared to
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Fig. 2. Crassostrea virginica. Larvae experimentally challenged for 24 h with Vibrio spp. isolates RE22 and RE101, or Roseovarius
crassostreae CV919-312T. (a) Unchallenged larva; (b) challenged larva showed deformed vela with clumped cilia (arrow); (c & d)
H&E-stained histological section of larva challenged with Vibrio sp. RE22 showed rod-shaped bacteria (arrowhead) and
phagocytic cells in the visceral cavity, (d) is a higher magnification of the area boxed in (c). Scale bars = 10 µm

9 ± 1 d for both FLOWERS and GHP (p < 0.001). In the
case of challenges with Vibrio sp. RE22, survival for all
lines was significantly different (p < 0.05), with NEHY
oysters showing the highest mean survival time (24 ±
1 d), then GHP (15 ± 1 d), and FLOWERS (10 ± 1 d) oysters. For a particular line, no significant differences in
survival to experimental challenge with isolates RE22
or CV919-312T were observed, with the exception of
the GHP line, which was more resistant to Vibrio sp.
RE22 than to R. crassostreae CV919-312T. Although
low levels of mortality occurred in unchallenged oysters, neither Vibrio sp. RE22 nor R. crassostreae
CV919-312T were isolated from these oysters. No significant relationship between oyster size and time to
mortality was observed in infected oysters in this size
range (r2 = 0.002, F = 0.422).
In the case of larger juvenile oysters (15−22 mm shell
height), a longer time was required to induce mortali-

ties after experimental challenge with Vibrio sp. RE22
and Roseovarius crassostreae CV919-312T at 25°C than
in smaller juveniles (Fig. 4). No significant differences
in survival after bacterial challenge with Vibrio sp.
RE22 or R. crassostreae CV919-312T were observed
between the 3 oyster lines. Following challenges with
Vibrio sp. RE22, mean survival time ranged from 8.2 ±
0.5 wk for GHP oysters to 9.3 ± 0.3 wk for both NEHY
and FLOWERS oyster lines. Following challenges with
R. crassostreae CV919-312T, mean survival time was
7.8 ± 0.6 wk for FLOWERS, 9.3 ± 0.4 for NEHY, and
9.7 ± 0.3 wk for GHP oysters.
Oyster juveniles experimentally challenged with
Vibrio sp. RE22 presented histological lesions characterized by disorganization of muscle fibers, hemocytic
infiltration, and necrosis in the mantle (not shown). In
the case of oyster juveniles infected with Roseovarius
crassostreae CV919-312T, lesions were characterized
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Fig. 3. Crassostrea virginica. Percent survival of oyster juveniles (4–9 mm shell height) from 3 lines experimentally challenged by bath in 5 × 105 CFU ml−1 of Vibrio sp. RE22 or
Roseovarius crassostreae CV919-312T for 43 d at 25°C. Data
expressed as mean ± SD of % oyster survival of 3 replicate
groups of 50 oysters per line and treatment

Fig. 4. Crassostrea virginica. Percent survival of oyster juveniles (15–22 mm shell height) from the 3 lines experimentally
challenged by bath in 5 × 105 CFU ml−1 of Vibrio sp. RE22 or
Roseovarius crassostreae CV919-312T for 14 wk at 25°C. Data
expressed as mean ± SD of % oyster survival of 3 replicate
groups of 50 oysters per line and treatment

by degeneration and erosion of the mantle associated
with hemocytic infiltration and the presence of organic
deposits (conchiolin), as well as the presence of dense
spherical bodies in the mantle (Fig. 5a,b). No histological lesions were observed in unchallenged control
oysters (not shown). Immunofluorescent labeling of
histological sections from juvenile oysters challenged
with R. crassostreae CV919-312T with an anti - R. crassostreae antibody showed the presence of rod-shaped

bacteria on the surface of the mantle and within the
conchiolin (Fig. 5c,d), but not within oyster tissues, nor
in unchallenged oysters. Macroscopically, oysters
(15−22 mm shell height) challenged with R. crassostreae CV919-312T showed conchiolin deposits on
interior valve surfaces 3 to 4 wk post-challenge, while
no gross signs of ROD were observed in oyster juveniles less than 15 mm shell height or in control oysters
(not shown).
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Fig. 5. Crassostrea virginica. Representative photomicrographs of oyster juveniles experimentally challenged with Roseovarius
crassostreae CV919-312T. H&E-stained sections of a challenged oyster showing: (a) degeneration and erosion of the mantle
associated with hemocytic infiltration (arrows) and the presence of conchiolin (arrowheads) (scale bar = 100 µm); (b) bacteria
(arrows) and dense spherical bodies (arrowhead) in the mantle (scale bar = 5 µm); (c & d) immunofluorescent labeling of R. crassostreae in histological sections of a challenged oyster showing the presence of rod-shaped labeled bacteria (arrowhead) within
conchiolin deposits, (d) is a magnification of the area boxed in (c) (scale bars = 10 µm)

Effect of bacteria on oyster hemocyte viability
The viabilities of hemocytes from oysters of the
GHP, NEHY, and FLOWERS lines were significantly reduced after 4 h (data not shown) and 24 h of incubation
with viable bacterial cells (10, 103, and 106 CFU ml−1) of
Vibrio sp. RE22 or Roseovarius crassostreae CV919312T (Fig. 6). Significantly lower survival to bacterial
challenge (103 and 106 CFU ml−1 of isolates RE22 or
CV919-312T) occurred among hemocytes from GHP in
comparison to hemocytes from FLOWERS and NEHY
oysters (p < 0.05). For hemocytes from each oyster line,
viabilities were inversely proportional in nominal dose
responses to challenge concentrations of live bacterial
cells. No significant differences were observed between survivals of unchallenged control hemocytes and
hemocytes challenged with heat-killed bacteria.
Incubation of hemocytes with ECPs from Vibrio sp.
RE22 and Roseovarius crassostreae CV919-312T signif-

icantly reduced their survival relative to unchallenged
hemocytes (Fig. 7). No significant differences between
oyster lines were detected in the effect of bacterial
ECPs on hemocyte survival. For hemocytes from each
oyster line, viabilities were inversely proportional in
nominal dose responses to concentrations of nonheated bacterial ECPs. The toxic effects of all the ECPs
on hemocytes were eliminated when ECPs were heattreated.
Differences in hemocyte morphologies were observed following incubation with viable Vibrio sp.
RE22 bacteria, as well as with non-heated ECPs.
These changes were characterized by a high proportion of rounded refringent hemocytes (Fig. 8b) that
were not observed in untreated cells (Fig. 8a). Similar results were observed following incubation of
oyster hemocytes to live bacteria and non-heated
ECPs from Roseovarius crassostreae CV919-312T (not
shown).
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Fig. 6. Crassostrea virginica. Viabilities of oyster hemocytes
incubated for 24 h at 20°C with viable and heat-killed Vibrio
sp. RE22 and Roseovarius crassostreae CV919-312T cells
at concentrations of 10, 103, and 106 CFU ml−1. Data expressed as mean ± SD of % viable hemocytes in 3 hemolymph pools per experimental group. The experiment was
performed twice
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Fig. 7. Crassostrea virginica. Viability of oyster hemocytes incubated for 24 h at 20°C with ECPs of Vibrio sp. RE22 and
Roseovarius crassostreae CV919-312T at concentrations of 75,
150, and 300 µg ml–1. Data expressed as mean ± SD of %
viable hemocytes in 3 hemolymph pools per experimental
group. The experiment was performed twice

Experimental challenges with bacterial pathogens
have been successfully used to evaluate host−pathogen interactions in oysters (e.g. Labreuche et al. 2006).
In this work, we have successfully applied a modification of the experimental challenge protocol developed
by Estes et al. (2004) in Pacific oysters Crassostrea
gigas to test for differences in susceptibility to bacterial
challenge between different lines of eastern oysters
C. virginica. Factors affecting levels of resistance to
bacterial challenge in oysters included temperature,
bacterial isolate, age/size of the oyster, and oyster line.
These experimental challenges will provide a useful
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model for studying host-pathogen interactions and
mechanisms of resistance to bacterial infection in
oysters.
We first provide evidence that 2 Vibrio spp. strains
isolated from diseased Crassostrea gigas larvae (Estes
et al. 2004) were able to induce mortalities in C. virginica larvae and juveniles. Consistent with observations in C. gigas, Vibrio sp. RE22 was more pathogenic to C. virginica larvae than Vibrio sp. RE101. The
fact that Vibrio species isolated from C. gigas are able
to induce mortalities in C. virginica is not surprising
since this bacterial genus has been implicated in larval
mortalities of different bivalve species in hatcheries
(Paillard et al. 2004). The histological lesions observed
after experimental challenge of C. virginica larvae and
juveniles with Vibrio spp. RE22 and RE101 resembled
those previously described for larval vibriosis in oysters (Tubiash et al. 1965, Elston et al. 1980, Estes et al.
2004), clams (Gomez-Leon et al. 2005), and cockles
(Fujiwara et al. 1993), suggesting common mechanisms of Vibrio spp. pathogenesis in bivalve species.
Furthermore, we provide further evidence that
Roseovarius crassostreae is the causative agent of
JOD, now called Roseovarius oyster disease (Maloy et
al. 2007). This disease was first observed in Crassostrea virginica in the northeastern USA in the late
1980s. Several causative agents have been evaluated
since then, including bacteria of various genera,
including Vibrio spp. (Lee et al. 1996, Paillard et
al. 1996), Aeromonas and Pseudomonas spp. (Paillard
et al. 1996), as well as protozoan parasites (Boettcher et
al. 2006). Recently, a novel species of alphaproteobacterium, R. crassostreae, was identified as the etiological agent of ROD based on the observation that R. crassostreae is consistently the dominant bacterial species
associated with JOD-affected animals (Boettcher et al.
1999, 2000, 2005) and the successful reproduction of
disease signs after challenge of oyster juveniles by
injection of R. crassostreae into the pallial cavity
(Maloy et al. 2007). We have been able to cause mortalities in oyster larvae and juveniles by bath exposure
to R. crassostreae, and have reproduced the characteristic signs of ROD in oyster juveniles between 15 and
22 mm in shell height. Those clinical signs included
mantle lesions characterized by degeneration, erosion
and the presence of dense spherical bodies termed
‘coccoid bodies’, and the presence of conchiolin
deposits in the interior valve margins (Bricelj et al.
1992, Ford & Borrero 2001). Consistent with recently
published research in ROD-affected oysters (Boardman et al. 2008), the presence of R. crassostreae in
experimentally challenged juveniles was restricted to
the outer edge of the mantle and the conchiolin. Similarly, in brown ring disease, a bacterial pathology first
described in the clam Ruditapes philippinarum, the
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etiological agent Vibrio tapetis can not be detected histologically within clam tissues (Paillard et al. 1994,
Paillard & Maes 1995).
Our results also confirm the important role of
temperature on the pathogenesis of bacterial infection in
oyster larvae and juveniles; temperatures at or above
25°C were necessary for Roseovarius crassostreae to
cause significant mortalities among juvenile oysters.
Furthermore, higher temperatures (25 versus 20°C) also
resulted in significantly higher mortalities when larvae
were challenged with Vibrio spp. isolates RE22 and
RE101. These results are in agreement with observations
in oyster hatcheries that indicate higher incidence of
bacillary necrosis at warmer temperatures (Ford &
Borrero 2001), and observations in the field that show
that ROD mortalities occur when water temperatures
increase (Bricelj et al. 1992). Warmer temperatures could
result in higher mortalities by favoring bacterial proliferation and secretion of extracellular virulence factors.
As observed in previous research (Ford & Borrero 2001),
warm temperatures were unlikely to be the direct cause
of ROD, as holding the control oyster at 25°C did
not caused unusual mortalities or conchiolin deposits
on the interior of the valves.
Our results are also consistent with observations in
the field that show that resistance to bacterial infection
significantly increases with oyster age and size (Bricelj
et al. 1992, Ford & Borrero 2001). The capacity for
repair as well as immune defenses including external
barriers such as the shell may be more efficient at protecting the oyster from bacteria invasion as the oyster
increases in size (Mount et al. 2004).
We demonstrate here that experimental challenges
are particularly useful in evaluating differences in survival to bacterial challenge between oyster lines selectively breed for resistance to diseases caused by bacterial (ROD) or protistan (dermo and MSX) pathogens. In
general, the MSX and dermo disease-resistant oyster
line NEHY showed the highest levels of resistance
to bacterial challenge of the 3 lines that we tested.
Interestingly, NEHY oysters were more resistant to
Roseovarius crassostreae challenge than oysters from
FLOWERS at the larval and early juvenile stages
(4–9 mm shell height). This is consistent with observations in the field that indicate that hybrids between
NEHY and FLOWERS lines were more susceptible to
ROD than the NEHY line (Guo et al. 2003). Although
the FLOWERS line was not evaluated in this field trial,
the field results are in agreement with our laboratory
observations that the NEHY line is more resistant to
ROD than the FLOWERS line. These observations suggest that the FLOWERS line may have lost resistance
to ROD, possibly due to decreased disease pressure, or
that resistance to ROD is dependent on the strain of
R. crassostreae to which oysters are exposed. The find-
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ing that the NEHY line is relatively ROD-resistant is
interesting as NEHY oysters have probably never been
exposed to ROD, although it is often exposed to Vibrio
spp. infections in the hatchery (X. Guo pers. comm.).
These findings suggest that oysters may use common
mechanisms of resistance to defend themselves
against infection by different bacterial pathogens.
As a first step in the elucidation of the potential
mechanisms of bacterial pathogenesis in oysters, we
evaluated the effect of bacterial challenge and exposure to bacterial ECPs on the survival of oyster hemocytes from the 3 oyster lines. Hemocytes are major
effectors of the immune system in oysters, and are also
involved in other functions like digestion and wound
healing (Bachere et al. 2004). Bacterial interactions
with hemocytes are inevitable during invasive infections or when bacteria are ingested during the normal
filtration and feeding processes. The virulence of Vibrio spp. and their capacity to induce mortalities during
larval and juvenile stages has been correlated with
their ability to produce extracellular toxins (Elston et
al. 1980, Nottage & Birkbeck 1987, Riquelme et al.
1996, Lambert et al. 2001, Gomez-Leon et al. 2005) that
in some cases have ciliostatic activity, and are able to
invade the bivalve tissues directly, causing necrosis
(Nottage et al. 1989). The role of extracellular toxins in
the pathogenicity of other bacterial genera (such as
Roseovarius crassostreae) has been poorly studied. In
the present work, we show for the first time that the
ECPs of R. crassostreae (CV919-312T) can contribute to
the development of the ROD pathogenesis since they
have cytotoxic activity that can significantly diminish
oyster hemocytes survival. It is also possible that the
presence of a possible toxin with ciliostatic activity
could have a detrimental action in the infected oysters,
since feeding impairment has been observed in experimentally infected animals (Boettcher et al. 2000), consistent with the ‘starved’ appearance of naturally
infected animals. The results obtained in the present
work indicate that the ECPs of both Vibrio sp. RE22
and R. crassostreae CV919-312T are heat-labile, suggesting that toxicity is not solely due to the lipopolysaccharide content of the ECPs (Gomez-Leon et al. 2005).
The fact that no major differences in hemocyte survival
after treatment with bacteria or ECPs (or at least not
consistent with differences in oyster survival to bacterial challenge) were observed between the different
oyster lines suggests that the differences in survival
between these oysters are due to factors other than the
toxic effects of bacteria on oyster hemocytes. Furthermore, the fact that these pathogenic bacteria are toxic
to hemocytes from adult oysters suggests that external
and mucosal barriers to infection are major contributors to the higher resistance to bacterial challenge
observed in oysters as they age.

In summary, the use of in vivo experimental
challenges by bath, which do not bypass mechanical
barriers to infection, combined with in vivo challenges
by injection and in vitro challenges of hemocytes will
be useful in the elucidation of mechanisms of pathogenesis as well as the study of the mechanisms of
resistance to bacterial challenge. Furthermore, future
comparison of the results from the experimental challenges with the overall performance of the different
oyster lines in the field would indicate the potential of
using experimental challenges as a tool in the development of selectively-bred lines of oysters resistant to
bacterial pathogens.
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