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ABSTRACT: Ingestion of bacteria by oysters Crassostrea virginica and bactericidal activity of oyster
hemocytes were studied using 4 environmental isolates (shellfish) and 3 clinical isolates (fecal) of
Vibrio parahaemolyticus. Clinical isolates (2030, 2062, 2107) were obtained from the feces of patients
with gastroenteritis who became ill during the 1998 food poisoning outbreak traced to consumption
of raw oysters from Galveston Bay, Texas. This outbreak was the first reported occurrence in the
United States of the virulent serotype O3:K6. Environmental isolates were from oysters (1094, 1100),
crab (1163) and sardines (ATCC 17802). All isolates possessed the thermolabile direct hemolysin (tlh)
gene, whereas only the clinical isolates possessed the thermostable direct hemolysin (tdh) gene, a virulence determinant. On average, environmental isolates were more susceptible than clinical isolates
to killing by oyster hemocytes, as determined by an in vitro dye reduction assay. Isolate 2062 was the
most susceptible of the clinical isolates; it lacked identifiable capsular material present in the other
clinical isolates and displayed the most diffuse colony morphology on nutrient agar plates. When oysters were exposed in vivo to mixtures of a clinical (2030) and an environmental (1163) isolate, more
clinical than environmental isolates were found in the tissues and hemolymph.
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INTRODUCTION
Vibrio parahaemolyticus, ubiquitous in marine and
estuarine environments (Chowdhury et al. 1990), is
commonly associated with shellfish (Earle & Crisley
1975, Varga & Hirtle 1975, DePaola et al. 1990). In general, Vibrio spp. in shellfish and estuarine waters favor
high temperatures and low to moderate salinity (Tamplin et al. 1982, Oliver et al. 1983, Tamplin 1994, Motes
et al. 1998). In humans who eat uncooked seafood,
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V. parahaemolyticus can cause severe gastroenteritis
(Blake et al. 1980, Janda et al. 1988). In the summer of
1998, V. parahaemolyticus was implicated in a gastroenteritis outbreak involving 416 cases in 16 States.
Illnesses were traced to the consumption of raw oysters
harvested from Galveston Bay, TX; clinical isolates
from 28 patients were serotype O3:K6 (Daniels et al.
1999). This was the first report in the United States of
serotype O3:K6, which was previously found only in
Asia (Okuda et al. 1997, Bag et al. 1999). This serotype
was not recovered from any oysters subsequently harvested from Galveston Bay (Kirk Wiles, Texas Department of Health, pers. comm.).
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Oyster gill cilia generate an incurrent water flow (4
to 40 l h–1 oyster–1) that draws suspended material into
the oyster pallial (mantle) cavity (Galtsoff 1964). This
inflow contains a variety of microorganisms that are
either suspended or adsorbed to phytoplankton and
other particulate matter. These microorganisms may
be eliminated from the pallial cavity through excurrent
flow, production of pseudofeces (a mixture of oyster
mucus and particulate material), or phagocytosis by
hemocytes in the external mucus (Allam et al. 2000).
Alternatively, microorganisms can be ingested by the
oyster, leading to their destruction within the digestive
gland or elimination in feces. However, some microorganisms persist in the oyster through either adhesion
or invasion of tissues.
Several depuration (controlled purification) studies
have shown that oysters do not eliminate all microorganisms equally. Enteric bacteria (e.g., Escherichia
coli, fecal coliforms, Salmonella spp.) are eliminated
quite effectively (Barrow & Miller 1969, Son & Fleet
1980, Jones et al. 1991), whereas viruses (Metcalf et al.
1979, Richards 1988, Power & Collins 1989) and indigenous estuarine vibrios (Greenberg et al. 1982, Eyles
& Davey 1984, Fletcher et al. 1991, Jones et al. 1991,
Tamplin & Capers 1992) are less consistently eliminated. In fact, Tamplin & Capers (1992) reported that
Vibrio vulnificus in oysters held at 23°C can persist and
replicate at a rate that allows the release of 105 bacteria oyster–1 h–1. This is a critical concern because of
serious human diseases and fatalities associated with
the consumption of shellfish containing viruses and
vibrios (Richards 1988).
Microorganisms that persist in oysters must overcome an antimicrobial defense system that consists of
cellular and humoral factors (Chu 1988, Feng 1988)
that can act internally and externally. The defensive
blood cells (hemocytes) can move from hemolymph
sinuses across epithelial barriers (diapedesis) into tissues, digestive tract or pallial cavity (Fisher 1986).
Although little is known of their in vivo bactericidal
ability, oyster hemocytes tested in vitro are known
to kill several species of bacteria, including different
strains of Vibrio parahaemolyticus and V. vulnificus
(Harris-Young et al. 1993, 1995, Genthner et al. 1999).
These studies showed that hemocyte killing ability
varied with different bacterial species and revealed an
association between bacterial susceptibility to hemocytes and the degree of bacterial encapsulation. Bacteria with an outer polysaccharide capsule were found to
be less susceptible than nonencapsulated isolates to
killing by oyster hemocytes. Harris-Young et al. (1995)
showed that virulent (encapsulated, opaque colonies)
V. vulnificus were less readily phagocytized by oyster
hemocytes and were more resistant to degradation
after phagocytosis than an avirulent strain (nonencap-

sulated, translucent colonies). Presence of a bacterial
capsule, at least for V. vulnificus, was associated with
resistance to phagocytosis in mammals, and several
capsular characteristics were postulated as virulence
factors for human disease (Tamplin et al. 1985, Yoshida
et al. 1985, Simpson et al. 1987, Wright et al. 1990,
Wright & Morris 1991).
Many studies of the association of Vibrio spp. with
shellfish have concentrated on V. vulnificus (De Paola
et al. 1997, Motes et al. 1998). However, interest in V.
parahaemolyticus increased with the emergence of the
virulent O3:K6 serotype in the United States (Daniels et
al. 1999). V. parahaemolyticus isolates, of both environmental and clinical origin, produce a species-specific
thermolabile direct hemolysin (tlh) (Tanaguchi et al.
1985) that can be used to confirm identification. A thermostable direct hemolysin (tdh), which is associated
with production of beta-hemolysis on Wagatsuma agar
(Kanagawa phenomenon) (Honda et al. 1988, Wong et
al. 2000), is produced by pathogenic isolates. Food and
environmental isolates that are not pathogenic to
humans do not possess the tdh gene (Shirai et al. 1990).
Remaining unresolved are the relations among
various factors, including the persistence of Vibrio
parahaemolyticus in oysters, the resistance of this
organism to phagocytosis, possession of the tdh gene
and the expression of virulence factors such as capsules. The purpose of this study was to compare
virulent clinical isolates (serotype 03:K6) from the 1998
Galveston outbreak with various environmental isolates in relation to their degree of encapsulation, ingestion by oysters and susceptibility to phagocytosis
by oyster hemocytes.

MATERIALS AND METHODS
Bacterial isolates used in this study. Three environmental isolates of Vibrio parahaemolyticus from shellfish (1094, 1100 and 1163) were compared with 3 clinical isolates (2030, 2062 and 2107) cultured from stool
samples of patients afflicted with gastroenteritis after
eating oysters from Galveston Bay (Table 1). To permit
identification of individual isolates during in vivo oyster
exposure experiments, spontaneous streptomycin-resistant derivatives of V. parahaemolyticus 1163 and
2030 were selected and denoted 1163S and 2030S, respectively. From these derivatives, spontaneous nalidixic acid-resistant derivatives (1163SN and 2030SN)
were selected. Spontaneous rifampicin-resistant derivatives (1163SR and 2030SR) were also selected from the
streptomycin-resistant derivatives. In addition, ATCC
type strain 17802 (Fujino et al. 1974) and a transposon
mutant (LM4462 Fix-Tra) that is unable to switch to an
opaque phenotype were used as references.
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Table 1. Vibrio parahaemolyticus isolates used in this study
Bacterial isolate

Relevant characteristics

Source

1094
1100
1163
1163S
1163SR
1163SN
2030
2030S
2030SR
2030SN
2062
2107
17802
LM4462 (Fix-Tra)

Environmental isolate, raw oyster
Environmental isolate, raw oyster
Environmental isolate, raw crab
Resistant to streptomycin
Resistant to rifampicin
Resistant to nalidixic acid
Stool sample from patient with gastroenteritis
Resistant to streptomycin
Resistant to rifampicin
Resistant to nalidixic acid
Stool sample from patient with gastroenteritis
Stool sample from patient with gastroenteritis
ATCC Type Strain
Translucent strain unable to switch to opaque

W. Landry, Food and Drug Administration, Dallas, TX
Food and Drug Administration, Dauphin Island, AL
W. Landry, Food and Drug Administration, Dallas, TX
This study; derivative of 1163
This study; derivative of 1163S
This study; derivative of 1163S
K. Wiles, Texas Department of Health, Austin, TX
This study; derivative of 2030
This study; derivative of 2030S
This study; derivative of 2030S
K. Wiles, Texas Department of Health, Austin, TX
K. Wiles, Texas Department of Health, Austin, TX
Fujino et al. (1974)
McCarter (1998)

Bacterial culture conditions. Initially, all isolates and
derivatives were cultured in nutrient broth (Difco Laboratories, Detroit, MI) supplemented with 2% NaCl
(NBS). Filtered seawater (FSW) for medium preparation
was collected from Santa Rosa Sound (near Pensacola
Beach, FL), adjusted with distilled water to 20 ppt salinity, sterilized by filtration (0.22 µm) and maintained at
25°C. Bacteria were inoculated into 125 ml Erlenmeyer
flasks containing 10 ml of NBS and incubated for 18 h at
25°C with shaking (200 rpm). Numbers and colony morphology of culturable bacteria were determined by the
spread plate method (0.1 ml aliquots) after 18 to 36 h of
growth at 25°C on NBS agar (1.5%) plates. For oyster
exposure and hemocyte killing tests, dilutions of challenge bacteria were made in FSW. For detection of hemolysin genes, cultures were prepared and maintained
as described previously (McCarthy et al. 1999). For examination by electron microscopy, bacteria were grown
in trypticase soy broth (Difco) supplemented with 1%
NaCl for 18 h at 30°C with shaking (200 rpm).
Bacterial characterization. Bacterial DNA was
extracted following the method of Gannon et al. (1992).
Dried DNA pellets were resuspended in 20 µl of sterile
Milli-Q water. For PCR, reaction mixtures contained
10 µl of 10× PCR reaction buffer, 10 µl of 25 mM MgCl2,
200 µM deoxyribonucleoside-5’-triphosphates, 2.5 units
AmpliTaq DNA polymerase, 1 µM of each primer, and
20 µl DNA extract (final volume: 100 µl). Cycling parameters consisted of initial denaturation at 94°C for
3 min followed by 30 cycles of denaturation at 94°C for
1 min; 60°C for 1 min; and 72°C for 2 min. Final extension was at 72°C for 7 min. Twenty microliters of PCRamplified DNA was separated in a 1% agarose gel and
stained with ethidium bromide. The primer sequences
used for amplification of tlh and tdh genes were as follows: tlh-L, 5’AAA GCG GAT TAT GCA GAA GCA
CTG3’ and tlh-R, 5’ GCT ACT TTC TAG CAT TTT

CTC TGC3’ (Taniguchi et al. 1986); tdh-L, 5’GTA AAG
GTC TCT GAC TTT TGG AC3’ and tdh-R, 5’TGG AAT
AGA ACC TTC ATC TTC ACC3’ (Nishibuchi & Kaper
1985). Gene probes labeled with alkaline phosphatase
(AP) and digoxigenin (DIG) were prepared as
described previously and used to identify Vibrio parahaemolyticus (McCarthy et al. 1999, 2000).
Electron microscopy. Bacterial cells were harvested
from overnight broth cultures by centrifugation (14 000 ×
g, 5 min, 4°C) or by scraping growth from trypticase soy
(plus 1% NaCl) agar plates. In accordance with a procedure developed by Fassel et al. (1992), cells were prefixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer (SCB) with 75 mM lysine and 0.075% alcian blue
for 20 min on ice. Additional processing for transmission
electron microscopy (TEM) was performed as described
by Miliotis et al. (1995) except that the samples were
fixed on ice for 2 h in 2.5% glutaraldehyde in 0.1 M SCB
with 0.075% alcian blue, washed 3 times in 0.1 M SCB
(5 min for each washing step) and postfixed in 1% OSO4
in 0.1 M SCB for 2 h on ice. Control material was processed through the previously described steps without
exposure to reagents containing alcian blue or lysine. All
of the samples were again washed in 0.1 SCB (5 min) and
embedded in 2% agar. Agar blocks were cut into 3 mm
cubes and dehydrated in an ascending ethanol graded
series (30, 50, 70, 90, 95 and 100%; 5 min at each concentration) followed by clearing for 30 min in propylene
oxide. Samples were infiltrated with equal volumes of
propylene oxide and Eponate 812 (Ted Pella, Inc., Reading, CA), and then polymerized in fresh Eponate 812 for
3 d at 60°C. Ultrathin sections were made using a Leica
Ultracut S ultramicrotome (Leica Microsystems Inc.,
Bannockburn, IL) and stained with uranyl acetate and
lead citrate as described by Reynolds (1963). Preparations were examined using a Philips 400HM TEM operating at an acceleration voltage of 80 kV.
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Oyster collection and maintenance. Oysters (6.5 to
12.5 cm length) were collected from Bayou Texar, an
inlet of Escambia Bay, FL, and transported to the US
Environmental Protection Agency’s Gulf Ecology Division Laboratory at Pensacola Beach, FL, during May
1999. Ambient salinity at the collection site ranged
from 5 to 15 ppt. Oysters were held in 1900 l holding
tanks with flow-through unfiltered seawater (salinity
15 to 20 ppt) for 1 to 21 days.
Hemolymph collection. For in vitro killing assays,
whole oyster hemolymph was collected using a syringe
and 23 gauge needle inserted into the adductor muscle
through a notch in the oyster shell. Hemolymph was collected in polypropylene tubes and immediately placed
on ice to reduce hemocyte clumping. Hemolymph samples from 10 oysters were pooled for each trial.
In vitro killing assay. The percentage of bacteria
killed in vitro by oyster hemocytes (killing index, KI)
was determined in flat-bottomed 96 well microtiter
plates as described by Volety et al. (1999), except that
streptomycin was not used. Briefly, 106 bacteria were
incubated (3 h, 17°C) with 105 oyster hemocytes in each
of 8 replicate wells. A growout period (2 h, 25°C) for
surviving bacteria was initiated by addition of NBS
growth medium. The tetrazolium dye 3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS; Promega Corporation,
Madison, WI) and phenylmethasulfazone (PMS; Sigma
Chemical Company, St. Louis, MO) were added to the
wells (30 min, 25°C), and the absorbencies of formazan,
the soluble reduction product of MTS/PMS, were read
(490 nm) using an ELISA microplate reader (Model
311-SX, Bio-Tek Instruments, Inc., Winooski, VT). The
percentage of KI was calculated as described by Volety
et al. (1999), using the average of 8 replicates.
In vivo exposure of oysters to environmental and
clinical Vibrio parahaemolyticus isolates. Ten oysters
were removed from the holding tank, and their shells
were scrubbed with a brush using 10% bleach and
rinsed thoroughly with FSW. Five oysters were placed
in each of two 13 l, high-density polyethylene buckets
containing 10 l of FSW at 22°C and fed a single ration of
algal paste (0.25 g). Aeration was provided to all containers. Bacteria from overnight NBS cultures were
added to 1 tank containing oysters at a density of ~1 ×
106 cells ml–1. Oysters in the second tank served as the
control group. The inoculum contained unequal numbers of antibiotic-resistant derivatives of clinical isolate
2030 and environmental isolate 1163. Derivatives
2030SR and 1163SN (initial density of 9.6 × 105 CFU
ml–1) were used in the first trial, and derivatives 2030SN
and 1163SR (initial density of 8.1 × 105 CFU ml–1) were
used in the second trial. A water sample was collected
from experimental and control tanks (t = 0). Appropriate dilutions (0.1 ml) were spread on thiosulfate-citrate-

bile-sucrose (TCBS) agar plates, selective for enteropathogenic vibrios. After incubation (24 h, 25°C)
colonies that formed on these plates were processed, as
described below for oyster tissue, to differentiate between the clinical and environmental isolates.
After 48 h, oysters in both the experimental and control groups were removed from the tanks, and their
shells were brushed again with bleach. Hemolymph
was collected from each oyster, followed by removal of
all soft tissue, which was homogenized for 30 s using a
Polytron (Brinkman Industries, Rexdale, Ontario, Canada). Aliquots (0.1 ml) of both diluted hemolymph and
tissue homogenates were spread in triplicate on TCBS
agar plates. After incubation (24 h, 25°C) 100 randomly
selected colonies were transferred using sterile toothpicks to NBS agar plates containing nalidixic acid (5 µg
ml–1), rifampicin (100 µg ml–1) or streptomycin (250 µg
ml–1). After incubation (18 h, 25°C), the percentage of
clinical isolates was determined based on antibiotic
resistance phenotypes.
Statistical analysis. One-factor analyses of variance
followed by a multiple comparison test (Tukey) was
used to determine significant differences in KI among
strains by oyster hemocytes. A Student’s t-test was used
to determine the differences in percentage of clinical
and environmental isolates in the water at t = 0 and in
tissue or hemolymph after 48 h of incubation. Results
were deemed significant at p < 0.05.

RESULTS
Bacterial characterization
The presence of the tlh gene in the environmental
and clinical Vibrio parahaemolyticus isolates was
established by PCR and by hybridization with AP- and
DIG-labeled tlh gene probes. The tdh gene was
detected with both probes only in the clinical isolates
2030, 2062 and 2107 (Table 2). For both genes, the
results obtained with the probes agreed 100% with the
results obtained by PCR.
Colonial morphologies of the Vibrio parahaemolyticus
isolates varied greatly after 24 h incubation at 25°C on
NBS agar plates (Fig. 1). One isolate (1100) cultured from
Mobile Bay oysters produced the smallest (2 to 3 mm diameter) and densest colonies. Colonies of ATCC type
strain 17802 resembled those of the Mobile Bay isolate
(data not shown). Environmental isolate 1163 produced
slightly larger colonies with very irregular edges; environmental isolate 1094 produced the largest (10 to
15 mm diameter), most diffuse colonies. Of the clinical
isolates, 2107 produced the largest (15 to 20 mm diameter), most diffuse colonies, and isolate 2062 produced the
smallest (8 to 10 mm diameter) and densest colonies.
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Table 2. Detection of tlh and tdh genes in Vibrio parahaemolyticus isolates. AP: alkaline phosphatase-labeled
probe; DIG: digoxigenin-labeled probe; tlh: thermolabile
hemolysin gene; tdh: thermostable direct hemolysin gene
Isolate AP-tlh DIG-tlh PCR-tlh DIG-tdh PCR-tdh AP-tdh
Environmental
1094
+
1163
+

+
+

+
+

–
–

–
–

–
–

Clinical
2030
2062
2107

+
+
+

+
+
+

+
+
+

+
+
+

+
+
+

+
+
+

Fig. 1. Colonies of Vibrio parahaemolyticus isolates on nutrient
agar + 2% NaCl (NBS) medium. Dilutions of broth cultures
were spread onto the agar surface and incubated at 25°C for
24 h. (A) Environmental isolate 1100, (B) environmental isolate
1163, (C) environmental isolate 1094, (D) clinical isolate 2107,
(E) clinical isolate 2062 and (F) clinical isolate 2030

Growth media influenced the production of apparent polysaccharide, or capsular, material by Vibrio
parahaemolyticus (Table 3); visualization of the material by electron microscopy was enhanced with alcian
blue staining (Fig. 2). For example, in the absence of

Table 3. Presence (+) or absence (–) of capsular material in
Vibrio parahaemolyticus isolates cultured on liquid (L) and
solid (S) media and stained with or without alcian blue
Isolate
1094
1163
2030
2062
2107

Without alcian blue
–
–
–
–
+ (L)

With alcian blue
+ (L)
–
+ (L, S)
–
+ (L, S)

Fig. 2. Transmission electron micrographs of Vibrio parahaemolyticus isolate 2030. (A) Capsular material not visible without
alcian blue stain; (B) visible capsules (dark spike-like structures
on the cell surface) using alcian blue stain. Scale Βar = 0.5 µm
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alcian blue, only clinical isolate 2107 grown in liquid
medium displayed discernible capsular material. In
the presence of alcian blue, capsular material could
be found in environmental isolate 1094 grown in liquid medium and in clinical isolates 2030 and 2107
grown either in liquid or solid medium. In contrast,
environmental isolate 1163 and clinical isolate 2062
did not display capsular material regardless of the
medium or staining conditions (Fig. 3). Clinical isolate
2107, which produced the most translucent, diffuse
colonies on solid medium, exhibited the most capsular
material (Fig. 3).

Killing assay
Significant differences in susceptibility were observed among the 7 Vibrio parahaemolyticus isolates
challenged with oyster hemocytes in vitro (Fig. 4).
Environmental isolate 1163 was significantly more susceptible to killing by hemocytes, with a higher KI than
isolate 1094. Among the clinical isolates, strain 2062
was more susceptible to hemocyte killing, but differences in KI among the clinical strains were not significant. KI of the 3 clinical isolates was significantly lower
than KI of the 4 environmental isolates tested, including ATCC 17802 and LM 4462 Fix-Tra.

In vivo oyster exposure to environmental and
clinical isolates

Fig. 3. Transmission electron micrographs of Vibrio parahaemolyticus cells preserved and stained with glutaraldehyde containing lysine with alcian blue. (A) Clinical isolate
2062 lacking capsules; (B) clinical isolate 2107 possessing
capsules. Scale bar = 0.5 µm

Derivatives of 1163 and 2030 were selected because
the in vitro studies showed that 1163, an environmental isolate, was most susceptible to killing by oyster
hemocytes while 2030, a clinical isolate, was the least
susceptible (Fig. 4). Strains were selected for resistance to 2 antibiotics and used in 2 separate exposures
to reduce the possibility of using a single derivative
with altered growth or survival characteristics. In the
first exposure, the clinical isolate 2030SR represented
66% of the total Vibrio parahaemolyticus flora in the
tank water at t = 0 (Fig. 5A). After 48 h, the total number of V. parahaemolyticus in pooled hemolymph was
1.6 × 103 CFU ml–1, of which 87 ± 12% was the clinical
isolate. This figure was significantly higher than the
initial percentage (66%) in the tank water. The total
number of V. parahaemolyticus in pooled tissue homogenate was 2.0 × 104 CFU ml–1, of which 80 ± 8% was
the clinical isolate; this result was also significantly
higher than the initial 66% in the tank water (Fig. 5A).
In the second exposure, the clinical isolate 2030SN
represented 36% of the total Vibrio parahaemolyticus
flora in the tank water at t = 0 (Fig. 5b). After 48 h, the
total number of V. parahaemolyticus in hemolymph
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Fig. 4. Mean (± SE) killing index (KI) for oyster hemocytes incubated with 2 environmental (Env) Vibrio parahaemolyticus isolates
and 3 clinical (Clin) V. parahaemolyticus isolates from patients with gastroenteritis. Isolates were compared to ATCC type strain
17802 and a transposon mutant (LM4462, Fix-Tra) that is unable to switch to an opaque phenotype. *Significant (p < 0.05) difference between mean hemocyte killing of isolate 1163 from mean hemocyte killing of the other clinical and environmental isolates

Fig. 5. Percentage of clinical isolate recovered in water, plasma and tissue relative to total Vibrio parahaemolyticus added
(clinical + environmental isolate). (A) Clinical isolate 2030SR added in combination with environmental isolate 1163SN and
(B) clinical isolate 2030SN added in combination with environmental isolate 1163SR. *Significant (p < 0.05) difference between
percentage clinical isolate in plasma or tissue after 48 h and percentage in the water at the beginning of the experiment

was 4.0 × 103 CFU ml–1, of which 55 ± 18% was the
clinical isolate; this result was significantly higher than
the initial 36% in the tank water. V. parahemolyticus
count in tissue homogenate was 3.9 × 104 CFU ml–1, of
which 39% were the clinical isolate; this result was not
significantly different from the initial 36% in the tank
water.
In both exposure experiments no Vibrio parahaemolyticus were isolated from hemolymph or tissue of
unexposed oysters. All colonies appearing on TCBS
agar plates were resistant to streptomycin.

DISCUSSION
Previous studies implied an association among vibrio
pathogenicity, hemolysins, bacterial encapsulation and
the ability of vibrios to resist mammalian or invertebrate defenses (Yoshida et al. 1985, Harris-Young et al.
1995, Genthner et al. 1999). In this study, clinical isolates appeared to be more readily ingested, or less
readily disposed of, by oysters during 2 d laboratory
exposures. The experiments described here suggest an
association between bacterial encapsulation and resis-
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tance to invertebrate defenses, but reveal exceptions
to putative associations of encapsulation with pathogenicity or tdh gene expression.
The AP-labeled and DIG-labeled tlh gene probes
used in this study are specific for Vibrio parahaemolyticus (McCarthy et al. 1999) and detected the tlh
gene in both clinical (fecal) and environmental (shellfish) isolates. The tdh gene probe is specific for pathogenic V. parahaemolyticus (McCarthy et al. 2000) and
detected the tdh gene only in the clinical isolates
(2030, 2062 and 2107). There was 100% agreement
between probe and PCR results for both genes. The
clinical isolates used in this study were among 28
cultured from patients suffering from gastroenteritis
after eating raw oysters harvested from Galveston Bay
during May 1998. The 28 isolates were characterized
by pulse-field gel electrophoresis and exhibited the
same pattern (Daniels et al. 1999). Regardless, we
observed phenotypic differences among the 3 clinical
isolates, which were manifested as variable colonial
morphologies and a lack of capsular material associated with isolate 2062.
The production of capsular material in Vibrio vulnificus depends on a variety of factors, including medium
and temperature (Tamplin et al. 1985, Yoshida et al.
1985). A variety of capsular types may be produced
(Reddy et al. 1992, Simonson & Siebeling 1993) and a
direct correlation exists between encapsulation and
virulence (Yoshida et al. 1985). Although it did not
appear that V. parahaemolyticus isolate 2062 required
a capsule to be virulent, the presence of capsular material may confer some increased pathogenicity by protecting the bacterium from recognition or destruction
by host defenses. This possibility was shown in previous studies using V. vulnificus (Tamplin et al. 1985,
Yoshida et al. 1985, Biosca et al. 1993) and is underscored by the results obtained here with V. parahaemolyticus; i.e., isolate 1163 that lacked capsular
material exhibited significantly greater susceptibility
to in vitro killing by oyster hemocytes than encapsulated isolates (1094, 2107 and 2030) (Fig. 4).
Colony morphology and the presence of a bacterial
capsule appear to be linked in Vibrio parahaemolyticus. Unlike the opaque characteristic found for V. vulnificus (Yoshida et al. 1985), external polysaccharide
layers or putative capsules were found by TEM in
large, diffuse colonies of V. parahaemolyticus. It is not
certain whether diffuse colonies are the consequence
of encapsulation since swarming behavior is also
known to influence this characteristic (McCarter 1998).
Regardless, colony morphology, which varies greatly
in V. parahaemolyticus, can provide only an indication
of encapsulation whereas TEM allows a more definitive characterization with a higher level of resolution.
Colony morphologies of isolates 1094, 2107 and 2030

were larger and more diffuse than colony morphologies of isolates 1100, 1163 and 2062 (Fig. 1). These
results corresponded well with TEM examination of
the same isolates grown in both liquid and solid media,
where encapsulation was detected for strains 1094,
2107 and 2030 only (Table 3). This comparison not only
shows a link between colony morphology and encapsulation, but also reveals 2 exceptions to the typical
relation between encapsulation and pathogenicity, i.e.,
an environmental strain (1094) that exhibits a capsule
and a clinical strain (2062), possessing the tdh gene,
that does not.
In vivo laboratory exposure of oysters to a mixture
of clinical (2030) and environmental (1163) isolates
showed that both can be incorporated into oysters,
with some evidence that the clinical isolate was
ingested more readily than the environmental isolate
or that it survived better in oyster tissues (Figs 5A & B).
The presence of both isolates in the hemolymph indicated a systemic invasion by the bacteria, which might
reflect an ecological association (Tamplin & Capers
1992). The presence of bacteria in the hemolymph may
be a consequence of transport by phagocytic hemocytes between the digestive tract and the hemolymph
sinuses (diapedesis). Systemic invasion and persistence in laboratory-exposed oysters, combined with
the reduced ability of oyster hemocytes to kill the clinical isolates in vitro, indicated that oyster defenses do
not exclude clinical isolates from their tissue. Thus, it is
unlikely that selective exclusion or killing by oyster
defenses is responsible for the inability to isolate Vibrio
parahaemolyticus 03:K6 from Galveston Bay oysters.
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