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Marine aggregates are naturally forming conglomerations of larvacean houses, phytoplankton, microbes, and inorganics ad-
hered together by exocellular polymers. In this study, we show in vitro that the bacterial pathogen Vibrio vulnificus can be con-
centrated into laboratory-generated aggregates from surrounding water. We further show that environmental (E-genotype)
strains exhibit significantly more integration into these aggregates than clinical (C-genotype) strains. Experiments where marine
aggregates with attached V. vulnificus cells were fed to oysters (Crassostrea virginica) resulted in greater uptake of both C and E
types than nonaggregated controls. When C- and E-genotype strains were cocultured in competitive experiments, the aggregated
E-genotype strains exhibited significantly greater uptake by oyster than the C-genotype strains.

Vibrio vulnificus is a Gram-negative, halophilic bacterium capa-
ble of causing gastroenteritis, wound infections, and fatal sep-

ticemia in humans (1–3). It is routinely found in waters of estua-
rine environments as part of the normal microflora, as well as in
oysters and other shellfish inhabiting those estuaries (3). V. vulni-
ficus infection is the leading cause of seafood-borne deaths in the
United States, usually resulting from the consumption of raw or
undercooked oysters (3). Infections caused by ingestion com-
monly result in primary septicemia, almost always require hospi-
talization, and have a fatality rate of greater than 50% (3, 4).
Wound infections usually result from exposure of open wounds to
seawater containing the bacterium and can progress to fatal ne-
crotizing fasciitis (5, 6).

V. vulnificus exhibits high genotypic and phenotypic variation
(3) and is divided into two genotypes, a difference originally dis-
covered by randomly amplified polymorphic DNA PCR analysis
of strains from both clinical and environmental sources (7). In this
classification system, a gene designated vcg (virulence-correlated
gene) was found to have two variations (8). One allele (vcgC)
correlates highly with strains obtained from clinical sources and is
designated the C genotype, while the other (vcgE) is correlated
with environmentally isolated strains and is designated the E ge-
notype (7, 8).

Over 95% of infections resulting in septicemia caused by V.
vulnificus involve the consumption of raw oysters, with the re-
mainder arising from ingestion of steamed oysters and clams (3).
While millions of people in the United States eat raw oysters (9), if
a consumer is afflicted with a predisposing condition, such as liver
impairment or immune system dysfunction (10), the risk for in-
fection increases 80-fold (11). Even considering these two facts, it
is surprising that there are only ca. 40 primary septicemia cases
reported per year (10). Usually, oysters predominately contain the
E-genotype strains of V. vulnificus, which is likely a factor in the
low number of infections (12–18).

A study comparing the population dynamics of the V. vulnifi-
cus genotypes revealed an interesting phenomenon. While War-
ner and Oliver (13) found a nearly even ratio of C-type strains to
E-type strains in North Carolina and Florida seawater samples,
strains isolated from oysters in those same waters were predomi-
nately (�84%) E type (13, 19). Presently, the reason for this in-
congruity has not been determined. It is especially odd consider-

ing that oysters are filter feeders, pumping water through their
gills and straining food particles from the flow (20). Incredibly,
Crassostrea virginica is able to pump water at a rate of 10 liters h�1

g�1 dry tissue weight (20). With such a high rate of water clear-
ance, one would naturally expect the oyster’s internal composition
of V. vulnificus to mimic that of the surrounding water. However,
in experiments where marked V. vulnificus strains of the C or E
genotype were added to oysters and their entry into and exit out of
the shellfish were followed, no difference between the uptake or
depuration rates of the two types was observed (14, 21).

An oyster is able to select the particles of food that it eats on the
basis of size. The gills act as a sieve, catching particles of optimum
size and moving them toward the mouth, while particles that are
too large are stopped and passed from the oyster as pseudofeces.
Particles that are smaller than the optimum size pass through the
gills without capture. These too are excreted from the oyster un-
digested. For C. virginica, the optimum particle size is 5 to 7 �m in
diameter, with particles of this size being retained with 90% effi-
ciency (22). Particle retention rates drop to 50% when the diam-
eter is only 1.8 �m, and when particles are the size of a single V.
vulnificus bacterium (ca. 1 �m), oysters retain only ca. 16% of
what is passed through the gills (22). This size selection would
likely limit the effectiveness of bacterial uptake experiments where
bacterial cells are simply added to oyster tanks.

Marine aggregates, also known as marine snow, are a natural
part of marine waters. These particles consist of fecal pellets, lar-
vacean houses, phytoplankton, microbes, and inorganics brought
together by shear forces and Brownian movement. These particles
are conglomerated by exocellular polymers and physical/chemical
forces (23) and, once achieving a critical size, sink to the ocean and
estuary floor. Visible aggregates are termed “marine snow,” after
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the “long snowfall” of sedimentary material described by Rachel
Carson (23–25).

The purpose of this study was to compare the integration of C-
and E-genotype V. vulnificus cells into marine aggregates. These
particles, with added V. vulnificus, were then fed to oysters to
measure the uptake and depuration rates of this pathogen. We
hypothesized that differences in the ability of V. vulnificus strains
to incorporate into marine aggregates could play a role in the
population disparity that we have observed within oysters.

MATERIALS AND METHODS
Bacterial strains and growth conditions. V. vulnificus CVD713 is a C-
genotype strain possessing a stable (for at least 10 days) TnphoA trans-
poson that confers kanamycin resistance and alkaline phosphatase activity
(26–28). This strain forms blue colonies when grown on Tn agar, consist-
ing of Luria agar with the addition of 0.2 g liter�1 kanamycin, 2 g liter�1

glucose, and 0.04 g liter�1 5-bromo-4-chloro-3-indolyl phosphate
(BCIP). Tn agar selects for this TnphoA-possessing strain via its kanamy-
cin resistance and is differential by means of the BCIP breakdown (28). V.
vulnificus strain JDO-2 is a C-type strain derived from the parent strain
C7184. This strain is resistant to chloramphenicol and grows on heart
infusion agar in the presence of 2 mg/ml of the antibiotic. V. vulnificus
strains pGTR-JY1305 and pGTR-Env1 are E-type strains that contain the
stable pGTR plasmid which confers kanamycin resistance when the strain
is grown on Luria agar containing 10 g liter�1

L-arabinose and 0.3 g liter�1

kanamycin (29). These genetically marked strains were used in aggrega-
tion and oyster uptake experiments to allow differentiation of the added
strains from naturally occurring Vibrio spp. and other bacteria found in
oysters and seawater.

In competition experiments, wherein both kanamycin-resistant C-
and E-genotype V. vulnificus strains were used simultaneously, a selective
mannitol detection medium consisting of 16 g of BBL phenol red broth
base (BD, NJ) and 1.0% D-mannitol per liter of deionized water that was
autoclaved for 5 min at 121°C and then supplemented with 0.3 g liter�1

kanamycin and 10 g liter�1
L-arabinose was employed. Distinct yellow

colonies are formed by pGTR-JY1305 and pGTR-Env1 (E genotypes), and
red colonies are formed by CVD713 and JDO-2 (C genotypes) (12).

Oyster maintenance. Oysters (Crassostrea virginica) from the North
Carolina coast were collected by hand in the intertidal zone, rinsed, and
placed into holding aquaria to acclimate to laboratory conditions. The
tanks contained a 1:1 mixture of artificial seawater (ASW; Instant Ocean;
Aquarium Systems, Mentor, OH) and natural seawater (NSW; collected

from the North Carolina coast) which had been passed through a 0.45-
�m-pore-size filter (Millipore, Bedford, MA) and finally adjusted to 20‰
salinity with deionized water. Tank water was kept at 23°C, and oysters
were fed an algal mixture of Skeletonema and Isochrysis species daily. The
algal cultures were grown at room temperature in vented, 1-liter flasks
containing F/2 medium and were provided with constant fluorescent light
for 1 to 2 weeks until a dense population was achieved (30, 31). Serial
transfer of algal cultures was used to generate new cultures.

Marine aggregates. Laboratory-created aggregates (marine snow)
were generated using the method described by Shanks and Edmondson
(32) with the modifications suggested by Ward and Kach (33). Briefly,
cells were added to seawater diluted to 15‰ salinity with deionized water
in 250-ml roller bottles, 10 �g liter�1 hyaluronic acid was added, and the
bottles were placed on a roller table at 15 rpm for 24 h. Static bottles were
placed next to the roller table to serve as nonaggregated controls.

Bacterial incorporation into aggregates was measured by allowing the
aggregates to settle for 20 min and removing a 750-�l sample including
the aggregates (or nonaggregated particulate matter in the static controls),
disrupting the aggregates via vortexing to disaggregate the bacterial cells
for more accurate enumeration, and subsequent plating onto medium
specific for the added V. vulnificus strain. Control bottles not rolled were
inverted three times and allowed to settle for 20 min prior to sampling.
Each experiment involved four static control bottles and four rolled bot-
tles per bacterial strain, and each experiment was performed in triplicate.
For uptake experiments, roller bottles containing aggregates and control
bottles without aggregates were inverted three times before their contents
were gently poured into the oyster aquaria.

Oyster uptake and depuration. For each experiment, oysters were fed
24 h prior to being removed from maintenance tanks and placed in ex-
perimental tanks with 20‰ salinity ASW at 23°C. Twenty-five oysters
were placed into each tank, and five oysters were sampled at each time
point. Five oysters were removed from the tanks and sampled to establish
a background population count of V. vulnificus (sampling methods are
described below). V. vulnificus cells grown to a concentration of 108 to 109

CFU per ml were added to the experimental tanks to a final concentration
of 7.5 � 104 CFU/ml of tank water. Oysters were incubated in the V.
vulnificus-supplemented water for 24 h. After the initial 24-h exposure
and every 48 h thereafter, the oysters were removed from the tanks and the
aquaria were cleaned, sanitized, and refilled with fresh ASW (20‰ salin-
ity). The oysters were then placed back into the clean tanks before select-
ing five oysters that were removed for sampling, allowing the determina-

FIG 1 Micrograph of disrupted aggregates. Magnification, �1,000.

FIG 2 Concentrations of V. vulnificus cells by genotype recovered from mi-
crocosms allowed to form aggregates by rolling or from static control samples.
Bars with different letters are significantly different (P � 0.05) from each other,
as determined by two-way ANOVA with Bonferroni posttest comparisons.
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tion of bacterial uptake and depuration rates. All studies were conducted
in triplicate.

C- and E-genotype competition experiments. To allow competition
between the C- and E-genotype V. vulnificus cells, strain pGTR-JY1305
and strain CVD713 or strain pGTR-Env1 and strain JDO-2 were grown to
a concentration of 108 to 109 CFU per ml and then combined in a 1:1 ratio.
The mixture of cells was washed twice with phosphate-buffered saline
(PBS), added to the roller bottles as described above. Oysters in competi-
tion uptake experiments were placed into individual 1-liter aquaria with
the oyster resting on a raised metal platform. These individual oyster
aquaria contained a stir bar to maintain water flow and prevent the set-
tling of aggregates.

Oyster dissection and homogenization. Oysters, once removed from
experimental tanks, were rinsed with ethanol and patted dry with paper
towels. The oysters were shucked with a flame-sterilized oyster knife, and
the meat was washed with sterile ASW of 20‰ salinity and placed into a
sterile test tube.

The oyster meat was homogenized in 20‰ ASW at a 1:1 (wt/vol) ratio
(minimum, 5 ml ASW) using sterile blender cups (Waring, Torrington,
CT) and a blending pattern of 3 bursts of 15 s each with a 5-s pause
between the bursts.

Sampling methods for marked strains. After homogenization, sam-
ples were serially diluted in sterile PBS and plated onto the appropriate
medium for the specific detection of the inoculated strains of V. vulnificus,
as described above. The total numbers of CFU per gram of oyster tissue
were calculated.

Statistics. Data were compared using a two-way analysis of variance
(ANOVA) followed by post hoc tests with Bonferroni corrections for mul-
tiple comparisons (34). Data were analyzed using SigmaStat statistical
software (version 2.0; Access Softek Inc.).

RESULTS AND DISCUSSION

Using the method modified from Ward and Kach (33), we formed
aggregates of particles suspended in natural seawater by mixing
the water using roller bottles. By adding C- or E-genotype strains
of V. vulnificus to these aggregates as they formed, we were able to
measure the incorporation of the bacteria into these particulate
conglomerations. Macroscopic aggregates were always observed
in the bottles placed onto the roller table, whereas the static con-
trol bottles never formed such aggregates. Aggregates ranged in
size from centimeter scale to micrometer scale (Fig. 1). The con-
centration of V. vulnificus cells was significantly greater in the
samples with aggregated marine snow than in the samples where
aggregates did not form (P � 0.001), regardless of genotype
(Fig. 2). In the environment, V. vulnificus and other vibrios have

also been reported to be present in higher concentrations in nat-
ural marine aggregates than in the surrounding water (35, 36).
Marine aggregates are believed to increase bacterial survival when
moving between hosts (35). Furthermore, direct access to organic
substrates and protection from chemical or physical stress can be
gained by association with aggregates (36, 37). Thus, it is beneficial
for the cells to concentrate in marine snow in a short time.

E-type cells showed significantly more integration into marine
aggregates than C-type cells (P � 0.001), while the nonaggregated
V. vulnificus concentrations between the two genotypes were not
statistically significantly different (P � 0.05; Fig. 2). The cause of
the increased affinity for the E-genotype strain for marine snow is
not known, but because aggregate affinity and assimilation in-
volve cell-cell interactions, motility, chemokinetics, and exoen-
zyme production, we assume that one of these or other factors are
different between the two genotypes (35, 37–39). Recently, se-
quencing data revealed genomic differences between C- and E-
genotype strains, showing that E-type strains have genes linked to
attachment proteins (40). A PKD domain present in the E types

FIG 3 (A) Uptake and depuration of aggregated (circles) or nonaggregated (squares) E-genotype cells in oysters. *, time point at which the number for the
experimental group was significantly different (P � 0.05) from that for the control. Cells were added immediately after recording the zero time point. (B) Uptake
and depuration of aggregated (circles) or nonaggregated (squares) C-genotype cells in oysters. *, time points at which the number for the experimental group was
significantly different (P � 0.05) from that for the control. Cells were added immediately after recording the zero time point.

FIG 4 Incorporation of E- and C-type V. vulnificus into marine aggregates
when incubated in competitive coculture. *, significantly different (P � 0.05)
values.
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and absent from the C types could allow more effective binding
and hydrolysis of chitin, a component of marine aggregates
(40–42).

For decades, experiments looking at the uptake of V. vulnificus
by oysters have been conducted by simply adding planktonic bac-
teria to tanks containing the oysters or, occasionally, by adding the
bacteria to algae and feeding the algae to oysters. Because oysters
sort particles on the basis of size, the efficiency of planktonic bac-
terial uptake could be so low that results do not mimic what would
be expected to occur in situ. Thus, the planktonic model, while
useful, is likely to be highly inefficient. Aggregates with integrated
V. vulnificus cells were added to oyster tanks, and the uptake and
depuration of the cells were recorded (Fig. 3). Oysters sampled
after 1 day of incubation with the aggregated V. vulnificus treat-
ments were found to have significantly more E-genotype cells (Fig.
3A) or more C-genotype cells (Fig. 3B) than oysters sampled after
incubation with the nonaggregated control treatments (P � 0.025
and P � 0.002, respectively). The aggregated C-type cell numbers
were also significantly higher than those for the control at 3 days
after incubation (P � 0.03), but by day 6, aggregated C-type cells
were undetectable (Fig. 3B). E-type cell numbers were not signif-
icantly different in aggregated samples and controls (P � 0.05; Fig.
3A) and were very low in both.

When C- and E-genotype cells were added to aggregate bottles
in competition, we observed significantly greater (P � 0.001) in-
corporation of the E-type strain than the C-type strain into the
newly formed marine snow (Fig. 4). Furthermore, when compar-
ing the uptake data presented in Fig. 2 with those presented in Fig.
4, it appears that the presence of the E-type strains caused the
C-type strain to incorporate into the snow less than if the two
strains types were cultured individually. Aggregates generated
with C- and E-type strains in competitive coculture were subse-
quently fed to oysters (Fig. 5); we found that oysters exhibited
significantly greater (P � 0.029) uptake of the E-type cells than the
C-type cells that were added at the same time. Nonaggregated

controls showed no significant (P � 0.05) differences in uptake
between the two genotypes in these competitive studies. Thus, it
appears that in a mixed-genotype environment, such as that which
would be found in an estuarine system, E-genotype cells outcom-
pete the C-type cells for integration into marine aggregates. More-
over, while both genotypes of V. vulnificus individually exhibit
greater uptake by oysters when they are associated with these ag-
gregates, the E types benefit from their advantage and can display
increased uptake into oysters compared to the C-genotype coun-
terparts. This finding may explain why oysters are consistently
found to contain disproportionate ratios of E-genotype cells even
when they are not dominant in the surrounding water column.
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