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This study shows that naturally occurring Vibrio predatory bacteria (VPB) exert a major role in controlling pathogenic vibrios in
seawater and shellfish. The growth and persistence of Vibrio parahaemolyticus and Vibrio vulnificus were assessed in natural
seawater and in the Eastern oyster, Crassostrea virginica. The pathogens examined were V. vulnificus strain VV1003, V. parah-
aemolyticus O1:KUT (KUT stands for K untypeable), and V. parahaemolyticus O3:K6 and corresponding O3:K6 mutants defi-
cient in the toxRS virulence regulatory gene or the rpoS alternative stress response sigma factor gene. Vibrios were selected for
streptomycin resistance, which facilitated their enumeration. In natural seawater, oysters bioconcentrated each Vibrio strain for
24 h at 22°C; however, counts rapidly declined to near negligible levels by 72 h. In natural seawater with or without oysters,
vibrios decreased more than 3 log units to near negligible levels within 72 h. Neither toxRS nor rpoS had a significant effect on
Vibrio levels. In autoclaved seawater, V. parahaemolyticus O3:K6 counts increased 1,000-fold over 72 h. Failure of the vibrios to
persist in natural seawater and oysters led to screening of the water samples for VPB on lawns of V. parahaemolyticus O3:K6
host cells. Many VPB, including Bdellovibrio and like organisms (BALOs; Bdellovibrio bacteriovorus and Bacteriovorax stolpii)
and Micavibrio aeruginosavorus-like predators, were detected by plaque assay and electron microscopic analysis of plaque-puri-
fied isolates from Atlantic, Gulf Coast, and Hawaiian seawater. When V. parahaemolyticus O3:K6 was added to natural seawater
containing trace amounts of VPB, Vibrio counts diminished 3 log units to nondetectable levels, while VPB increased 3 log units
within 48 h. We propose a new paradigm that VPB are important modulators of pathogenic vibrios in seawater and oysters.

Vibrio parahaemolyticus is the principal source of seafood-asso-
ciated bacterial illness in the United States and the Far East

(27). In 1995, routine surveillance for diarrheal diseases in Kol-
kata, India, revealed a high frequency of a novel V. parahaemolyti-
cus serotype, O3:K6 (30). Its rapid spread to Asia, North and South
America, Africa, and Europe was a cause for concern because high
hospital admission rates suggested that this serotype might be
more virulent than other strains (27). The first outbreak of V.
parahaemolyticus O3:K6 in the United States was reported in 1998
from the consumption of oysters from Texas and led to 296 ill-
nesses (8). Another outbreak occurred from oysters and clams
harvested from Long Island, New York, causing illnesses in Con-
necticut, New Jersey, and New York (4). Even though illnesses
from V. parahaemolyticus O3:K6 have been reported in the United
States, the number of outbreaks is very low compared to many
other countries. The reason for the limited outbreaks in the
United States remains uncertain.

A variety of potential virulence factors have been identified for
V. parahaemolyticus O3:K6. Studies showed the unique presence
of at least four genomic islands in the pandemic V. parahaemolyti-
cus RIMD2210633, an O3:K6 strain isolated from Japan in 1996
(2, 14). It was hypothesized that genomic island DNA may be
associated with increased pathogenicity toward humans or in-
creased fitness in the aquatic environment (14). A region named
Vibrio parahaemolyticus island 7 on chromosome II contains two
copies of the tdh gene, which encodes the thermostable direct
hemolysin, an important virulence factor in V. parahaemolyticus
(24, 29). In addition, this region encodes a type three secretion
system (T3SS) named T3SS-2. Genome sequence analysis also
identified the presence of a second T3SS (T3SS-1 or TTSS-1) on
chromosome I (24). Both T3SSs are important for virulence, and

a number of effector proteins have been identified (18). Recently,
we demonstrated that the Vibrio-specific ToxR and ToxS trans-
membrane transcriptional regulatory proteins are important for
T3SS-1 expression (42). ToxRS also protects V. parahaemolyticus
from the stresses of acid, bile salts, and detergents via its positive
regulation of the outer membrane protein OmpU (42, 43).

The �38 alternative stress response gene, rpoS, encodes the
RpoS protein, which exerts a role in the response of Vibrio and
other bacteria to stress, including acid, cold, heat, osmotic shock,
starvation, salinity, pH, and oxidative damage (13, 22, 23, 31, 35,
39, 40, 43). RpoS also upregulates many chemotaxis and motility
genes (28) and a variety of virulence genes (1, 10, 12, 19). Since
rpoS and toxRS are integrally involved in Vibrio survival and vir-
ulence, we hypothesized that these genes would influence the up-
take or colonization of V. parahaemolyticus O3:K6 in Eastern
oysters or Vibrio survival in seawater. Other serotypes of V. para-
haemolyticus have been associated with outbreaks of seafood-as-
sociated illness, including a pandemic strain known as V. parah-
aemolyticus O1:KUT (KUT stands for K untypeable) (15). Vibrio
vulnificus is another species which is of concern and has a mortal-
ity rate of more than 50% (16). It is most frequently transmitted
through the consumption of raw or undercooked oysters and
through wounds sustained in the marine environment.

Received 18 May 2012 Accepted 7 August 2012

Published ahead of print 17 August 2012

Address correspondence to Gary P. Richards, gary.richards@ars.usda.gov.

Copyright © 2012, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AEM.01594-12

October 2012 Volume 78 Number 20 Applied and Environmental Microbiology p. 7455–7466 aem.asm.org 7455

http://dx.doi.org/10.1128/AEM.01594-12
http://aem.asm.org


Bdellovibrio and like organisms (BALOs) are Gram-negative
bacteria that are predatory toward a host of other Gram-negative
bacteria, including vibrios. They are phylogenetically and envi-
ronmentally diverse (32) and have complicated life cycles, with
both host-dependent and host-independent replication (3, 9, 36,
44). In host-dependent replication, small BALOs with single polar
flagella, known as attack phase BALOs, encounter a susceptible
Gram-negative host bacterium, enzymatically digest a hole in the
host membrane, and enter the cell (38). The invader then forms an
encystment, known as a bdelloplast, within the periplasmic space
of the host. The bdelloplast contains a replicative form, which
resembles an elongating worm that derives nutrients for growth
from the host. Upon maturation, the bdelloplast septates into
multiple (usually 3 to 9) immature cells. The small immature cells
are released from the host and grow into mature, attack phase cells
(34). The attack phase BALOs are reportedly only 0.2 to 0.4 �m in
diameter (44), and the immature forms are smaller.

An alternative means of BALO replication is through the host-
independent pathway, which is where BALOs replicate external to
any prey or in the absence of prey. In this process, the BALOs can
form chains of variable length in the extracellular milieu. Chains
subsequently septate to form individual BALOs capable of reini-
tiating the replication process. In other cases, extracellular repro-
duction can occur in a manner reminiscent of typical bacteria, via
binary fission into two progeny of equal sizes (9). Another type of
vibrio predatory bacterium is Micavibrio aeruginosavorus, a bac-
terium that resembles attack phase BALOs in size and shape but
that parasitizes and kills host cells without entering the host (21).
They have been identified as an important factor in killing bacteria
in biofilms (17).

In this paper, we do the following: (i) show a general decrease
of V. parahaemolyticus O3:K6, V. parahaemolyticus O1:KUT, and
V. vulnificus in natural seawater and oysters over time; (ii) dem-
onstrate through gene knockout that toxRS and rpoS have no ef-
fect on V. parahaemolyticus O3:K6 survival or proliferation in sea-
water or oysters; (iii) identify the cause of the Vibrio reductions as
BALOs and other Vibrio predatory bacteria (VPB); (iv) show a
reduction in Vibrio levels and a concomitant increase in the levels
of VPB in seawater over time; and (v) assess the levels of VPB in
natural seawater obtained from various locations. This work sug-
gests a new paradigm of the importance of VPB in modulating
environmental vibrios.

MATERIALS AND METHODS
Bacterial and algal cultures. The Vibrio parahaemolyticus and Vibrio vul-
nificus cultures used in this study are described in Table 1 and were derived
from clinical isolates. V. parahaemolyticus O3:K6 strain RIMD2210633,
isolated from an outbreak in Japan, was selected for streptomycin resis-
tance as previously described (43) and was used as the wild-type strain.
In addition, streptomycin-resistant toxRS and rpoS deletion mutants
(�toxRS and �rpoS) were constructed from the wild-type strain (43). The
O1:KUT (K untypeable) serotype of another pandemic V. parahaemolyti-
cus (15) and a highly virulent V. vulnificus (strain VV1003) are described
in Table 1. High virulence of V. vulnificus VV1003 was previously deter-
mined in mouse 50% lethal dose (LD50) assays (33). These species and
strains were naturally selected for streptomycin resistance. The vibrios
were routinely maintained in Luria-Bertani (LB) broth or agar (Becton,
Dickinson and Co., Sparks, MD) containing a total of 3% NaCl (LB–3%
NaCl broth or agar) at 37°C. Stock cultures were obtained from the Amer-
ican Type Culture Collection (ATCC) (Manassas, VA) and consisted of a
host-dependent Bdellovibrio bacteriovorus (ATCC 15143) provided as a
coculture with Escherichia coli host cells (ATCC 15144), and a prey-inde-
pendent strain of Bacteriovorax stolpii (ATCC 27052), which is also propa-
gatable in E. coli B cells (ATCC 11303). Stock cultures were grown under
the conditions recommended by the ATCC.

Two sources of algae were used in these studies. The first was a live
alga, Tetraselmis chui, produced and provided by B. J. Landau at Rutgers
University, Multispecies Aquaculture Demonstration Facility, Cape May,
NJ. It served as a food source in oyster trials. These cultures were trans-
ported by overnight FedEx to the laboratory and used the same day they
were received. Algal counts and viability were assessed microscopically
using a hemocytometer. The second alga was commercially produced as a
food source for shellfish (Instant Algae Shellfish Diet 1800; Reed Maricul-
ture, Campbell, CA) and consisted of four inactivated algae (Isochrysis,
Pavlova, Thalassiosira weissflogii, and Tetraselmis). They were used in
studies where daily applications of algae were required.

Oyster and seawater sources. Seawater for studies on Vibrio uptake by
oysters was obtained from the University of Delaware Marine Laboratory
in Lewes, DE. The samples of seawater were collected from incoming
tides, which gave low-sediment seawater at approximately 30 ppt salinity.
Surface water was also collected in sterile 20-liter bottles from a dock at the
Cape May-Lewes Ferry Terminal in Lewes, DE, which was also around 30
ppt salinity. Screening for predatory bacteria against V. parahaemolyticus
was performed on seawater samples provided by the following: William
Berkhardt, U.S. Food and Drug Administration (FDA), Dauphin Island,
AL; Ronald Lau, Kona Coast Shellfish, Kailua-Kona, Hawaii; Chris Lang-
don and Jonathan Sun, Hatfield Marine Science Center, University of
Oregon, Newport, OR; and Sue Cudd, Whiskey Creek Shellfish Hatchery,

TABLE 1 Vibrios used in this study

Species
Serogroup and relevant
genotypea Strain Source Strb Reference

V. parahaemolyticus O3:K6 toxRS� rpoS� Wild-type
RIMD2210633

E. F. Boyd, University of Delaware,
Newark, DE

� 43

O3:K6 toxRS rpoS� �toxRS deletion mutant E. F. Boyd, University of Delaware � 43
O3:K6 toxRS� rpoS �rpoS deletion mutant E. F. Boyd, University of Delaware � 43
O1:KUT tdh� trh� DIE12 052499 A. DePaola, U.S. FDA, Dauphin

Island, AL
�d 7

V. vulnificus VV1003 M. L. Tamplin, University of Florida,
Gainesville, FLc

�d 33

a The toxRS operon is a global transcriptional activator that senses changes in the environment and coordinately regulates the expression of multiple genes, including those
encoding multiple virulence factors and outer membrane proteins and those involved in both the acid and bile stress responses. The rpoS gene encodes a stress response sigma
factor. The tdh gene is a thermostable direct hemolysin gene, and trh is a tdh-related hemolysin gene. KUT, K untypeable.
b Str, streptomycin-resistant strain.
c M. L. Tamplin is currently at the University of Tasmania, Hobart, Australia.
d Selected for streptomycin resistance.
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Tillamook, OR. Eastern oysters (Crassostrea virginica) were obtained from
John Ewart, University of Delaware Marine Laboratory, Lewes, DE, where
he maintained them in a dedicated shellfish-holding facility containing
large tanks of shellfish with flowthrough, natural seawater from the
Broadkill River at approximately 30 ppt salinity and at ambient tempera-
ture. The outer shells were scrubbed clean to remove mud, sea-life, etc.
Oysters were collected as needed and immediately transported to the lab-
oratory in insulated coolers at ambient temperatures. They were placed in
natural seawater within 2 h of collection.

Seawater was also collected and compared for Vibrio predators from
four distinct Delaware sites as follows. Site 1 is the Cape May-Lewes Ferry
Terminal in Lewes, DE (38°46=57.85�N; 75°07=04.73�W), which is the
southernmost site directly along a rocky shoreline along the Atlantic
Coast. Three sites (sites 2 to 4) are riverine sites. Site 2 is the University of
Delaware oyster maintenance facility on the Broadkill River in Lewes
(38°47=26.37�N; 75°09=51.36W), which is 0.6 km upstream from Roose-
velt Inlet on the Delaware Bay; the water there generally has high salinity.
Site 3 is a boat landing on Oyster Rocks Road, Milton, DE (38°48=08.01�N;
75°12=11.57�W), which is also on the Broadkill River 4.5 km upriver from
the Delaware Bay. Site 4 is Scotton Landing on the Saint Jones River,
Frederica, DE (39°05=05.94�N; 75°27=39.99�W), which is the northern-
most site and 6.2 km from the Delaware Bay. The water at Scotton Land-
ing (site 4) on the Saint Jones River generally has low salinity, while the
landing at Oyster Rocks Road on the Broadkill River (site 3) is a location
which has extensive marshlands immediately surrounding the site. The
sites are within 10 km of each other, with the exception of Scotton Land-
ing, which is about 45 km northwest of the southernmost site.

Development of a pour plate method for V. parahaemolyticus and
V. vulnificus quantification. A pour plate method was developed
and evaluated for quantifying wild-type V. parahaemolyticus O3:K6
(RIMD2210633) and �toxRS and �rpoS mutants, V. parahaemolyticus
O1:KUT, and V. vulnificus strain VV1003 in seawater, shellfish, and pure
culture. Streptomycin-resistant strains were selected for each Vibrio on
LB–3% NaCl plates containing 25 �g streptomycin (Sigma Chemical Co.,
St. Louis, MO) per ml of agar and quantified in stock cultures, seawater,
and oysters, by a pour plate assay. For the pour plate assay, we boiled,
dissolved, and sterilized LB–3% NaCl agar, and while the agar was hot, we
aseptically added 20-ml portions of agar to 30-ml sterile, screw-cap tubes.
The tubes were maintained in a 48°C water bath until use. Streptomycin
was diluted in autoclaved water and sterile filtered through a 0.22-�m-
pore-size syringe filter to give a stock of 200 mg/ml, which was maintained
at 4°C until use. Pour plates were prepared by adding 40 �l of streptomy-
cin stock (determined to be the optimum amount) to the warm LB–3%
NaCl tubes of agar followed immediately by the addition of 1 ml of test
sample (seawater, oyster homogenate, stock Vibrio culture [to determine
titers], or serial 10-fold dilutions in 0.1% peptone buffer containing 3%
NaCl). Each tube was immediately inverted 3 times to mix and then
poured into a 100-mm petri dish to solidify. Dishes were incubated at
37°C for 24 h � 2 h. Vibrio colonies were enumerated under the magni-
fication of a Quebec dark-field colony counter (Leica, Buffalo, NY).

To determine whether short-term exposure of wild-type V. parahae-
molyticus O3:K6 to the 48°C agar used in the pour plate assay caused a
possible reduction in Vibrio counts, the heat sensitivity of V. parahaemo-
lyticus O3:K6 was evaluated. We compared a conventional spread plate
assay (performed without heating the cultures) with a pour plate assay
(performed by adding 1 ml of culture to 48°C medium) both performed
with LB–3% NaCl agar containing 25 �g streptomycin per ml. V. parah-
aemolyticus O3:K6 was grown in LB–3% NaCl broth at 37°C to an optical
density at 600 nm (OD600) of 0.060 � 0.001 and diluted to 10�6 in 0.1%
peptone buffer containing 3% NaCl, and 1-ml portions of each dilution
were plated in triplicate by the pour plate method, while 0.1 ml was used
for the spread plate method. The plates were incubated for 24 h at 37°C,
the colonies were enumerated, and counts (numbers of colonies per mil-
liliter of culture) were calculated. Three independent assays were per-
formed in triplicate (n � 9).

Oyster challenge study. Experiments were performed during the
spring, summer, and fall over a 2-year period using freshly collected oys-
ters to determine whether the wild-type strain and �toxRS or �rpoS mu-
tants of V. parahaemolyticus would persist in seawater or be bioconcen-
trated in oysters. For each experiment, four 40-liter aquaria were
thoroughly cleaned and placed in a specially designed biocontainment
hood. Twenty liters of natural seawater ranging from 21 to 28°C and from
25 to 30 ppt salinity was added to each aquarium along with 15 oysters
obtained from seawater of approximately the same temperature and sa-
linity. The oysters were placed on plastic, open-mesh platforms about 10
cm off the bottom of the tanks so their feces would drop freely from the
shellfish. Seawater was oxygenated in each tank using typical aquarium air
stones, and new air stones were used for each experiment. The oysters
were allowed to acclimate overnight and to consume any algae or other
food that was present in the natural seawater. All experiments were per-
formed at room temperature (21 to 25°C).

In preparation for tank inoculations with the vibrios, LB–3% NaCl
agar plates were streaked with cultures of each strain and incubated over-
night. Two colonies from each strain were selected, transferred to 20 ml of
LB–3% NaCl broth, and grown at 37°C and 250 rpm to an OD600 of 0.06.
Aquaria containing acclimated oysters were inoculated with 0.5 ml of the
appropriate Vibrio strain (approximately 5.0 	 107 bacteria/tank or 2.5 	
103 bacteria/ml of seawater), while a negative-control aquarium with oys-
ters remained uninoculated. Live algae, T. chui, were also added to each
tank to a final count of approximately 5 	 103/ml of seawater to stimulate
oyster pumping. Pour plate assays were performed with 1 ml of undiluted
seawater collected at 0 h and with seawater serially diluted 1:10 and higher
in 0.1% peptone–3% NaCl buffer. Three independent experiments were
performed with three water samples taken for each experiment, and each
sample was assayed in triplicate at various dilutions (n � 27 for each
dilution). Seawater from each aquarium was also collected at 24, 48, and
72 h, and similar pour plate assays were performed (n � 27 for the count-
able dilutions at each time interval). At 24, 48, and 72 h, three oysters from
each tank were shucked, diluted 1:5 with 0.1% peptone–3% NaCl buffer,
homogenized, and serially diluted in the same buffer. For each experi-
ment, homogenate was sampled 3 times and diluted to as high as 10�6,
and 1 ml of each dilution was assayed by the pour plate technique in
triplicate. Three independent experiments were performed (n � 9). The
above procedure was repeated with V. parahaemolyticus strain O1:KUT
and with V. vulnificus strain VV1003.

Growth of vibrios in autoclaved seawater. Vibrios did not persist in
natural seawater, so seawater was autoclaved for 30 min at 121°C to de-
termine whether autoclaving removed the Vibrio inhibitors. The screen-
ing was intended to determine whether the inhibitor was heat stable, to
suggest the possible presence of a heat-stable toxin or chemical contami-
nant, or heat labile, which would suggest that the inhibitor was of micro-
bial origin. Autoclaved seawater samples (100 ml each) were placed in
250-ml flasks, spiked with 6.25 �l of a culture of wild-type V. parahaemo-
lyticus O3:K6 or the KUT strain or with V. vulnificus at an OD600 of 0.06 to
give approximately 2.5 	 105 vibrios/ml of seawater to which air stones
and sterile hoses were added. The flasks were incubated at room temper-
ature with constant aeration. Water was collected at 0 h and at approxi-
mately 24-h intervals for 72 h and serially diluted water samples were
tested for vibrios by the pour plate assay.

Plaque assay for VPB. A double-agar-layer plaque assay procedure
was employed to screen for the potential presence of Vibrio predatory
bacteria (VPB) in seawater samples and enrichments. The procedure used
polypeptone peptone (Pp) plus Bacto agar (both from Becton, Dickinson
and Co.) to give Pp 20 medium, as previously reported for the detection of
BALOs (45, 46); however, the volume of seawater added to the medium
was reduced to prevent excessive surface liquid and softness of the agar
plates. The modified formulation for Pp 20 agar was as follows: 1 g/liter Pp
plus Bacto agar at the rate of 15 g/liter for the bottom agar layer or 7.5
g/liter for the top agar layer, dissolved in seawater that had been auto-
claved and filtered through a 500-ml, 0.22-�m filter unit (Nalgene Nunc
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International Corp., Rochester, NY). The seawater was obtained from the
Delaware coast and was 
30 ppt salinity. Host vibrios were grown in
LB–3% NaCl broth until they reached an OD600 of 
0.20 (
1.8 	 108

CFU/ml). For each assay, 25 ml of bottom-layer Pp 20 agar was dispensed
into a 100-mm by 15-mm petri dish and allowed to harden. Top agar was
pipetted into sterile glass tubes (7.5 ml/tube) while the agar was hot and
allowed to cool to 48°C in a water bath. For the analysis of VPB in envi-
ronmental seawater, 500 ml of test seawater was first filtered through a
0.45-�m, 500-ml filter to remove particulates and most bacteria. The
plaque assay was conducted by combining 1 ml of host V. parahaemolyti-
cus culture (at an OD600 of 0.20) and 7.5 ml of test (filtered) seawater to 7.5
ml of molten (48°C) Pp 20 agar in tubes. The tubes were inverted 3 times
to mix and poured on top of the existing bottom layer. The plates were
incubated at 22 to 26°C for up to 7 days and observed daily for clear
plaques within a lawn of Vibrio host cells. Selected plaques were picked
with a sterile, cotton-plugged, Pasteur pipet fitted with an eyedropper
bulb to 100 �l of sterile seawater and stored at room temperature in the
dark. Further plaque assays of plaque-purified isolates were performed
using 1 �l of seawater containing the previously picked material (or dilu-
tions thereof), 7.5 ml of sterile seawater, 7.5 ml of molten Pp 20 agar, and
1 ml of V. parahaemolyticus host cells in the top layer. Plaque purifications
were performed from isolated plaques at least 4 times before the plaques
were examined by electron microscopy.

Comparison of Vibrio and VPB levels. Once it was determined that
VPB were involved in Vibrio reductions in seawater and oysters, experi-
ments on the uptake and persistence of V. parahaemolyticus O3:K6 were
conducted. In these experiments, 20 liters of natural seawater containing
15 oysters was inoculated with 2.5 	 103 vibrios/ml for subsequent anal-
ysis of the seawater for both V. parahaemolyticus O3:K6 and VPB levels at
0, 24, 48, and 72 h. Oysters were also tested daily for vibrios, but not for
VPB, since methods have not been developed for the quantitative detec-
tion of VPB in oyster meats. Immediately after drawing 0-h water samples
for Vibrio and VPB analyses and 0-h oyster samples for Vibrio analysis,
oysters remaining in the tanks were fed a ration of Instant Algae Shellfish
Diet 1800 (Reed Mariculture, Campbell, CA) consisting of four inacti-
vated algae (Isochrysis, Pavlova, Thalassiosira weissflogii, and Tetraselmis)
at the rate of 1 	 106 algae/ml of seawater. Algae were added to ensure that
the oysters were actively feeding. Feeding was repeated at the same rate at
24 h but was reduced to 5 	 105 algae/ml of seawater at 48 h, since a
portion of the oysters had been removed for daily testing. Three water
samples were collected for analysis at each time point. Samples were di-
luted in 0.1% peptone buffer containing 3% NaCl. Seawater and diluted
water samples were each tested for V. parahaemolyticus O3:K6 and VPB in
triplicate, and each trial was performed twice (n � 18). Three oysters were
also collected at each time point, shucked, combined, homogenized, and
serially diluted in 0.1% peptone buffer, and each dilution was analyzed for
V. parahaemolyticus O3:K6 in triplicate daily for 72 h. This trial was per-
formed twice (n � 6). For each trial, a tank with seawater and 15 oysters,
but without added V. parahaemolyticus, was used as endogenous Vibrio
(negative) controls and were analyzed in the same manner as the tanks
containing Vibrio-challenged oysters and seawater.

Electron microscopy. Scanning electron microscopy was performed
on stock cultures of Bdellovibrio bacteriovorus and Bacteriovorax stolpii in
E. coli host cells and on enrichments from plaque-purified seawater iso-
lates grown in V. parahaemolyticus O3:K6. V. parahaemolyticus and E. coli
were propagated as described above. Vibrios and enrichments for VPB
were often diluted in autoclaved and 0.22-�m-filtered seawater 1:100 and
1:10, respectively, just prior to slide preparation. In addition, VPB enrich-
ments were occasionally spiked with small amounts (10 to 20% total vol-
ume) of fresh host cells to examine the initial interactions between the
organisms. Preparative techniques included the following: inoculation of
200 �l of sample onto a coverslip; adherence of bacteria to the coverslip at
room temperature for 30 min; fixation of isolates on slides by the addition
of 20 �l of 25% glutaraldehyde (Electron Microscopy Sciences, Fort
Washington, PA) to the 200-�l samples for 1 h; rinsing with 0.1 M imi-

dazole buffer (pH 7.0) for 30 min; and dehydration in increasing ethanol
rinses (1 time at 20% and 2 times at 30, 50, 80, 90, and 100% for 30 min
each). The preparations were subjected to critical point drying in a Den-
ton vacuum critical point dryer (Denton, Cherry Hill, NJ) according to
the manufacturer’s instructions and shadowed with gold 3 times for 30 s
each time on an Edwards Scancoat Six sputter coater (West Sussex, United
Kingdom) in an argon atmosphere. Images were viewed under a
Quanta200FEG scanning electron microscope (FEI Co., Hillsboro, OR).

Screening for VPB from Atlantic, Gulf, and Pacific seawater. Seawa-
ter samples obtained from Delaware, Alabama, Oregon, and Hawaii were
evaluated for the presence of VPB. Plaque assays for VPB were performed
using V. parahaemolyticus O3:K6 as host cells. The samples of seawater
were filtered through 0.45-�m-pore-size filters, and 7.5-ml portions were
analyzed by the VPB plaque assay described above. Although the filtration
was expected to remove most of the bacterial contaminants and some of
the VPB, a portion of VPB would be expected to pass through 0.45-�m-
pore-size filters. Filtration was required to prevent overgrowth of the
plaque assay plates by non-Vibrio spreaders. Thus, this assay will under-
estimate the true levels of VPB in the seawater. Delaware seawater samples
were also examined for fluctuations in filterable VPB counts monthly
from four sites from October to March, and the samples were assayed by
plaque assay in triplicate.

Phage plaque assay. Presumptive VPB isolates were screened to de-
termine whether any were bacteriophages. The phage plaque assay was
performed using a double-agar procedure. The bottom agar consisted of
the following (per 100 ml): 1.0 g tryptone (Fisher Scientific, Park Lawn,
NJ), 2 g NaCl, 0.10 g dextrose (Fisher Scientific), 1.5 g of Sigma type II
agarose (Sigma-Aldrich, St. Louis, MO), and 100 ml distilled H2O
(dH2O). Fifteen milliliters of autoclaved bottom agar was added per 100-
mm-diameter petri dish. The top agar consisted of the following (per 100
ml): 1 g tryptone, 2 g NaCl, 0.1 g dextrose, 0.5 g yeast extract (Fisher
Scientific), 0.037 g CaCl2 · 2H2O (Sigma-Aldrich), 0.05 g MgCl2 · 6H2O
(Fisher Scientific), 0.6 g Sigma type II agarose, and 100 ml of dH2O. Ten
milliliters of freshly autoclaved, hot agar was aseptically dispensed into
sterile 15-mm screw-cap glass culture tubes and maintained in a water
bath at 48°C. LB–3% NaCl broth was inoculated with a colony of V.
parahaemolyticus O3:K6 and grown to an OD600 of 0.6. Then, 250 �l of the
culture was added to the tube of warm top agar along with 1 ml of the
cultured isolate. Each tube was manually mixed by inversion 3 times and
poured over the bottom agar layer. A known V. parahaemolyticus O3:K6
phage isolated by this laboratory was used as a positive control. After
solidification, the plates were covered, inverted, stored at room tempera-
ture, and observed for plaques for up to 5 days.

Statistical analyses. Vibrio uptake and depletion data for oysters and
seawater was evaluated by analysis of variance (ANOVA) using Proc
Mixed of the SAS software system (SAS Institute Inc., Cary, NC). Mean
separations were performed using the least significant difference (LSD)
and Dunnett test methods to determine the significance of the compari-
sons. These analyses were performed using the log10 of the raw counts,
with a randomly generated count between 0 and the limit of detection for
zero counts. The Dunnett test was performed to compare relationships
between the wild-type V. parahaemolyticus O3:K6 and �toxRS counts and
between the wild-type and �rpoS counts at each time interval. Paired
Student’s t tests were also used to determine whether differences in uptake
in oysters or in persistence in oysters and seawater were significant be-
tween the Vibrio species. P values of �0.05 were considered statistically
significant.

RESULTS
Enumeration of vibrios. A simple, rapid, and reliable pour plate
assay was developed to quantify streptomycin-resistant vibrios as
described in Materials and Methods. Streptomycin-resistant
Vibrio counts as high as 300 CFU could easily be enumerated on
each 100-mm-diameter petri dish, due to the restricted size of the
predominantly subsurface colonies (approximately 0.5- by 1-mm
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elliptical colonies). The counts were comparable in plates contain-
ing no antibiotic and plates containing as high as 40 �l of strepto-
mycin stock in 20 ml of medium (400 �g streptomycin/ml); thus,
400 �g streptomycin/ml of medium was determined to be optimal
and was used throughout this study. Streptomycin reduced back-
ground bacteria in oysters and seawater to nondetectable levels.

Short-term exposure of wild-type V. parahaemolyticus O3:K6
to the 48°C agar used in the pour plate assay was evaluated to
determine whether heat negatively affected Vibrio counts. We
compared a conventional spread plate assay (performed without
heating the cultures) with the pour plate assay (performed by add-
ing culture to 48°C medium) and obtained significantly higher
counts/ml of culture (5-fold higher; [P � 0.0001]) with the pour
plate method. We conclude that our pour plate assay is superior to
spread plating and that the brief exposure to tempered agar did
not negatively affect counts.

Comparison of survival of V. parahaemolyticus O3:K6 and
�toxRS and �rpoS mutants in natural seawater and oysters. The
introduction of approximately 5 	 107 wild-type V. parahaemo-
lyticus O3:K6 and the corresponding toxRS or rpoS deletion mu-
tant into 20 liters of natural seawater containing 15 oysters and live
algae led to a rapid and significant (P � 0.05) daily decrease in V.
parahaemolyticus counts in the seawater over 72 h (Fig. 1A). This
decrease was originally thought to be from Vibrio uptake by the
oysters, but oyster analyses showed low levels of viable vibrios
within the tissues after uptake for 24 h followed by rapid and
significant (P � 0.01) count reductions after 24 h (Fig. 1B). Note
that 0-h counts in oyster homogenates were always nondetectable
(�5 CFU/ml [data not shown]). In oysters, the numbers of
�toxRS mutants were lower than the numbers of the wild type and
�rpoS mutant at 24 h (Fig. 1B); however, differences were not
significant (P � 0.05). In natural seawater, 73.6%, 84.0%, and
52.8% of the wild-type, �toxRS, and �rpoS strains were lost within
24 h, respectively. At 48 h, count reductions were �96%, except
for the �rpoS mutant, which was reduced by 87.5%. By 72 h, �1%
of the three Vibrio strains remained in the seawater. Oysters accu-
mulated vibrios over 24 h, but the counts decreased significantly
over the next 24 h (P � 0.05) with �20% of the �toxRS and �rpoS
mutants remaining in the oysters, and only 5.9% of the wild type

remained. By 72 h, counts had decreased by �97.8% from the
24-h highs for the wild type and �toxRS mutant, while �rpoS
levels diminished by 91.5% for that same period. Comparison of
total V. parahaemolyticus levels that accumulated in the oysters
after 24 h showed that only 2.9% of the wild type, 1.5% of the
�toxRS mutant, and 2.8% of the �rpoS mutant present in the
water were detected in the oysters, even though the oysters were
observed to be actively pumping during each experiment, as evi-
denced by the production of feces and pseudofeces each day, shell
gaping, and clearing of the algae from the water.

We calculated the approximate total levels of V. parahaemolyti-
cus in the tank system (oysters plus seawater) at 24 h and deter-
mined that only 29.3% of the initial inoculum of the wild-type
strain, 17.4% of the �toxRS mutant, and 50.1% of the �rpoS mu-
tant remained in each system at 24 h. These values are slightly
greater than the percentages remaining in the water alone after 24
h (26.4, 16.0, and 47.2%, respectively). These results indicate a
failure of V. parahaemolyticus O3:K6 and the deletion mutants to
persist in seawater or within shellfish. For both seawater and oys-
ters, the Dunnett test showed that there was no significant differ-
ence in Vibrio counts between the �toxRS mutant and the wild
type or the �rpoS mutant and the wild type at 24, 48, or 72 h.
Overall, we concluded that the toxRS and rpoS genes did not con-
vey a selective advantage for the uptake or persistence of V. para-
haemolyticus O3:K6 in oysters or their persistence in natural sea-
water.

Vibrio parahaemolyticus O1:KUT and V. vulnificus in sea-
water and oysters. Since V. parahaemolyticus O3:K6 and the de-
letion mutants failed to persist in natural seawater or oysters, we
evaluated whether this failure to thrive was unique to this species
and serotype. We compared the levels of V. parahaemolyticus O3:
K6, V. parahaemolyticus O1:KUT, and V. vulnificus in seawater
and their uptake and persistence in oysters. Comparable results
were obtained for all three pathogens in seawater with all vibrios
decreasing significantly (P � 0.05) by 24 h (Fig. 2A). Oysters bio-
accumulated limited numbers of all three vibrios by 24 h; how-
ever, counts significantly decreased (P � 0.05) for the three patho-
gens by 72 h (Fig. 2B). These results showed the inability of these
pathogens to persist in natural seawater or oysters.

FIG 1 Levels of viable vibrios in seawater and shellfish and their persistence over time. (A and B) Counts of wild-type Vibrio parahaemolyticus O3:K6, toxRS
deletion mutants, and rpoS deletion mutants in seawater (A) or in oysters maintained in tanks of seawater (B). The error bars in panel A indicate the standard
errors of the means (SEM) of three independent experiments, each performed three times in triplicate (n � 27), while the error bars in panel B represent the SEM
of three independent experiments each performed in triplicate (n � 9).
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Seawater studies. To determine whether the reductions in
Vibrio levels from the levels in natural seawater were likely due to
the uptake of the bacteria by the oysters through their natural
filtering process, V. parahaemolyticus O3:K6 was added to natural
seawater (without oysters or added algae), and Vibrio levels in
natural water were monitored daily for 72 h. Results indicate a
steady decline of V. parahaemolyticus from starting levels of ap-
proximately 1.5 	 103 to near negligible levels by 72 h (Fig. 3).
Since no oysters were included in these experiments, some factor
in the seawater was responsible for the Vibrio reductions.

Autoclaved seawater. To begin to identify the cause of Vibrio
decline in seawater (with or without oysters), we examined
whether the inhibitory factor was heat labile. In autoclaved seawa-
ter, the starting levels of V. parahaemolyticus O3:K6 were 2.0 	 103

CFU/ml and increased to 2.4 	 106 CFU/ml over 72 h for a 1,000-
fold increase (Fig. 4A). A similar starting level of V. parahaemo-
lyticus in natural seawater (1.7 	 103 CFU/ml) led to a reduction
to only 36 CFU/ml by 72 h for a 47-fold reduction in counts (Fig.
4B). These results suggested that Vibrio inhibition was caused by
the presence of a heat-labile inhibitor, possibly of microbial ori-

gin; therefore, we sought to identify the possible presence of
BALOs or other predatory bacteria.

Plaque assay for VPB. A plaque assay was devised to quantify
BALOs and other predatory organisms on V. parahaemolyticus
O3:K6 host cells as described in Materials and Methods. Plaque-
like foci formed on lawns of V. parahaemolyticus O3:K6 host cells.
Some plaques appeared as large, yellowish clearings that increased
to �2 cm in diameter within 5 days. Other isolates produced clear
plaques of widely different sizes ranging from about 2 mm to �2
cm after 5 days. Isolates were picked and purified through at least
4 rounds of plaque purification, and selected isolates were visual-
ized by scanning electron microscopy. Plaque assays for bacterio-
phages were also performed on the isolates, but only the positive
controls produced plaques.

Comparison between vibrios and their predators in seawater
and oysters. Tanks containing fresh, natural seawater and 15 oys-
ters from the Delaware coast were inoculated with V. parahaemo-
lyticus O3:K6, and both V. parahaemolyticus and VPB were quan-
tified daily for 72 h after V. parahaemolyticus inoculation. Results
showed the presence of nearly nondetectable levels of naturally
occurring VPB in seawater at 0 h, an increase to 6.2 	 103 PFU/ml
at 48 h, and some tapering off to 4.1 	 103 by 72 h (Fig. 5A). In
contrast, the mean Vibrio level added to the seawater at 0 h was 1.3 	
103 CFU/ml; however, the levels increased to 3.9 	 104 CFU/ml by
24 h and then decreased to near negligible levels by 48 h as the
levels of VPB increased (Fig. 5A). The levels of V. parahaemolyticus
in the oysters were also monitored over 72 h (Fig. 5B) and fol-
lowed the same trend as the Vibrio levels in seawater, which would
suggest the inactivation of oyster-associated vibrios by VPB. The
VPB levels in oysters could not be directly quantified, because
methods have not been developed.

Vibrio persistence in the presence of live or inactivated algae.
Comparisons were made to determine whether V. parahaemolyti-
cus O3:K6 counts in natural seawater varied depending on the
presence of live algae (Fig. 2A) or the presence of a commercial
(inactivated) alga mix (Fig. 5A). Algae had been added to stimu-
late oyster pumping in both experiments. With a commercial algal
diet administered daily at the rate of �5 	 105 algae/ml of seawa-
ter, V. parahaemolyticus O3:K6 increased in natural seawater over
24 h, followed by reductions to negligible levels by 72 h (Fig. 5A).

FIG 2 Comparison of the levels of V. parahaemolyticus (Vp) O3:K6, V. parahaemolyticus (Vp) O1:KUT, and V. vulnificus VV1003 (Vv 1003) in seawater (A) and
oysters (B) over 72 h. The error bars in panel A indicate the SEM of three independent experiments with three subsamplings per time point with assays performed
in triplicate (n � 27), while the error bars in panel B indicate the SEM of three independent experiments each performed in triplicate (n � 9).

FIG 3 Reduction of V. parahaemolyticus O3:K6 in natural seawater without
oysters. The error bars represent SEM of three independent experiments per-
formed in triplicate (n � 9).
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In contrast, no increases over the initial levels were observed in
earlier studies which were performed with live algae added at the
rate of 5 	 103 algae/ml of seawater at the beginning of the study
(Fig. 2A). The initial elevation of V. parahaemolyticus levels in the
inactivated alga study shown in Fig. 5A may have been associated
with the following: (i) the presence of additional nutrients to sup-
port V. parahaemolyticus growth in seawater; (ii) restriction in the
motility of the VPB due to the additional algae, thus making it
more difficult for VPB to find its prey; or (iii) lower starting levels
of VPB in this natural seawater. In oysters that were fed the com-
mercial algal diet, V. parahaemolyticus O3:K6 levels rose over the
first 24 h but decreased to negligible levels by 72 h (Fig. 5B), which
is consistent with our findings where oysters were fed live algae
(Fig. 2B). Thus, V. parahaemolyticus O3:K6 counts in oysters di-
minished to near negligible levels over the 72-h time frame in the
presence of exogenously added live or inactivated algae.

Electron microscopy. Scanning electron microscopy was per-
formed on ATCC reference strains of Bdellovibrio bacteriovorus
(ATCC 15143) and Bacteriovorax stolpii (ATCC 27052) in E. coli
host cells and on plaque-purified isolates originally obtained from
cultures of natural but 0.45-�m-filtered seawater in V. parahae-
molyticus O3:K6 host cells. Seawater isolates displayed a variety of

morphologies consistent with Bd. bacteriovorus, Ba. stolpii, and
Micavibrio aeruginosavorus. The Bd. bacteriovorus reference strain
is shown in Fig. 6A to C, and associated seawater isolates are
shown in Fig. 6D to I. The immature form of Bd. bacteriovorus is
relatively smooth and slender, as depicted in Fig. 6A (left) and B
(white arrowhead). In contrast, a mature, attack phase form is
generally larger/broader and more irregularly shaped, as shown in
Fig. 6A (right) and in Fig. 6C, where one attack phase cell is seen
along with two larger E. coli hosts as they divide. It should be noted
that E. coli and V. parahaemolyticus exhibited some elongated cells
when grown in medium containing seawater. Representative iso-
lates that resemble BALOs are shown in Fig. 6D to I. Short, host-
dependent forms consisting of suspected attack phase BALOs are
indicated by white arrowheads (Fig. 6D). Attack phase Bd. bacte-
riovorus bacteria are reportedly 0.2 to 0.4 �m in diameter and 0.5
to 1.4 �m in length with a single polar flagellum (45), which is
consistent with the sizes observed in Fig. 6. Flagella were difficult
to see in most micrographs. V. parahaemolyticus O3:K6 was used
to propagate the isolates seen in Fig. 6D to I and range between 0.5
and 0.8 �m in diameter and 1.4 and 2.4 �m in length (37), as
expected.

A small, attack phase BALO appears to be attached to a host cell in

FIG 4 Comparison of streptomycin-resistant V. parahaemolyticus O3:K6 counts in autoclaved seawater (A) and natural seawater (B) over 72 h. Note the different
scales of the y axes and that the mean starting levels of vibrios in panels A and B were approximately the same (1.5 	 103 vibrios/ml). The error bars represent SEM
of three samples tested in triplicate (n � 9).

FIG 5 Comparison of mean counts of V. parahaemolyticus (Vp) O3:K6 and Vibrio predatory bacteria (VPB) (�) over time. (A) Vibrio and VPB counts in natural
seawater and (B) Vibrio counts in oysters. Two experiments were performed in triplicate (n � 9). The error bars represent SEM.
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Fig. 6E, pending entry into the host, while Fig. 6F to I display apparent
immature BALOs exiting the cells. Note the rounded appearance of
the V. parahaemolyticus hosts as the immature BALOs exit. The fat-
tened diameter of the V. parahaemolyticus in Fig. 6F and G suggest the
presence of an enlarged bdelloplast containing multiple immature
cells awaiting release from the host, although the internal structure of
host cells could not be examined by scanning electron microscopy.
Figure 6H shows an apparent immature BALO exiting a “spent”
(used up) V. parahaemolyticus host cell. Many of the parasitized
vibrios took on this rounded appearance. A novel, double, immature
BALO appears to have recently been released from a rounded and
spent V. parahaemolyticus in Fig. 6I. Other plaque-purified isolates
showed no signs of internalization into the host but still parasitized
their hosts to produce plaques, consistent with the extracellular par-
asitism caused by Micavibrio aeruginosavorus-like predators. Some of
our VPB isolates may in fact be M. aeruginosavorus, which resembles
attack phase BALOs (21).

The attack phase Bacteriovorax stolpii is reportedly the same
size as Bdellovibrio bacteriovorus and also has a single polar flagel-

lum (43). A Ba. stolpii stock culture (ATCC 27052) shows at least
one host-dependent, attack phase bacterium entering an E. coli
cell (Fig. 7A, white arrowhead); long, host-independent, spiral
forms (Fig. 7B); and shorter, curly forms with bulbous ends (Fig.
7C). Note the attack phase form with a single polar flagellum
indicated by the white arrowhead (Fig. 7C). Among the plaque-
purified seawater isolates were forms with these same morpholog-
ical characteristics (Fig. 7D to I). Some isolates had filamentous
forms in excess of 100 �m in length (not shown). Seawater isolates
shown in Fig. 7D to I had been filtered through 0.45-�m-pore-size
filters before enrichment and plaque assay. The presence of elon-
gated and/or spiral forms in filtered seawater signifies de novo
synthesis of these forms. Many plaque-purified VPB isolates did
not conform morphologically to known BALOs but were clearly
parasitic toward V. parahaemolyticus. They are the subject of on-
going investigations.

VPB screening of Atlantic, Gulf, and Pacific seawater. Sam-
ples of seawater from the Atlantic Coast of Delaware, the Gulf
Coast at Dauphin Island in Alabama, two sites along the Pacific

FIG 6 Representative scanning electron micrographs of plaque-purified predatory bacteria. (A to C) Bdellovibrio bacteriovorus (ATCC 15143) propagated in E.
coli host cells. (A) An immature Bd. bacteriovorus (left) and an attack phase Bd. bacteriovorus (right). (B) Bd. bacteriovorus (white arrowhead) emerging from a
host E. coli. (C) Attack phase Bd. bacteriovorus (flagellum visible) approaching a somewhat elongated E. coli. (D to I) Plaque-purified isolates cultured from
0.45-�m-filtered seawater in V. parahaemolyticus O3:K6. (D) Bdellovibrio and like organisms (BALOs) (white arrowheads) amid a background of larger V.
parahaemolyticus O3:K6 host cells. (E) Attack phase BALO entering a V. parahaemolyticus host cell. (F to G) Immature BALOs exiting swollen V. parahaemo-
lyticus host cells. (H) Immature BALO exiting spent V. parahaemolyticus. (I) Conjoined BALOs exiting a spent V. parahaemolyticus.
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Coast in Oregon, and from Kailua-Kona, Hawaii, were assayed for
Vibrio predators. Testing of 7.5 ml of nonenriched, 0.45-�m-fil-
tered seawater samples revealed the presence of plaques against V.
parahaemolyticus from water from Delaware, Alabama, and Ha-
waii; however, no plaques were isolated from seawater obtained
from two shellfish hatcheries in Oregon. To obtain some idea of
the levels of VPB in Delaware seawater over time, samples were
collected monthly from four sites from October to March. The
water was filtered through a 0.45-�m filter and analyzed for VPB
by a plaque assay. The numbers of VPB and associated seawater
temperatures and salinities at the time of seawater collection are
shown in Table 2. Since plaque assays are designed to test 7.5 ml of
0.45-�m-filtered seawater, results are expressed as mean PFU per 7.5
ml of seawater for tests performed in triplicate. Results show mean
levels as high as 23.6 PFU/7.5 ml of seawater for one sampling site
(Table 2). Variability in VPB levels may have been related to fluctua-
tions in salinities and temperatures among the sites, although there
was insufficient information to correlate salinity or temperatures
with the number of bacteria (Table 2). Salinities ranged from 1.8 to
29.5 ppt, while temperatures ranged from 5.5 to 19.4°C. Plaque
counts during the cooler months were generally low, with the mean

counts from sites 1 to 4 being 2.5, 1.5, 5.5, and 0.2 PFU/7.5 ml of
seawater, respectively. The highest levels of VPB were from site 3,
which is a high-salinity riverine site with extensive marshlands on
both sides of the river, suggesting that VPB may be associated with
high-productivity marshes. In order to better evaluate fluctuations in
VPB levels throughout the year, testing will continue at these sites.
Absolute quantification for VPB was not possible in seawater screen-
ing, since natural seawater was first filtered through a 0.45-�m-pore-
size filter to remove many of the bacterial contaminants which could
otherwise overgrow the plaque assay plate. This filtration would be
expected to allow smaller VPB, particularly BALOs in their immature
or attack phase forms, and similarly sized M. aeruginosavorus to pass
through the filters for analysis. Larger isolates, like the filamentous
and spiral morphotypes of BALOs, cannot pass through 0.45-�m
filters and, therefore, could not be enumerated or included in Table 2
data.

DISCUSSION

The original aim of this study was to determine whether toxRS or
rpoS played a role in colonization and persistence of Vibrio para-
haemolyticus O3:K6 in shellfish. We demonstrated that V. parah-

FIG 7 (A to C) Scanning electron micrographs of stock culture of Bacteriovorax stolpii (ATCC 27052) showing their small, attack phase form (white arrowhead)
infecting a host E. coli (A), host-independent spiral filaments (B), and short forms with bulbous ends (C). A typical, flagellated, attack phase form (white
arrowhead) is also s in panel C. (D to I) Isolates of plaque-purified Ba. stolpii-like organisms cultured in V. parahaemolyticus from 0.45-�m-filtered seawater.
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aemolyticus O3:K6 failed to persist in natural seawater or oysters,
regardless of the presence or absence of the toxRS or rpoS gene.
Studies with other Vibrio strains, such as V. parahaemolyticus O1:
KUT and V. vulnificus strain VV1003, showed that these patho-
gens also failed to persist in oysters or seawater containing a nat-
ural marine flora. Neither toxRS nor rpoS provided a selective
advantage in the uptake of vibrios by oysters or the persistence of
vibrios in oysters or natural seawater. In fact, all pathogens tested
(V. parahaemolyticus strains and V. vulnificus) showed declines in
seawater and limited uptake in shellfish followed by rapid decline.
In autoclaved seawater, the opposite effect was observed—an in-
crease in V. parahaemolyticus numbers (Fig. 4), suggesting that
biotic factors, such as competing organisms and VPB in the natu-
ral seawater, may lead to V. parahaemolyticus decline.

Plaque assays for VPB were performed on V. parahaemolyticus
O3:K6 host cells and produced an assortment of plaque morphol-
ogies. Plaque-purified isolates were examined by scanning elec-
tron microscopy and revealed a wide variety of potential BALOs
and other VPB morphotypes. Data from Table 2 show marked
variability in VPB levels from seawater obtained from four closely

spaced locations. The highest and second highest mean counts
(23.6 and 13 PFU/assay, respectively) were obtained in November
from sites 3 and 1, respectively, when the seawater temperatures
were 12.5 and 12.8°C, respectively, and the salinities were 26.4 and
27.9 ppt, respectively. Factors beyond temperature and salinity
may influence the levels of VPBs, including the nutrient levels and
oxygenation of the water and the availability of prey.

A recent study detailed the disappearance of V. vulnificus from
seawater and oysters along the North Carolina coast from 2007 to
2009, a period which coincided with the worst drought in North
Carolina history (11). Higher than normal salinities were ob-
served during this period. Drought abated in late 2009 after which
V. vulnificus could again be detected in seawater, but not in oysters
(11). From the present study, one could hypothesize that VPBs
played a role in the reduction in V. vulnificus levels during that
time period. High-salinity seawater has been shown to cause re-
ductions in V. vulnificus levels in oysters (25, 26), but the extent to
which VPB may have been responsible for the decline has not been
evaluated. Prey bacteria are known to shape the community struc-
ture of their predators (5). Studies on the optimal salinities for
growth of our VPB isolates are under way and may lead to a better
understanding of the causes of Vibrio fluctuations.

Bacteriovorax bacteria have been difficult to identify in seawa-
ter during the winter months (48), although they appear to toler-
ate cold temperature (5°C) storage for weeks (47). With few ex-
ceptions, we generally observed low plaque counts from seawater
tested during the winter months but anticipate that much higher
counts will be obtained during the summer samplings. Spatial
differences were also observed among waters within close proxim-
ity to each other (Table 2), which may be related to tides, salinity,
the volume of freshwater runoff, or their proximity to the open
ocean or marshes. We showed that low starting levels of VPB (�1
PFU/ml of seawater) were sufficient to substantially reduce V.
parahaemolyticus counts in seawater (Fig. 5A), so the low levels
typically found at the Delaware sites (Table 2) would likely be
sufficient to account for the reductions in Vibrio levels observed in
Fig. 1 and 2. Studies quantifying seasonal VPB levels are continu-
ing.

VPB plaques were of multiple sizes, grew at different rates, and
were either clear or yellow. They all produced clear foci of infec-
tion and often had sharp, clearly defined edges, characteristic of
the BALOs (45). One distinguishing mark of BALOs is that they
commonly form plaques over several days, while phage plaques
generally develop overnight (47). The Pp 20 medium that was
used for top agar in VPB plaque assays is a low-nutrient medium
which favors the development of BALOs rather than phages,
which prefer more nutritionally complex media (47). A phage
plaque assay was performed on isolates testing positive by VPB
plaque assay, but none of the isolates produced plaques, strongly
indicating that the plaques were not of viral origin. In addition,
plaque picks observed by electron microscopy failed to show any
signs of the presence of phage. Although no phages were observed,
the occasional presence of a phage in studies involving Vibrio per-
sistence in oysters and/or seawater could not be precluded. In a
recent study, Chen and Williams (6) showed that it was possible
for V. vulnificus to be coinfected by both a BALO and a phage, but
such an occurrence is not expected to be common.

Electron microscopy performed on plaque-purified isolates re-
vealed a variety of morphological structures, often within the
same culture suggesting different forms of the same bacterium.

TABLE 2 Quantification of Vibrio predatory bacteria detected in natural
seawater at four locations in Delaware from October 2011 to March
2012

Locationa

Date
(day-mo-yr)

Temp
(°C)

Salinity
(ppt)

Mean
PFUb

Site 1. Cape May-Lewes
Ferry Terminal,
Lewes, DE

20-10-2011 19.4 24.2 0.7

15-11-2011 12.8 27.9 13
22-12-2011 9.1 24.6 0
19-1-2012 8.2 28.4 0.3
12-2-2012 6.2 26.0 0.7
8-3-2012 9.2 29.5 0

Site 2. University of
Delaware Marine
Lab, Lewes, DE

20-10-2011 19.4 25.4 1

15-11-2011 12.8 26.5 ND
22-12-2011 8.8 24.0 4.3
19-1-2012 7.9 28.0 0.3
12-2-2012 6.4 26.4 1.7
8-3-2012 8.1 29.2 0

Site 3. Oyster Rocks
Road, Milton, DE

20-10-2011 19.4 24.0 1.7

15-11-2011 12.5 26.4 23.6
22-12-2011 7.5 14.7 2
19-1-2012 7.8 27.5 0.3
12-2-2012 6.1 25.9 5.3
8-3-2012 9.0 28.8 0

Site 4. Scotton Landing,
Frederica, DE

20-10-2011 18.9 12.6 0.3

15-11-2011 12.9 11.3 0
22-12-2011 6.5 1.8 0
19-1-2012 6.4 9.0 0.7
12-2-2012 5.5 4.4 0.3
8-3-2012 8.8 4.6 0

a Location coordinates and descriptions are given in Materials and Methods.
b The counts are the mean number of PFU of triplicate assays of 7.5 ml of 0.45-�m-
filtered seawater per assay. ND, not done.
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The complex life cycle of BALOs can account for these forms with
host-dependent and host-independent replication processes. In
fact, replication may be accomplished in a host cell by formation
of the bdelloplast or external to host cells or in the absence of host
cells by binary fission or by septation and separation of elongated,
host-independent forms (9, 20). Current dogma suggests that the
elongating, replicating form within the bdelloplast is enzymati-
cally processed into individual flagellated progeny cells before
they are released from the host and that further enzymatic pro-
cessing releases these progeny from the host (44). An apparent
exception to this is shown in Fig. 6I, which depicts two conjoined
BALOs recently released from a rounded and spent V. parahaemo-
lyticus host cell.

One of the greatest benefits of this study was that it evaluated
specific target vibrios in competition with normal marine organ-
isms to assess the effects of competing bacteria and predatory or-
ganisms on Vibrio survival in seawater and their uptake and per-
sistence in oysters. These studies highlight dramatic differences
when using natural seawater versus autoclaved seawater. In re-
viewing the literature on Vibrio proliferation in seawater, fish, and
shellfish, many studies used autoclaved and/or artificial seawater
to eliminate endogenous vibrios. This can severely bias the results.
We chose to use streptomycin-resistant Vibrio cultures so that the
bacteria could be quantified after being maintained in a nonster-
ile, more natural setting. The use of artificial systems is often cou-
pled with the use of highly selective media which may be inhibi-
tory to some strains of Vibrio, especially to vibrios that are
stressed. We were somewhat surprised to find that no naturally
present streptomycin-resistant bacteria were detected in the sea-
water or shellfish; controls for streptomycin-resistant background
were consistently negative. This finding may vary from one loca-
tion to another, depending on population densities and antibiotic
usage in the general population. Our seawater samples and oysters
were obtained from rural areas not impacted by large hospitals or
medical complexes. The use of streptomycin in the LB–3% NaCl
agar allowed the enumeration of target bacteria, but standard
spread plate assays do not permit enumeration of high numbers of
vibrios, since colonies on the agar surface are large and often
merge with other colonies. In contrast, our pour plate assay facil-
itated the enumeration of high numbers of vibrios without con-
cern for colony size, since the vast majority of colonies were sub-
surface and small. In addition, pour plates could be viewed at
different angles to evaluate colonies that formed at different
depths in the transparent agar, thus allowing hundreds of colonies
per plate to be easily and accurately enumerated. Although useful
in the present studies for Vibrio enumeration, pour plate assays
may not be appropriate for heat-sensitive bacteria where they
could give an underestimation of bacterial populations.

To the best of our knowledge, this is the first study to quanti-
tatively demonstrate the amelioration of V. parahaemolyticus and
V. vulnificus in natural seawater and oysters due to the presence of
naturally occurring predatory bacteria. This study suggests a new
paradigm of the role of VPB in modulating pathogenic vibrios in
shellfish in their native environment. Previously it was believed
that the uptake and persistence of vibrios in oysters were depen-
dent on physical water conditions (temperature and salinity), nu-
trient availability, and the oyster’s ability to bioconcentrate and
purge microbial contaminants as they actively pumped; however,
we provide evidence that VPB likely play a direct and perhaps
major role in suppressing vibrios in shellfish. Here, we provide

useful methods to quantify specific pathogenic vibrios and VPB in
a background of natural microflora. Future research should in-
clude the following: (i) ecological studies to identify factors that
affect VPB levels in the marine environment; (ii) an evaluation of
the dynamics between VPB and vibrios in their native environ-
ment; and (iii) further characterization and identification of spe-
cific VPB isolates in regard to sequence, host specificity, and life
cycle.
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