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Vibrio vulnificus is part of the natural estuarine microflora and accumulates in shellfish through filter
feeding. It is responsible for the majority of seafood-associated fatalities in the United States mainly through
consumption of raw oysters. Previously we have shown that a V. vulnificus mutant unable to express PilD, the
type IV prepilin peptidase, does not express pili on the surface of the bacterium and is defective in adherence
to human epithelial cells (R. N. Paranjpye, J. C. Lara, J. C. Pepe, C. M. Pepe, and M. S. Strom, Infect. Immun.
66:5659–5668, 1998). A mutant unable to express one of the type IV pilins, PilA, is also defective in adherence
to epithelial cells as well as biofilm formation on abiotic surfaces (R. N. Paranjpye and M. S. Strom, Infect.
Immun. 73:1411–1422, 2005). In this study we report that the loss of PilD or PilA significantly reduces the
ability of V. vulnificus to persist in Crassostrea virginica over a 66-h interval, strongly suggesting that pili
expressed by this bacterium play a role in colonization or persistence in oysters.

Vibrio vulnificus is a normal inhabitant of brackish water
environments particularly in subtropical and tropical climates.
The bacterium is recognized as the most invasive and rapidly
lethal Vibrio species and is the cause of the majority of deaths
that result from consumption of raw contaminated shellfish
(19, 20). Susceptible individuals include those who are immu-
nocompromised or suffer from cirrhosis or hemochromatosis
(17, 18, 37). It is also a significant source of infections in
otherwise healthy individuals through wounds or skin lesions
that come in contact with contaminated water, fish, and shell-
fish (4, 36, 37).

Mollusks that are filter feeders, such as oysters, accumulate
indigenous and nonindigenous bacteria from the surrounding
water. Methods frequently used to reduce the concentrations
of these microorganisms to acceptable and safe levels in oys-
ters include relaying, where shellfish are transferred to clean
shellfish-growing waters, and depuration, where shellfish are
held in tanks with flowthrough water for 48 to 72 h (30, 31, 38).
While these purification methods are effective in eliminating
nonindigenous bacteria, such as fecal coliforms, indigenous
flora, such as vibrios, remain associated with the oysters. As
such, Vibrio spp. appear to selectively colonize, persist, and
may even multiply in oysters between the time they are har-
vested and consumed (8, 11, 14, 16, 21, 39). Presently, the
precise mechanism involved in their persistence is not under-
stood. Several studies have examined the interactions of vibrios
with components of the bivalve hemolymph, since microbial
destruction typically results from the combined action of bi-
valve hemocyte and humoral defenses (2, 6, 12). Harris-Young
et al. demonstrated that the presence of the V. vulnificus and
Vibrio parahaemolyticus exopolysaccharide inhibits the hemo-
cyte phagocytic response (15). Other studies show that hemo-
lymph serum from mussels promotes the interactions between

Vibrio cholerae El Tor strains expressing the type IV pilin
mannose-sensitive hemagglutinin (MSHA) and hemocytes in
vitro (40). A similar effect was also observed with fimbriated
Escherichia coli, suggesting that hemolymph-soluble factors are
involved in D-mannose-sensitive interactions and might have a
broad spectrum of specificity (3). However, in spite of the
common mechanisms of interactions between surface compo-
nents and hemocytes, V. cholerae strains are less efficient in
triggering signaling pathways in hemocytes than E. coli strains
are, which may account for their increased persistence in bi-
valve hosts (2, 28).

Several factors, including flagella, pili, nonfimbrial surface
proteins, and surface polysaccharides, likely contribute to the
adherence of V. vulnificus to surfaces in its natural environ-
ment as well as during opportunistic infections. The role of
type IV pili in biofilm formation on both abiotic and biotic
surfaces has been established in several gram-negative patho-
gens (7, 13, 22, 29, 34). These pili are also important virulence
determinants because of their role in adherence and coloniza-
tion of mammalian host tissue (22, 25, 35). In addition, it has
been demonstrated that one type IV pilus, the MSHA pilus of
V. cholerae, plays a role in colonization of zooplankton in the
marine environment (7). In previous studies we have shown
that the PilA type IV pilin of V. vulnificus is involved in ad-
herence to human epithelial (HEp-2) cells as well as in biofilm
formation on abiotic surfaces (24), while the absence of PilD,
the type IV prepilin peptidase, resulted in loss of all surface pili
and a significantly greater defect in adherence to human epi-
thelial cells (23). The V. vulnificus genome also encodes a
second type IV pilin homologous to the V. cholerae MSHA, but
it carries only a single prepilin peptidase gene (5). Therefore,
the loss of all surface pili on the pilD mutant suggests that PilD
processes both type IV pilins of V. vulnificus (23). The present
study was designed to evaluate the potential role of PilA and
PilD of V. vulnificus in colonization by the bacterium in oysters
by comparing the uptake and persistence of a wild-type V.
vulnificus strain to those of the pilA and pilD mutant strains.

Crassostrea virginica oysters used in this study were harvested
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from Totten Inlet, Washington, and obtained from a local
grower (Taylor Shellfish Farms, Shelton, WA). Oysters used in
the study were of a uniform size, between 3 and 4 in., and the
average weight of oyster meat plus liquor was between 17 and
25 g. All experiments were conducted between the months of
November and May to avoid the spawning season. Upon re-
ceipt, oysters were scrubbed with a brush and transferred to
20-gallon tanks containing artificial seawater (ASW; Instant
Ocean, Aquarium Systems, OH) at a salinity between 15 and
17 ppt. Oysters were allowed to acclimate for 4 days without
feeding. The water temperature in the tanks was gradually
increased from 12°C to 18°C over 4 days. Each tank was
equipped with an air stone. After acclimation, oysters were
transferred into tanks with fresh ASW at 18°C.

The bacterial strains included nalidixic acid-resistant isolates
of a V. vulnificus clinical strain (C7184), and the isogenic pilA
(C7184A�) and pilD (C7184D�) mutant strains (23, 24). Na-
lidixic acid resistance allowed differentiation of the inoculated
bacteria from the natural background flora, including other
vibrios potentially present in the commercial oysters used in
this study. The spectinomycin/streptomycin resistance marker
in the omega fragment (27) in V. vulnificus pilA and pilD
mutants also facilitated their differentiation from the back-
ground flora.

Strains were grown overnight, with shaking, at 30°C in TCG
broth (10, 24), with the appropriate antibiotics at the following
concentrations: streptomycin, 25 �g/ml; nalidixic acid, 5 �g/ml.
Overnight cultures were centrifuged at 6,000 � g for 20 min.
After the supernatant was discarded, the pellet was washed
once in sterile ASW (15 to 17 ppt) and resuspended in the
same diluent. For each experiment, the inocula were adjusted
to the same optical density (optical density at 600 nm of 2.0),
so that the concentrations were �1 � 109 CFU per ml. The
actual concentrations of the inocula were determined by plat-
ing serial 10-fold dilutions on LB agar with the appropriate
antibiotic. For each challenge, the prepared inoculum was
added to the ASW to a final concentration between 1 � 106

and 1 � 107 CFU/ml. A suspension of instant alga concentrate
(Tetraselmis 3600 Premium Fresh; Reed Mariculture, Inc., San
Jose, CA) was also added at the concentration of 1% of algae
(dry wt)/1,000 g of oyster meat to stimulate feeding in the
oysters.

Initial experiments designed to compare uptake of each of
the V. vulnificus strains were performed in duplicate. For each
experiment, eight oysters were distributed in each of three
tanks. A separate tank containing four oysters was used for
uninoculated controls for detection of any background vibrios.
The initial concentration of the inoculum in the tanks was
approximately 1 � 106 CFU/ml. After addition of the inocula,
oysters were allowed to feed for 10 h before analysis. Each
oyster was treated as a separate sample. Prior to shucking, the
surface of the oyster shell was rinsed with 70% ethanol. Oys-
ters were shucked with sterile knives, and the shucked meat
along with all the liquid was transferred to sterile bags. An
aliquot of 1� phosphate-buffered saline equal to the weight of
the oyster plus liquid was added to each bag, and the mixture
was homogenized in a blender (Stomacher, Seward, United
Kingdom) for 1 min.

VVA agar (9) was used as a selective medium for isolation
of V. vulnificus with the addition of nalidixic acid or strepto-

mycin as appropriate. Growth of the wild-type strain C7184
and mutant strains C7184A� and C7184D� was initially com-
pared on the selective VVA agar to a nonselective medium,
Trypticase soy agar (TSA; Difco), to ensure that VVA was not
inhibitory to the strains used. Background flora in the oysters
was assessed by determination of total aerobic plate counts on
TSA. Serial 10-fold dilutions of the homogenate (100-�l ali-
quots) were plated on VVA medium and incubated at 37°C for
24 h. Similar aliquots of homogenates of two samples from
each treatment group were also plated on TSA and incubated
at 25°C for 3 days for determination of total aerobes. Control
samples were plated on both VVA agar and TSA. In order to
determine whether there was any difference in initial uptake of
the wild type and pilA and pilD mutant strains, the concentra-
tion of V. vulnificus in the oysters was determined immediately
after the 10-h feeding period. As shown in Fig. 1, there was no
significant difference between the strains. Vibrios were not
detected in any of the control samples.

Subsequent experiments were designed to determine the
persistence of V. vulnificus in oysters. For these experiments,
30 oysters were distributed in each of three tanks. Again, a
separate tank containing 12 oysters was used for uninoculated
controls for detection of background vibrios. After the initial
uptake period of 10 h, oysters were transferred to fresh ASW
(15 to 17 ppt) and allowed to depurate for 18 to 66 h. Ten
oysters from each of the treatment groups were removed for
sampling at intervals of 18, 42, and 66 h from each of the tanks.
Four untreated oysters were also removed at the same intervals
for control samples. Oysters were transferred to the laboratory
in sterile containers and analyzed as described above for the
uptake experiments.

Experiments were repeated three times, and the results rep-
resent the analyses of 30 oysters at each interval. In each
experiment, the actual counts were normalized to that of the
wild-type strain. Statistical analyses were performed using Stat-
view (32). Three-way analysis of variance (treatment, time, and
experiment number) was performed after the data were trans-
formed to remove heteroscedasticity (X� � log (X � 1) (1).
Posthoc comparisons were made using Fisher’s protected least

FIG. 1. Comparison of the uptake of V. vulnificus wild type
(C7184), pilA mutant (C7184A�), and pilD mutant (C7184D�) in C.
virginica. The means plus standard errors (error bars) are shown.
These values are not significantly different at a P value of �0.05, as
indicated by the same letter above each bar.
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significant difference test. Values where P was �0.05 were
considered significant.

After 18 h, the mean concentration of V. vulnificus recovered
from oysters challenged with the wild-type strain was 1.8 times
higher than that recovered from oysters challenged with the
pilA mutant strain and 11.2 times higher than that challenged
with the pilD mutant strain (Fig. 2). After 42 h, the mean
concentration of V. vulnificus recovered from oysters chal-
lenged with the wild-type strain was 4.7 times higher than that
for pilA mutant-challenged oysters and 9.2 times higher than
that for pilD mutant-challenged oysters. The increased reten-
tion of the wild-type strain compared to both mutant strains
remained consistent throughout the depuration interval, and
after 66 h, the mean recovery of wild-type V. vulnificus was 7.3
times higher than that for the pilA mutant and 6.5 times
higher than that for the pilD mutant. In addition, V. vulni-
ficus was recovered from only 60% of the oysters originally
challenged with pilA or pilD mutants after 66 h (data not
shown). In contrast, wild-type V. vulnificus was recovered
from 84% of oysters after 66 h, emphasizing the decreased
persistence of V. vulnificus with defective expression of type
IV pili in oysters. Again, vibrios were not detected in any of
the control samples.

We have previously demonstrated that the pilA and pilD
mutations are not polar and can be complemented with the
wild-type genes in trans, demonstrating that the introduced
mutations do not affect expression of upstream or downstream
genes (23, 24). While this is sufficient proof that any measured

phenotype of C7184A� (pilA mutant) and C7184D� (pilD
mutant) is due solely to lack of PilA or PilD, we attempted to
examine the complemented mutant strains, C7184A�(pRP383)
and C7184D�(pRPD1) (23, 24), in the oyster uptake and persis-
tence experiments. This proved to be problematic. Stable main-
tenance of pRP383 or pRPD1 requires continuous selection with
chloramphenicol, without which the pMMB67EH.cam vector is
quickly lost (unpublished results). Although attempts were made
to carry out the uptake experiment with the complemented
strains in the presence of 10 �g/ml chloramphenicol, it was diffi-
cult to maintain a constant concentration of active antibiotic over
the time required, and recovery of chloramphenicol-resistant
strains was inconsistent. Second, adequate expression of PilA and
PilD in the complemented strains requires induction of the tac
promoter with isopropyl thio-	-D-galactoside (IPTG) (23, 24),
which could not be included in the challenge tanks.

To assess the effects of introduced V. vulnificus and depura-
tion treatment on the natural microflora of the oysters, the
number of total aerobes was determined after the initial up-
take period and at each depuration interval. Mean counts
ranged from 3.7 � 104 CFU/g to 2.3 � 106 CFU/g with no
correlation between challenged or control oysters, demonstrat-
ing that introduction of V. vulnificus had no impact on the
natural microflora of the oysters (Table 1).

In summary, this study demonstrates that the pilA-encoded
type IV pilus contributes to the persistence of V. vulnificus in
oysters. In addition, data showing that the persistence of the V.
vulnificus pilD mutant is significantly less than that of the pilA
mutant suggest that both type IV pili (PilA and MSHA) ex-
pressed by this bacterium are likely involved in its ability to
preferentially accumulate in oysters. While the additional ab-
sence of secreted exoenzymes in the pilD strain (23) may also
contribute to the observed decrease in bacterial retention,
taken together, the results indicate a role for bacterial pilus
adhesins in colonization of bivalves for the first time. As shown
with the type IV pili of Pseudomonas aeruginosa (33) and
pathogenic Neisseria (26), the V. vulnificus pili may specifically
bind to carbohydrate-containing receptors on oyster cells. The
identification of specific adhesins is essential for the develop-
ment of competitive inhibitors of host cell-receptor binding.
Such strategies may ultimately lead to a method to specifically
remove V. vulnificus from oysters through a postharvest treat-
ment process. As a first step in the development of such a
method, we are currently assessing the feasibility of using pep-
tides specific to the adhesin epitope (13) to reduce PilA type
IV pilus-mediated adherence of V. vulnificus to biotic surfaces

FIG. 2. Comparison of the persistence of V. vulnificus wild type
(C7184), pilA mutant (C7184A�), and pilD mutant (C7184D�) in C.
virginica. The means plus standard errors (error bars) are shown.
Values with different letters within each time interval are significantly
different at a P value of �0.05.

TABLE 1. Total aerobe plate counts in oysters

Inoculated strain

Total aerobe plate count (CFU/g)a

After initial uptake
After depuration

18 h 42 h 66 h

C7184 1.2 � 105 
 1.7 � 105 4.0 � 105 
 3.8 � 105 5.5 � 105 
 1.9 � 105 1.0 � 105 
 7.1 � 104

C7184A� 1.4 � 106 
 1.9 � 106 4.8 � 105 
 3.9 � 105 2.3 � 106 
 3.5 � 105 4.5 � 104 
 6.5 � 104

C7184D� 3.2 � 105 
 1.5 � 105 4.1 � 105 
 4.1 � 105 4.7 � 105 
 4.6 � 105 3.7 � 104 
 3.7 � 104

None (control) 3.7 � 105 
 3.2 � 105 3.4 � 105 
 1.9 � 105 3.0 � 105 
 5.7 � 104 5.1 � 104 
 4.2 � 104

a Each value represents the mean 
 1 standard deviation.
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and ultimately identify a possible receptor(s) or binding site of
these pili in oysters.
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