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Many enteric pathogens are thought to enter a viable but nonculturable state when deprived of nutrients.
Virulent strains of the enteric pathogen Vibrio parahaemolyticus are rarely isolated from their low-nutrient
aquatic environments, possibly due to their nonculturability. Host factors such as bile may trigger release from
dormancy and increase virulence in these strains. In this study, the addition of bile or the bile acid deoxycholic
acid to estuarine water-cultured bacteria led to an increase in the direct viable count and colony counts among
the virulent strains. This effect was not demonstrated in the nonvirulent strains, and it was reversed by
extraction of bile acids with cholestyramine. Bile-treated V. parahaemolyticus had lower levels of intracellular
calcium than untreated cells, and this effect coincided with an increase in the number of metabolically active
cells. Chelation of intracellular calcium with BAPTA/AM (R. Y. Tsien, Biochemistry 19:2396–2402, 1980)
produced similar results. Addition of bile to V. parahaemolyticus cultures in laboratory medium enhanced
factors associated with virulence such as Congo red binding, bacterial capsule size, and adherence to epithelial
cells. These results suggest that a bile acid-containing environment such as that found in the human host
favors growth of virulent strains of V. parahaemolyticus and that bile acids enhance the expression of virulence
factors. These effects seem to be mediated by a decrease in intracellular calcium.

Many enteric pathogens are capable of surviving diverse
environmental conditions. These bacteria may persist outside
of the host in an aqueous, low-nutrient environment by enter-
ing a viable nonculturable state (60, 65). This physiological
state is characterized by the lack of detectable growth but
apparent metabolic activity (47, 60). The dormant bacteria may
become active upon ingestion by a host, and dormant cells of
several pathogens have induced disease after oral administra-
tion to test animals (12, 27, 35, 61). The ingested microorgan-
isms must adhere, replicate, and produce virulence factors
before they are flushed from the intestine (44, 45). Thus, the
ability to respond rapidly is essential for the success of the
pathogen and requires the bacterium to sense its surroundings
(44, 45).

The autochthonous estuarine bacterium Vibrio parahaemo-
lyticus may consist of two classes of strains (29, 32, 36). One
class, Kanagawa phenomenon positive (K1), causes hemolysis
when grown on high-[Na1] blood agar, and strains of this class
cause food-related gastroenteritis (37, 46). Kanagawa phenom-
enon-negative (K2) strains are less frequently associated with
human disease. A paradox associated with this organism is that
hemolytic strains of the bacterium are commonly isolated from
gastroenteritis victims but rarely from seafoods or estuarine
water (4, 29, 46, 71). One possible explanation for this phe-
nomenon may be that pathogenic strains are more sensitive to
low-nutrient conditions and, while present in the aqueous en-
vironment, rapidly become nonculturable (29, 34, 50, 60, 65).
Alternatively, pathogenic strains may be at a lower level in the
estuarine environment but proliferate more readily in the host
and elaborate virulence factors.

In this study, we have examined whether bile or its compo-

nent bile acids might act on estuarine water-cultured V. para-
haemolyticus in vitro. The bacteria were cultured until signs of
nutrient deprivation were evident, and then the capacity of bile
to act as an agent for enumeration of the bacteria by the direct
viable count (DVC) and to affect cellular composition and
function was evaluated. The findings indicate that bile indeed
is active in regulating bacterial physiology and that it may play
an important role in the host-pathogen interactions of V. para-
haemolyticus. Our data suggest that bile might act on the bac-
teria through a calcium-dependent mechanism and thus may
be analogous to the low-calcium response exhibited by other
pathogenic bacteria.

MATERIALS AND METHODS

Bacterial cultures and growth conditions. The V. parahaemolyticus strains
used in this study were P7, 38C1, and V6074 (all K1) and P6, P15, and 38C6 (all
K2). Strain P7 was a human clinical isolate, while the remaining bacterial strains
were environmental isolates. These bacteria were kindly provided by R. Colwell
and R. Twedt or were from this laboratory and have been described previously
(50). Culture of bacteria was in proteose peptone beef extract medium (PPBE)
(10, 50) or sterile estuarine water (obtained from the Choptank River, a part of
the Chesapeake Bay near Cambridge, Md.) at 35°C in a rotary incubator at 200
rpm as described previously (50). Partial composition of the estuarine water was
0.05 mg-atom of nitrogen/liter, 1.2 mg-atom of phosphorus/liter, 15 mg of organic
carbon/liter, 0.06 mg-atom of soluble iron as Fe/liter, and 10 ppt salinity (10a,
20a). Aliquots of bacteria were withdrawn for assay after 0, 24, 48, 96, and 192 h
of culture in estuarine water or as noted below.

Bacterial enumeration. Bacteria were enumerated by spread plating on PPBE
agar with or without added oxgall (bile). The total count (TC) and the DVC were
determined as described previously (39, 53). Briefly, bacteria were cultured in
estuarine water and then incubated with nalidixic acid (20 mg/ml) and a substrate
such as bile (0.015 to 1.5%), sodium deoxycholate (2 mM), sodium glycocholate
(15 mM), yeast extract (0.05%), or BAPTA/AM (25 mM) (70) for 6 h at 35°C.
Bacteria so treated were fixed with 2.5% formalin, stained with acridine orange
(13 mM) (50), and observed by fluorescence microscopy. The TC was the total
number of bacteria observed. The DVC was the number of metabolically active
bacteria (filaments stained red). The relative proportion of metabolically active
bacteria was expressed as (DVC/TC) 3 100%. To determine the contribution of
bile acids to bacterial activity, cholestyramine-extracted bile (bile treated twice
with 60 mg of cholestyramine resin/ml to precipitate bile acids) was also tested
(31, 64).

Intracellular calcium levels. Bacterium-free intracellular calcium levels
([Ca21]i) were assayed as described previously (25) with Fura-2/AM. Cells were
cultured and then suspended in assay buffer and loaded with 5 mM Fura-2/AM
for 2 h at 35°C (28). Following washing to remove excess dye, calcium-dependent
fluorescence was measured with a spectrofluorometer with excitation at 340 nm
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and emission at 510 nm. [Ca21]i was calculated as Kd 3 [(F 2 Fmin)/(Fmax 2 F)],
with a Kd of 315 nM (24, 25). F is the fluorescence of the sample, while Fmin is
the minimum fluorescence and Fmax is the maximum fluorescence of the sample
in the presence of 100 mM ionomycin–10 mM EGTA or 100 mM ionomycin–10
mM CaCl2, respectively. To determine the effect of bile on estuarine water
bacteria (cultured 96 h), the cells were treated for 30 min with bile (0.15%,
wt/vol) before assay of [Ca21]i.

Effect of lanthanum on cellular phosphatidylglycerol levels. Bacteria were
cultured in PPBE, estuarine water, or estuarine water containing the calcium
antagonist lanthanum chloride (10 mM) (73). After 24 h of growth at 35°C,
phospholipids were extracted, separated by thin-layer chromatography, and
quantitated (1, 5, 50).

Determination of bacterial capsule size. Bacteria were cultured in PPBE broth
or in PPBE broth with bile (1.5%, wt/vol) or 0.1% deoxycholate. Capsule stains
were performed on cultures by counterstaining a bacterium-nigrosine smear with
crystal violet. Bacteria were observed microscopically, and capsule size was
measured with an eyepiece micrometer (3). Capsule size was determined for all
cells in each of 10 fields per sample. Capsular materials were also extracted with
1% phenol (15). The extracts were dried and quantitated gravimetrically. To
confirm the polysaccharide nature of the extracted capsular materials, the uronic
acid content of the extracts was determined with the carbazole reagent of Dische
(16).

Congo red dye binding. Bacteria were cultured on brain heart infusion agar
containing Congo red (0.025%, wt/vol) with or without bile (1.5%, wt/vol) or
0.1% sodium deoxycholate at 35°C. Colonies were suspended in water, and the
dye was extracted with acetone (2). Dye binding was expressed as the A488 of the
extract divided by the A660 of the cell suspension.

Bacterial adhesion to cultured epithelial cells. Bacteria were cultured in PPBE
broth overnight or in PPBE broth overnight followed by subculturing in PPBE
broth with or without bile (1.5%, wt/vol) or 0.1% deoxycholate for 3 h and then
were cultured a further 0.5 h in fresh prewarmed medium. All bacteria (106

bacteria in 10 ml added per well) were incubated with Int-407 cell monolayers
(105 epithelial cells per well) in 24-well tissue culture plates overlaid with anti-
biotic-free Hanks’ balanced salt solution (0.5 ml) for 30 min before washing (five
washes in Hanks’ balanced salt solution), lysis, and plating on PPBE agar.
Results were expressed as a percentage of the inoculum (23).

RESULTS

Bacterial growth in estuarine water. Culture of V. parahae-
molyticus in estuarine water resulted in an increased plate
count by 24 h that subsequently declined following culture for
48 h (Fig. 1). Plate counts increased approximately 1 to 1.5 logs
before a decline of from 1 to 2 logs. DVCs were similar to the
plate counts at 24 h but continued to increase after the plate
count declined. By 96 h of incubation, the DVC was 1.5 to 2
logs greater than the plate count. After 192 h of culture, the
DVC declined but was still 0.5 to 1 log greater than the plate
count. The TC was similar to the DVC up until 96 h. Subse-
quently, the TC remained greater than the DVC.

Effect of bile on the enumeration of V. parahaemolyticus by
plate count. After 96 h of culture, plate counts on agar con-
taining 1.5% bile were reduced, suggesting some inhibitory
activity of the medium (data not shown). This effect was par-
ticularly pronounced for the K2 strains. On plates containing
0.15% bile, little difference in the plate count was observed
compared with that from cultures on medium without bile for
K2 strains (Fig. 1). However, plate counts of the pathogenic
strains were approximately 0.5 to 1 log higher on the bile-
containing medium.

Effect of bile as an activating agent in the DVC. When bile
was utilized to determine the proportion of active bacteria, it
was a more effective agent for K1 than K2 V. parahaemolyti-
cus (Table 1). Yeast extract, a commonly utilized agent for
determining the DVC (53), was a more effective substrate than
bile at eliciting a higher DVC for K2 than K1 strains. Cho-

FIG. 1. Enumeration of V. parahaemolyticus P7 (A), 38C1 (B), V6074 (C), P6 (D), P15 (E), and 38C6 (F) cultured in estuarine water by TC (■), DVC (}), and
plate count with PPBE (å) or with PPBE containing 0.15% bile (F).
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lestyramine, a bile acid-binding resin, was utilized to remove
bile acids from the bile. The DVC was then determined with
the cholestyramine-extracted bile. Interestingly, the proportion
of viable K1 bacteria enumerated was diminished while the
number of K2 cells was only slightly affected (Table 1).

Effect of bile acid replenishment on the DVC. Individual bile
acids were added to the cholestyramine-extracted bile, and the
DVC was determined. When the bile acid deoxycholic acid (in
the salt form sodium deoxycholate) was used, the proportion of
active K1 cells was increased nearly two- to eightfold relative
to that of the bile acid-depleted bile. K2 strains were more
variable, and the DVC was diminished for one strain and
increased only 0.5- to 2.8-fold for the other two isolates (Table
1). Proportions of metabolically active cells enumerated with
deoxycholic acid by the DVC assay were 75.4 to 100% as
compared to 13.8 to 79.8% for the K1 and K2 strains, respec-
tively. Glycochloic acid, another bile acid, was much less ef-
fective as an agent in the DVC assay (Table 1; data not shown).
However, again the DVC obtained with the bile acid was
greater for K1 than for K2 bacteria.

Effectiveness of a calcium chelator as a substrate in the
DVC assay. Bile acids can function as calcium chelators. There-
fore, the membrane-permeative calcium chelator BAPTA/AM
was assayed as an agent for the determination of the DVC.
When it was combined with cholestyramine-extracted bile, en-
hanced numbers of active bacteria were obtained regardless of
the bacterial strain. The proportion of active bacteria ranged
from 50.6 to 99.0% with the chelator as compared to 13.3 to
53.9% when the bile acid-depleted bile alone was used (Table
1). A non-membrane-permeative form of the chelator was
much less active. BAPTA/AM alone was less effective at in-
creasing the DVC than when it was combined with the cho-
lestyramine-extracted bile. A nutrient source in addition to the
chelator appears to be required for the increased DVC.

Calcium level of estuarine water-cultured bacteria. [Ca21]i
were increased in V. parahaemolyticus cultured in estuarine
water (Fig. 2). By 24 h, [Ca21]i increased nearly 10-fold. A
further increase was observed with some bacterial strains after
96 h of incubation.

When bacteria incubated for 96 h in estuarine water were
treated briefly with bile, [Ca21]i was greatly diminished (Fig.
2). The decrease in cellular calcium was rapid and occurred
within the 30-min treatment with bile. A 30-min treatment was
selected because no increase in total cell numbers that might
result in decreased calcium concentration was observed during
this time (data not shown). The concentration of bile (0.15%)
used for this treatment was selected because inhibition of plate
counts had been observed with the higher concentration (1.5%)
for some of the estuarine water-cultured bacteria. No inhibi-
tion was observed when 1.5% bile was included in PPBE.

Effect of a calcium antagonist on the phosphatidylglycerol
level of estuarine water-cultured bacteria. In many cases, an
increase in the phosphatidylglycerol level is observed in bacte-
ria starved for nutrients (50). When V. parahaemolyticus was

FIG. 2. [Ca21]i of estuarine water-cultured bacteria. Bacteria were cultured
for 0, 1, or 4 days in estuarine water or for 4 days in estuarine water followed by
treatment for 30 min with 0.15% bile. Symbols: , P7; u, 38C1; s, V6074; ,
P6; , P15; and , 38C6.

TABLE 1. Effect of substrate on bacterial activation

Strain
Proportion of bacteria metabolically active on substratea

None Yeast extract Bile CEBb DOCc BAPTA/AM

P7 5.0 6 1.0 58.7 6 2.6 95.3 6 4.5 53.9 6 5.8 99.8 6 6.2 83.3 6 11.1
38C1 6.1 6 1.8 65.7 6 0.7 95.1 6 6.8 13.3 6 5.6 100.0 6 1.0 83.5 6 7.6
V6074 2.5 6 0.6 55.2 6 0.9 93.1 6 1.3 15.6 6 5.9 75.4 6 5.9 50.6 6 3.6
P6 3.0 6 0.5 80.0 6 4.1 42.4 6 4.8 37.4 6 4.6 56.2 6 4.3 79.7 6 7.5
P15 0.1 6 0.1 81.4 6 2.9 34.6 6 7.3 27.5 6 7.3 79.8 6 1.7 99.0 6 8.2
38C6 0.5 6 0.2 83.5 6 3.0 45.6 6 2.0 45.6 6 3.5 13.8 6 4.8 73.8 6 7.2

a Values were calculated as (DVC/TC) 3 100% and are means 6 standard deviations.
b CEB, cholestyramine-extracted bile.
c DOC, deoxycholate.

TABLE 2. Effect of the calcium antagonist lanthanum
(LaCl3, 10 mM) on cell membrane phosphatidylglycerol

Strain

Phosphatidylglycerol level (% of total phospholipid)a

under culture condition

PPBE Estuarine
water

Estuarine water 1
lanthanum

P7 8.2 6 1.6 26.8 6 2.7 16.7 6 6.2
38C1 13.5 6 2.8 27.1 6 2.0 13.2 6 0.3
V6074 14.0 6 3.0 25.0 6 1.9 11.2 6 0.1
P6 11.9 6 2.1 24.9 6 1.6 20.8 6 0.1
P15 12.5 6 0.2 25.4 6 1.7 13.8 6 0.2
38C6 17.6 6 1.7 27.5 6 0.4 16.1 6 0.4

a Values are means 6 standard deviations.
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cultured in estuarine water, the cellular level of phosphatidyl-
glycerol was increased (Table 2). Addition of the calcium an-
tagonist lanthanum (10 mM) to estuarine water prior to bacterial
culture reduced the accumulation of phosphatidylglycerol ob-
served in bacteria cultured in estuarine water alone (Table 2).
The low level of lanthanum utilized in this study did not cause
precipitation, while higher levels caused the rapid formation of
a flocculum in the estuarine water and thus could not be
assayed.

Effect of bile on bacterial capsule production. Capsule pro-
duction was increased for both K1 and K2 strains cultured
with bile or deoxycholate. By microscopic observation, bile and
deoxycholate increased capsule production 1.7- to 2.9-fold and
2.1- to 3.4-fold, respectively (Table 3). The increase in capsule
production determined by the gravimetric method after phenol
extraction was 1.5- to 3.3-fold for bile-cultured cells (data not
shown) (51). The uronic acid content of the extracted materials
was 50 to 72%.

Congo red binding was increased by culture with bile or bile
acids. Congo red dye binding has been utilized as an indicator
of virulence, and the level of dye binding by V. parahaemolyti-
cus was measured (2). Some strain variability was evident, but
in general, dye binding was increased when bacteria were cul-
tured on medium containing bile or sodium deoxycholate (Ta-
ble 4). The increase in dye binding following culture on bile-
containing medium ranged from 50 to 150%. The elevation of
dye binding was even greater when deoxycholate was substi-
tuted for bile in the medium. Cells from medium containing
sodium deoxycholate bound from 90 to 340% more Congo red
dye than cells from BHI medium alone.

Adhesion of bacteria to cultured epithelial cells. Bacteria
cultured in PPBE broth or in broth with bile or deoxycholate

were assayed for adhesion to Int-407 human intestinal cells.
Bacteria cultured in PPBE with 1.5% bile or 0.1% deoxy-
cholate were consistently more adherent than cells cultured
without bile (Table 5). Early-log-phase growth was an addi-
tional requisite for the increased adherence observed when
bacteria were cultured with bile or deoxycholate (data not
shown). Additionally, short-term incubation of the bacteria
with bile or deoxycholate was inadequate to induce a high level
of increased adherence. The three-step culture method with
bile or deoxycholate was necessary to observe the increased
cellular adherence. Addition of an equivalent amount of bile
or deoxycholate to the wells of the tissue culture plate had no
observable effect on the epithelial cells and did not result in
increased bacterial adhesion (data not shown).

DISCUSSION

An important aspect of bacterial cell signaling and its central
role in regulating responses to intra- and extra-host environ-
ments has been suggested by this study. We have shown that
bile can enhance the growth of nutrient-deprived V. parahae-
molyticus and enhance potential virulence characteristics of the
microorganism. V. parahaemolyticus cultured in estuarine wa-
ter exhibited characteristics of nutrient deprivation and per-
haps dormancy. The dormancy traits exhibited were consistent
with those of the viable nonculturable state described by
Roszak and Colwell (60) and postulated by others (34, 38, 42,
52, 65). Physiological changes observed in V. parahaemolyticus
were associated with changes in [Ca21]i. Intracellular calcium
has been shown to regulate motility and protein synthesis in
Escherichia coli, and nutrient-deprived E. coli has increased
[Ca21]i as does V. parahaemolyticus cultured in estuarine water
(24, 40, 56, 69). A Ca21-based regulatory mechanism has been
suggested for other bacterial systems (6, 8, 48). The low cal-
cium response of virulent Yersinia spp. and the role of calcium
accumulation in gram-positive bacteria during sporulation are
well known (6, 8, 18, 21, 49, 66, 67). The low calcium response
leads to increased survival ability in vivo and cytotoxicity of
Yersinia spp. (6, 8, 22, 66).

Bile, sodium deoxycholate, and BAPTA/AM were all active
substrates in the DVC assay. In the plate count assay, bile was
somewhat inhibitory. Virulent strains of the bacterium may be
selected for when encountering bile in the host intestine be-
cause they appear to be somewhat more resistant to any in-
hibitory activities. We have observed that K2 strains were
selectively inhibited by direct plating on bile (1.5%)-containing
medium only after culture in estuarine water. The inhibition of
growth was not observed when the bacteria were cultured in
PPBE medium prior to plating. Bile is a commonly utilized

TABLE 3. Effect of bile or deoxycholate (DOC) on
bacterial capsule size

Strain
Bacterial capsule size (mm)a under culture conditionb

PPBE PPBE 1 bile PPBE 1 DOC

P7 2.5 6 0.1 6.1 6 0.9 8.2 6 0.5
38C1 2.5 6 0.3 6.0 6 0.6 7.1 6 0.7
V6074 3.1 6 0.3 8.5 6 1.1 9.0 6 0.4
P6 2.0 6 0.1 5.8 6 0.6 6.8 6 0.9
P15 3.3 6 0.2 5.5 6 0.2 7.1 6 0.8
38C6 2.8 6 0.5 5.3 6 0.2 6.9 6 0.6

a Values are means 6 standard deviations.
b PPBE 1 bile, broth medium containing 1.5% bile; PPBE 1 DOC, broth

medium containing 0.1% sodium deoxycholate.

TABLE 4. Culture with bile or deoxycholate (DOC) increases
Congo red binding of V. parahaemolyticus

Strain

Dye A488/cell A660 (mean 6 SD)a

under culture conditionb

BHI BHI 1 bile BHI 1 DOC

P7 1.0 6 0.0 1.6 6 0.1 1.9 6 0.2
38C1 1.0 6 0.1 1.9 6 0.1 3.1 6 0.2
V6074 1.0 6 0.1 1.9 6 0.2 1.9 6 0.2
P6 1.0 6 0.1 1.5 6 0.0 2.2 6 0.1
P15 1.0 6 0.0 2.5 6 0.2 3.3 6 0.2
38C6 1.0 6 0.1 1.5 6 0.1 3.4 6 0.1

a Brain heart infusion broth (BHI) values are normalized to 1.0 for compari-
son.

b BHI 1 bile, broth medium containing 1.5% bile; BHI 1 DOC, broth me-
dium containing 0.1% sodium deoxycholate.

TABLE 5. Culture with bile or deoxycholate (DOC) increases
adherence of V. parahaemolyticus to Int-407 cells

Strain
Adherencea under culture conditionb

PPBE PPBE 1 bile PPBE 1 DOC

P7 5.1 6 2.9 42.9 6 11.3 90.3 6 10.4
38C1 4.9 6 2.7 45.1 6 18.2 85.2 6 9.8
V6074 9.6 6 4.3 72.5 6 19.5 94.6 6 7.2
P6 12.4 6 5.8 67.7 6 3.7 88.1 6 10.2
P15 21.7 6 2.0 79.0 6 20.8 88.9 6 9.3
38C6 23.4 6 9.7 55.9 6 13.1 82.5 6 6.1

a Adherence was measured as the percentage of inoculum that adhered to
Int-407 cells and is expressed in means 6 standard deviations.

b PPBE 1 bile, broth medium containing 1.5% bile; PPBE 1 DOC, broth
medium containing 0.1% sodium deoxycholate.
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inhibitor in selective bacterial culture media (17). However,
the recommended method for the isolation of V. parahaemo-
lyticus from estuarine water or seafoods requires preenrich-
ment in alkaline peptone water (20). Only after this enrich-
ment step are samples plated on bile-containing medium (20).
Perhaps if estuarine water samples were plated directly on
bile-containing medium, greater levels of K1 V. parahaemo-
lyticus would be detected. K1 strains of V. parahaemolyticus
reportedly are selected for over K2 strains by culture on me-
dium containing the salt of the bile acid taurocholic acid (29).
We have found that K1 but not K2 V. parahaemolyticus will
grow in medium containing bile (1.5%) and elevated sodium
chloride (3.5%) (unpublished results), suggesting that host bile
may exert a selective pressure beneficial to pathogenic strains.
K1 V. parahaemolyticus also multiplies more rapidly in rabbit
ligated ileal loops than K2 V. parahaemolyticus does, perhaps
because of its relative resistance to the inhibitory effect of bile
(71). The ability to survive the inhibitory effects of host bile
may be particularly important for virulence of V. parahaemo-
lyticus, since expression of many other components and re-
sponses of both K1 and K2 isolates are quite similar.

Interestingly, it has been shown that molecules similar in
structure to the vertebrate bile acids and found in gut secre-
tions from Manduca sexta trigger germination of spores from
pathogenic Bacillus species ingested by the insect (68, 74).
Agents such as chelators and surfactants that displace calcium
from the spore may act as germinants (19, 21, 58, 59, 67). A
similar phenomenon may occur when the nutrient-deprived
vibrio encounters bile in the host intestine. Bile acids are cal-
cium chelators and surfactants and can enter bacterial cells,
and we have shown that bile triggers a large and rapid decrease
of [Ca21]i from V. parahaemolyticus (7, 30, 54, 57).

Congo red dye binding has been reported as an indicator of
hemin binding and virulence (2, 41, 52). We have shown that
culture of V. parahaemolyticus with bile or sodium deoxy-
cholate induced enhanced Congo red binding. This finding
indicates that the ability to obtain iron in an iron-restricted
environment, a characteristic necessary for bacterial survival, is
enhanced by a host factor. Wild-type Shigella spp. bind Congo
red and become more adherent and invasive during culture
with sodium deoxycholate, while a Shigella flexneri Crb2 (Con-
go red binding-negative) mutant is unresponsive (2, 14, 43, 55).
Campylobacter jejuni cultured with bile or deoxycholic acid also
binds increased levels of Congo red and adheres to and invades
cultured epithelial cells at greater levels (51a). Several viru-
lence-related characteristics may be coregulated by bile, or
alternatively, bile may act indirectly by chelating both iron and
calcium (57, 63).

Adhesion of V. parahaemolyticus to epithelial cell lines has
been evaluated in several studies (9, 11, 26, 76). We observed
no differences in the adherence of bacterial strains to Int-407
cells. However, culture of bacteria with bile or deoxycholate
enhanced adherence to epithelial cells. This response was ob-
served only when bacteria were in the log phase.

Capsule size and composition are major virulence factors for
several bacterial pathogens (13, 33, 75). Production of a uronic
acid-containing extracellular capsule may enable the bacteria
to aggregate and adhere to intestinal cells (62, 72). Other
workers have reported that a variant of K1 V. parahaemolyti-
cus unable to produce K antigen (capsule) remained highly
hemolytic but unable to produce disease in vivo (62). In this
study, production of a uronic acid-containing capsule by the
bacteria was increased by culture with bile.

Our study suggests a potentially important ecological rela-
tionship between a host factor and the pathogen V. parahae-
molyticus. The signal sensed by the bacterium upon entering

the host may mediate both the exit from dormancy and the
expression of virulence factors. Further, the apparent resis-
tance of K1 strains to the inhibitory effects of bile may explain
their predominance in clinical samples. The rapid changes in
[Ca21]i that we observed when estuarine water-cultured bac-
teria were treated with bile may trigger the related responses
mediating adherence and colonization of a host. The in vitro
observations of the bacterial response to bile are consistent
with the expected rapid response of a pathogen encountering a
host (45, 51).

Various factors or conditions, including pH, temperature,
anaerobiosis, and osmolarity, are known to affect a wide variety
of bacterial functions (7, 43–45). All of these conditions may be
encountered in a host by the bacterial pathogen. Additionally,
factors specific to the host, such as the bile acids, may serve as
signals. We have identified a host factor that apparently regu-
lates bacterial responses. Further studies may elucidate wheth-
er bile acids are a generic signal for enteric pathogens in vivo
and may confirm a calcium-mediated mechanism of action.
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