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Entry into the viable but nonculturable state by the human bacterial pathogen Vibrio vulnificus in artificial
seawater microcosms was studied. In contrast to the long-term culturability exhibited by cells incubated under
these starvation conditions at room temperature, cells exposed to a temperature downshift to 5°C exhibited an
immediate decrease in culturability. Cells incubated at low temperature exhibited a morphological change from
rods to cocci but demonstrated no reductive division. Of 10 factors studied which might affect the nonculturable
response in V. vulnificus, only the physiological age of the cells was found to significantly affect the rate at which
cells became nonculturable. The nonculturable response appears to be related to the starvation response, as
prestarvation at room temperature for 24 h was found to eliminate the nonculturable response of cells
subsequently incubated at 5°C. This observation suggests that the synthesis of starvation proteins may repress
the viable but nonculturable program displayed during low-temperature incubation. The possible ecological
significance of these findings is discussed.

Vibrio vulnificus is an estuarine bacterium capable of
causing rapidly fatal infections in humans by producing a
primary septicemia following ingestion, typically of raw
oysters, or a rapidly spreading cellulitis following entry from
seawater into a wound (for a recent review, see reference
27). Although isolated especially from the warmer waters of
the southeastern and Gulf coasts (12, 29, 30), V. vulnificus
has also been reported from both the northern East Coast
(31) and northern West Coast (11) of the United States
during the warmer months. The general inability to isolate V.
vulnificus or other estuarine vibrios (4, 5) during the winter
months or from colder waters has been suggested to result
from the sensitivity of these bacteria to colder temperatures
(27). Studies with V. vulnificus (15, 40) have shown, how-
ever, that this sensitivity results not in cell death but in entry
into what has been termed the "viable but nonculturable"
state (35). Cells in such a state can be shown to be viable by
using several methods, e.g., 2-(4-iodophenyl)-3-(4-nitrophe-
nyl)-5-phenyltetrazolium chloride reduction (which indicates
individual cell viability through the demonstration of an
active electron transport chain), but they are no longer
culturable in or on media which normally support the growth
of the organism. Such a state has now been demonstrated for
Escherichia coli (3, 41), Salmonella enteritidis (36), Shigella
species (6), Aeromonas salmonicida (1), Campylobacter
jejuni (34), and Vibrio cholerae (6, 41).

In the case of V. vulnificus, the nonculturable state has
been shown to be highly temperature dependent, with entry
occurring at 5°C but not at 10°C or higher (40). Entry of V.
vulnificus into the nonculturable state occurs at 5°C even at
elevated nutrient concentrations (28), suggesting a process
possibly distinct from the starvation response reported for
other marine vibrios (13, 22, 23, 25). As with the starvation
response, however, nonculturable cells of V. vulnificus
exhibit marked membrane fatty acid and ultrastructural
modifications compared with their culturable counterparts
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(15). Such cells also demonstrate a greatly reduced amino
acid transport (28).

Despite the increasing recognition of a nonculturable state
among a variety of bacteria and its potential importance to
public health microbiology (28) and to the detection of
environmentally released microorganisms (6), as well as to
general microbial ecology, little is known regarding the
parameters which may play a role in the entry of bacteria
into this state. Here we report on a variety of factors
affecting this process in V. vulnificus and on the interplay of
the starvation response and entry into the nonculturable
state.

MATERIALS AND METHODS

Growth conditions and induction of nonculturability. A
nonencapsulated (translucent) (37) isolate of V. vulnificus
C7184 was employed in these studies. Cells were typically
grown in MSWYE broth (0.1% yeast extract and 0.1% Difco
Proteose Peptone per liter of a "three-salts" diluent contain-
ing 0.4 M NaCl, 0.028 M MgSO4. 7H20, and 0.01 M KCI) at
room temperature (ca. 25°C) with shaking. In some studies,
the defined growth medium M9 (16) with 1% glucose as the
carbon source or VNSS (18) was employed. The standard
method for inducing the nonculturable state was to directly
inoculate flasks containing an artificial seawater (ASW)
solution (17) with MSWYE-grown cells to give a final
concentration of 1% of the inoculum cell count. The micro-
cosms, initially at room temperature, were then placed in a
5OC cold room and maintained at that temperature in a static
state. The time required for the microcosm temperature to
decrease to 5 to 7°C was typically 2 h. For some experi-
ments, identically prepared cells were maintained at room
temperature. A series of studies was also undertaken to
examine a variety of factors which might influence the rate of
nonculturability of V. vulnificus; these are discussed in
Results.

Cell and viability enumeration. Cell culturability was de-
termined by using MSWYE agar or LB15 agar (16), with
both dilution tubes and plates initially at 5°C. Plates were
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FIG. 1. The viable but nonculturable response of stationary-

phase cells of V. vulnificus. Plate counts (0) on LB agar, direct
viable (INT-positive) counts (-), and acridine orange direct counts
(C1) were conducted for cells grown in VNSS broth at room

temperature and inoculated in an ASW microcosm held at 5°C.

subsequently incubated at 37°C. Cells were considered to be
nonculturable when a typical concentration of <1 CFU/ml of
microcosm was attained. Respiring cells were monitored by
the INT reduction method as modified by Oliver and Wa-
nucha (28), and total cell number was determined by the
acridine orange method (39). Cells were examined at a

magnification of x1,250 with an Olympus BH-2 epifluores-
cence microscope, employing blue light (390 to 490 nm)
excitation and a 515-nm filter. In all cases, cells in at least 10
random fields were counted. Cell sizes were calculated with
an ocular micrometer.

Effect of prestarvation on entry into the nonculturable state.
Cells were grown to the logarithmic phase (optical density at
610 nm [OD610], 0.135) in MSWYE at room temperature and
inoculated into 250 ml of ASW. These microcosms were
incubated at room temperature for various periods of up to
48 h, at which time 25-ml aliquots were cooled to 5°C. Plate
counts were performed after the cells had been at 5°C for 24
h and thereafter at approximately daily intervals. Plate
counts were also performed on control cells which were
maintained at room temperature throughout the study.

RESULTS

When cells of V. vulnificus were shifted to 5°C, plate
counts declined gradually, typically from ca. 106/ml to less
than 10-1 CFU/ml (Fig. 1). Throughout the entire process of
entry into this nonculturable state, no changes in total cell
counts were observed, and direct viable counts (as measured
by INT-reducing cells) declined only to ca. 105 over the
30-day period (Fig. 1). Cells exposed to the temperature
downshift also underwent a morphological change from rods
to predominantly cocci (diameter, 0.8 to 1.0 ,um) but did not
appear to undergo the reductive division seen during starva-
tion in room temperature microcosms (see below). Cells
subjected to the temperature downshift did not appear to be
committed to nonculturability, however. In one study, when
cells which were incubated for 7 days at 5°C (at which time
the population had decreased from an initial 106 CFU/ml to
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FIG. 2. Comparison of the starvation (room temperature) and

nonculturable (5°C) response of logarithmic-phase cells of V. vul-
nificus. Plate counts (LB agar) were made on cells grown to
logarithmic phase in M9 broth plus glucose at room temperature
(OD610, 0.09) and incubated in ASW+N+P microcosms held at 5°C
(O) or room temperature (0).

1.6 x 102 CFU/ml) were transferred to room temperature,
the culturable population density exceeded 103 after only 4
h.

In contrast to the decline observed when cells were
incubated at 5°C, the same cell population inoculated into
microcosms maintained at room temperature responded to
the multiple starvation conditions with a process of reduc-
tive division (Fig. 2). Such division, which was detectable
from the earliest (1-h) sampling, reached a maximum within
24 h, at which time cell populations as much as a full log
higher than the original inoculum were generally obtained.
The same increase in culturable cell numbers occurred
whether the microcosms were inoculated directly from
growth cultures or whether contaminating nutrients were
removed by centrifugation (as in Fig. 2). Cells resulting from
this reductive division process changed from rods, originally
1.7 by 0.8 ,um to 2.9 by 0.8 ,um for logarithmic-phase cells at
the time of inoculation, to a mixture of cocci ca. 0.5 to 0.65
pum in diameter and rods 1.4 by 0.6 ,um to 1.7 by 0.8 ,um by
day 15 of the starvation response. Such starved populations
typically maintained culturable cell densities of 104 to 105
CFU/ml after 90 days of incubation at room temperature. In
contrast, cells shifted to 5°C again exhibited an immediate
decrease in culturability (Fig. 2).
A series of studies were undertaken in an attempt to

clarify what environmental or manipulation parameters
might be responsible for the variations in time to noncultur-
ability often observed, as typified in Fig. 1 and 2. Figure 3,
which shows the entry into the nonculturable state by cells
grown at either room temperature or 370C and the effect of
microcosm incubation temperature, illustrates our general
observation that induction of the nonculturable response is
dependent on the microcosm incubation temperature but
does not appear to be markedly affected by cell growth
temperature. Similarly, no major effects on the rate of
nonculturable development were observed (data not shown)
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FIG. 3. Effect of growth temperature and microcosm incubation
temperature on development of the nonculturable response in V.
vulnificus C7184. Cells were cultured in MSWYE broth at room
temperature or 37°C to early- to mid-logarithmic phase and inocu-
lated into ASW microcosms held at 5°C or room temperature, and
plate counts were performed. Symbols indicate cells grown at room
temperature and transferred to room temperature (O) or 5°C (0) and
cells grown at 37°C and transferred to room temperature (D) or 5°C
(0).

when a different strain (CVD713t) was employed, when the
ASW microcosm diluent was modified to include a nitrogen
and phosphate source (to examine carbon starvation versus
multiple starvation for carbon, nitrogen, and phosphate),
whether cells were washed or not prior to microcosm
inoculation, or regardless of the initial cell density (6 x 105 to
4 x 107 CFU/ml), the initial plate temperature (5 or 25°C), or
the plate incubation temperature (15, 25, or 37°C). The chill
rates of microcosms of identical volume (100 ml) contained
in 125- to 1,000-mI flasks did not differ significantly, and no
effect on time to nonculturability was observed. The salt
content of the plating medium was varied to include 0.5, 1, 2,
or 3% NaCl; only at 3% did salt appear to have some
negative effect on the culturability of the cells.

In contrast, a significant difference in time to noncultura-
bility between cells taken from the logarithmic growth phase
and cells taken from the stationary phase was observed. As
seen in Fig. 4, cells taken from stationary phase (OD610,
0.95) generally required about twice as many days or more to
become nonculturable when exposed to a temperature
downshift from 25 to 5°C than did logarithmic (OD610, 0.15)
cells. Indeed, when the optical density of the starting inoc-
ulum was plotted against the slope of the time course of
nonculturability (Fig. 5), an excellent correlation (r =
0.9988) was observed.
The observation that stationary-phase cells required a

longer time to enter the nonculturable state than log-phase
cells suggested that nutrient starvation, or some other sta-
tionary-phase-induced stress response, might play a role in
the nonculturable process. To examine this possibility, cells
were incubated under carbon starvation conditions at room
temperature for various times prior to temperature down-
shift. The results of this study are seen in Fig. 6. As is
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FIG. 4. Effect of growth phase on entry into the nonculturable

state. Cells of V. vulnificus C7184 were cultured in M9 broth plus
glucose at room temperature to logarithmic phase (OD610, 0.15) (0)
or stationary phase (OD610, 0.95) (O). Cells were inoculated into
ASW+N+P microcosms held at 5°C, and samples were taken
periodically for plateable cells.

evident, cells placed at 5°C coincident with exposure to
starvation conditions were observed to undergo an immedi-
ate decline in culturability. Whereas cells prestarved for 1 to
2 h at room temperature initiated the expected starvation-
induced reductive division, they exhibited an immediate
decline in culturability on temperature downshift. Prestarva-
tion at room temperature for as little as 4 h, however,
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FIG. 5. Correlation of initial OD610 and slope calculated for the

plate counts of cells incubated in 5°C microcosms. Cells of V.
vulnificus C7184 were inoculated into microcosms following growth
in MSWYE broth to OD610s ranging from 0.135 to 1.00. Slopes of the
nonculturable entry curves were calculated by using a linear curve
fit of the logarithmic values. The regression coefficient (0.9988) was
determined for the resulting curve shown in the figure.
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FIG. 6. Effect of prestarvation of V. vulnificus C7184 on entry
into the nonculturable state. Cells were cultured to mid-logarithmic
phase (OD610, 0.135) in MSWYE broth at room temperature and
diluted into an ASW microcosm held at room temperature. At
intervals, 25-ml aliquots were cooled to 5°C, and plate counts were

determined at daily intervals. Cells were preincubated at room

temperature for 0 (*), 1 (A), 2 (0), 4 (0), 24 (0), or 48 (O) h prior
to transfer to 5°C. Also shown is the control (-) of cells maintained
constantly at room temperature.

resulted in a decrease in the rate of this decline, and cells
prestarved for 24 h or more exhibited no decrease in cultur-
ability when incubated at 5°C. Cells placed immediately at
5°C, and those prestarved for less than 4 h, reached noncul-
turability within 13 days, whereas cells starved for longer
periods at room temperature maintained a cell density of at
least 105 CFU/ml throughout the study.

DISCUSSION

V. vulnificus enters into the viable but nonculturable state
when exposed to temperatures below 10°C (Fig. 1) (40). The
nonculturable response is quite different from the well-
described starvation response of marine bacteria (21-23, 25,
26) which we observed when cells of V. vulnificus were

incubated in microcosms identical to those used for the non-

culturable response, but at 25°C instead of 5°C (Fig. 2). While
these cells were observed to undergo a size reduction when
exposed to the temperature downshift, they do not respond
with an increase in cell number (Fig. 1 to 4 and 6). This
response is the same as that described in our earlier studies of
this bacterium (15, 28). The cells appeared to respond quickly
to the temperature downshift, with an immediate decrease in
culturability observed by the first (1-h) sample, whereas the
time required to reach 5 to 7°C was ca. 2 h.

In the experiments conducted for the present study, cells
of V. vulnificus were observed to become nonculturable in
less than 4 to over 24 days, depending on the conditions
employed. Similar variations in the time for nonculturability
for different strains of the same bacterial species (3, 40, 41),
and even of the same strains (8, 15, 28, 40), have been
reported. Few of these studies have reported on those
factors, other than microcosm incubation temperature,
which might affect the rate of the nonculturable response.

Aeration (34), salinity (8), and cell washing (8, 41) have been
reported to affect culturability. Our results clearly demon-
strate that, of the many parameters we examined, the
physiological age of the cells inoculated into the microcosms
was the only factor to have a major effect on the rate at
which V. vulnificus entered the nonculturable state. That
bacteria in the logarithmic phase of growth are more sensi-
tive to cold, as well as to a variety of other stresses, than are
cells in the stationary phase has been long recognized.
However, that the apparent sensitivity to cold may result not
in cell death but in the viable but nonculturable response has
only more recently been recognized. In the case of V.
vulnificus, the formation of nonculturable cells from station-
ary-phase cultures was significantly delayed compared with
cells taken from early- to mid-logarithmic-phase cultures
(Fig. 4). A comparison of the data presented in Fig. 4 and 6,
however, reveals that the stationary phase allows for only
partial repression of the viable but nonculturable response,
whereas increased starvation, e.g., for 24 h or longer,
completely inhibits this response. This raises interesting
questions concerning the role of stationary-phase- or starva-
tion-specific gene expression. The induction of genes specific
for these stages in the bacterial life cycle is well documented
(14, 19, 20, 26, 38). The coordinated response to stationary
phase, or to carbon or multiple starvation, has been reported
to involve the induction of stimulons and regulons, some of
which overlap with other known stress responses such as the
heat shock regulon (19, 25, 26). It appears that the nutrient
starvation conditions employed in the present study induce
such responses in V. vulnificus and that these may repress the
viable but nonculturable program displayed during the low-
temperature incubation. However, whereas a temperature
downshift has been shown to quickly and significantly reduce
the rate of protein synthesis in E. coli (2), it has been shown
to induce or to greatly enhance the synthesis of 13 proteins in
this bacterium (7, 10). Thus, the conditions employed in the
present study might induce not only starvation proteins in V.
vulnificus but cold shock proteins as well. The interactions of
these two stresses (nutrient starvation and temperature down-
shift) is likely to be complex and is currently being investi-
gated in our laboratories.

In their classic study on the survival of starved bacteria,
Postgate and Hunter (33) reported on a variety of parameters
which affect the survival of cells undergoing nutrient starva-
tion. In that study, the term "dead" was used to describe
". . . bacteria that failed to multiply in the arbitrary favour-
able environment provided. ." Such a definition has been
widely held by microbiologists, who are primarily concerned
with populations as opposed to single bacterial cells. How-
ever, as later realized by Postgate (32), bacteria may lose
their ability to form colonies and yet remain functional as
individual cells. Indeed, Hoppe (9) has suggested that non-
culturable cells are primarily responsible for organic turn-
over in the open ocean. The possibility of resuscitating such
cells could provide a mechanism whereby nonculturable
cells, in a metabolically dormant condition, could revert to a
state of increased metabolism when environmental condi-
tions are more conducive. Indeed, we have recently reported
that the complete resuscitation of nonculturable cells of V.
vulnificus is possible, without the addition of exogenous
nutrient, simply by providing the cells with a temperature
upshift for 2 to 3 days (24).
Whether or not the nonculturable state presents a survival

advantage for cells exposed to cold temperatures in the
natural environment has yet to be demonstrated. Because
the resuscitation of nonculturable cells is possible, however,

VOL. 57, 1991



2644 OLIVER ET AL.

it seems likely that this state represents a second survival
mechanism along with the starvation response. Indeed, the
two responses appear to be linked, with starvation prevent-
ing the nonculturable response. Such inhibition is likely due
to the synthesis of starvation-induced stress proteins, which
are known to be cross protective for a variety of other
stresses (19, 20).
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