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Vibrio vulnificus biotype 2 (serovar E) is a primary eel pathogen. In this study, we performed long-term sur-
vival experiments to investigate whether the aquatic ecosystem can be a reservoir for this bacterium. We have
used microcosms containing water of different salinities (ranging from 0.3 to 3.8%) maintained at three
temperatures (12, 25, and 30°C). Temperature and salinity significantly affected long-term survival: (i) the
optimal salinity for survival was 1.5%; (ii) lower salinities reduced survival, although they were nonlethal; and
(ii) the optimal temperature for survival was dependent on the salinity (25°C for microcosms at 0.3 and 0.5%
and 12°C for microcosms at 1.5 to 3.8%). In the absence of salts, culturability dropped to zero in a few days,
without evidence of cellular lysis. Under optimal conditions of salinity and temperature, the bacterium was able
to survive in the free-living form for at least 3 years. The presence of a capsule on the bacterial cell seemed to
confer an advantage, since the long-term survival rate of opaque variants was significantly higher than that of
translucent ones. Long-term-starved cells maintained their infectivity for eels (as determined by both intra-
peritoneal and immersion challenges) and mice. Examination under the microscope showed that (i) the capsule
was maintained, (ii) the cell size decreased, (iii) the rod shape changed to coccuslike along the time of
starvation, and (iv) membrane vesicles and extracellular material were occasionally produced. In conclusion,
V. vulnificus biotype 2 follows a survival strategy similar to that of biotype 1 of this species in response to

starvation conditions in water. Moreover, the aquatic ecosystem is one of its reservoirs.

Vibrio vulnificus is a bacterial species that includes strains
which are virulent for humans and aquatic animals (35, 43, 44).
Classically, the strains have been grouped into two biotypes
(44): biotype 1, an autochthonous member of the aquatic eco-
system with environmental (mainly from marine waters and
oysters) and clinical isolates (35, 41), and biotype 2, an obligate
eel pathogen rarely found away from its natural host (7, 19,
44). The latter biotype produces in the eel a hemorrhagic
septicemia called vibriosis (7). Our studies on biotype 2 strains
suggest that they have a common clonal origin and that they
constitute a homogeneous serological group, serovar E (9, 13).
This serovar is defined by the possession of a heterogeneous
lipopolysaccharide which has an essential role in establishing
infection, as evidenced by its conferring resistance to eel serum
(3, 13). In addition, we have recently reported that serovar E V.
vulnificus is heterogeneous, being composed of one eel-patho-
genic group (biotype 2 strains) and one nonpathogenic group
formed by environmental isolates that are avirulent because
they lack the portion of lipopolysaccharide with the highest
molecular weight (4).

Studies carried out by our research team have demonstrated
that strains virulent for eels (i) can also be virulent for humans
(1), (i) can survive in artificial seawater at 25°C for at least 50
days (10, 27), (iii) are able to infect eels through water (2), and
(iv) have an infective capability that depends on salinity, tem-
perature, and the presence of a capsule on the bacterial cell
(2). All of these findings suggest that this biotype is an oppor-
tunistic pathogen (primary for eels and secondary for humans)
whose main reservoir could be the marine and estuarine eco-
system, as is the case for biotype 1.

Biotype 2 strains have been isolated mainly from diseased
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eels (8, 44) and occasionally from clinical samples (1, 4, 9).
Clinical cases have been correlated with infection after han-
dling of contaminated eels (45). In fact, the only case in which
this biotype was isolated from water samples was at a site
commonly used for eel fishing in Denmark (19). It is obvious
that eels can act as carriers. Nevertheless, its characterization
as a highly virulent primary pathogen (50% lethal dose for eels,
ca. 10" to 10> CFU/fish) suggests that V. vulnificus biotype 2 is
a new pathogen that has not yet established a balanced rela-
tionship with its host. Our hypothesis is that these strains
inhabit aquatic environments as free-living cells or in associa-
tion with organisms and inanimate surfaces. From these loca-
tions, cells could eventually pass to eels, in which they would
multiply following the development of vibriosis, and would
then return to water. Survivors and immunized eels could act
as carriers. In fact, by using enzyme-linked immunoabsorbent
assays (ELISAs), we have confirmed the presence of this bio-
type/serovar in healthy eels from a fish farm that had previ-
ously registered several epizootic outbreaks (12).

One of the experimental approaches used to demonstrate
that the natural niche of a bacterium is the aquatic ecosystem
is to perform a long-term survival study in water microcosms.
Oligotrophic conditions are normal in aquatic environments
(29, 30), and native bacteria need to develop adaptation strat-
egies that allow them to survive (e.g., no growth, no repro-
duction, low metabolic rate, reduction in size, morphological
changes, or synthesis of specific proteins) (14, 21, 24, 31, 33, 39,
42). Further, some species develop the so-called viable-but-
nonculturable (VBNC) state in response to certain conditions,
such as low temperatures (below 4°C) (10, 21, 38-40). This
state was demonstrated first in V. vulnificus biotype 1 (39) and
subsequently in strains virulent for eels (10). According to our
hypothesis, V. vulnificus biotype 2 should be adapted to and
survive for a long time under starvation conditions. To this
end, we have performed survival experiments at salinities and
temperatures that reproduce the natural conditions of our
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geographical area (including the ones adopted by fish farms),
we have analyzed the survival data, and we have studied the
cell morphological changes by scanning electron microscopy.
Finally, since V. vulnificus biotype 2 is a pathogenic bacterium,
we have studied the ability of long-term-starved cells to infect
eels and mice (an animal model used to test virulence potential
for humans) to assess the environmental health hazard posed
by this bacterium.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Three strains of V. vulnificus biotype
2, representative of different epizootic events, were used in this study. All of them
were recovered from internal organs of diseased European eels in Spain. These
strains were isolated during epizootic processes that affected eels maintained at
25°C in water of 1.7% salinity (strains E22 and E86) or 0.3% salinity (strain
E105). Opaque (encapsulated) and translucent (noncapsulated) variants of strain
E22 (11) were used to study the role of the capsule in long-term survival. This
was determined by inoculating the opaque variant of strain E22 (E220) and the
translucent one (E22T) into different microcosms. In these experiments, the
colonial morphology on agar plates was monitored. Strains were maintained as
lyophilized stocks at room temperature. Cells were grown to stationary phase in
modified salt water-yeast extract (MSWYE) broth (37) at room temperature
(25°C) with shaking. The size of the inoculum was determined by both the optical
density at 610 nm (0.4 to 0.6) and the CFU per milliliter on MSWYE agar.

The minimum salinity for growth was determined in triplicate tubes of
MSWYE broth adjusted to 0, 0.1, 0.2, 0.3, and 0.5% (wt/vol). The tubes were
incubated with agitation at room temperature and were examined for turbidity
after 48 to 72 h.

Preparation of microcosms. Loosely capped Erlenmeyer flasks (250 ml) and
screw-cap glass bottles (500 ml), previously cleaned with acid dichromate and
rinsed with distilled water, were half-filled with distilled water (for microcosms of
0% salinity), artificial seawater (ASW) (46) (for microcosms of 3.8% salinity), or
diluted ASW (for microcosms of 0.3, 0.5, 1.5, or 3% salinity) and sterilized.
Microcosms were directly inoculated with stationary-phase MSWYE broth cul-
tures to a final concentration of 0.5% (vol/vol). To control the effect of salt
transferred with the inoculum on survival in microcosms of 0% salinity, some of
them were inoculated with cells washed by centrifugation and resuspended in
distilled water. All microcosms were incubated in a static state at three temper-
atures: 30 and 12°C, the extreme temperatures close to those registered in
summer and winter, respectively, in our coastal area, and 25°C, the temperature
at which eels are cultured at the fish farm at which the epizootic outbreaks took
place. The experiments were performed in duplicate or triplicate, and some of
them were prolonged for a total period of 3 years.

E ation techniq Microcosms were sampled daily during the first
week, weekly during the first 3 months, and then once a month. Time zero (inoc-
ulation time) and subsequent samples were taken for plate counts, most-proba-
ble-number (MPN) determinations, total direct cell counts, and direct viable
counts (DVCs).

Plate counts of culturable cells were determined by the drop plate method
(17), using MSWYE agar and MSWYE agar adjusted to the salinity of the sam-
pled flask (MSWYEA agar). The plates were incubated at room temperature
until the number of colonies was counted (24 to 48 h). To analyze injury to
starved cells, some counts were determined in parallel on deoxycholate lactose
agar, a medium that does not allow growth of damaged cells (6).

The MPN method was used for counting when plate counts were under 1
CFU/ml. MPN determinations were performed by the three-tube series test, with
each tube containing 10 ml of tryptic soy broth or MSWYE broth. Volumes of 1,
0.1, or 0.01 ml of microcosm (depending on the series) were placed in MPN
tubes, which were examined for turbidity after 24 to 48 h of incubation.

Total cell counts were monitored by the acridine orange epifluorescence
method (acridine orange direct count [AODC]) as described by Oliver (34).

A series of preliminary experiments was undertaken to examine the accuracy
of two procedures for determination of cell viability—(i) the direct viable count
(DVC) method of Kogure et al. (25), adapted for V. vulnificus biotype 2 by
Biosca et al. (10); and (ii) the p-iodonitrotetrazolium violet (INT) method
(47)—by assessing two incubation periods, 20 min and 1 h. After fixation with
formalin and staining with a 0.1% acridine orange solution (34), a known volume
of cells was filtered onto a black 0.2-wm-pore-size polycarbonate filter (Millipore
Corp., Bedford, Mass.). Cells were examined at a magnification of X1,250 with
a Zeiss epifluorescence microscope, employing blue-light excitation and a
515-nm filter. With the first method, elongated and enlarged cells are counted as
viable cells, whereas with the second, viable cells are identified by the formation
of a red precipitate on the membrane due to the formation of insoluble INT-
formazan. The DVC method worked correctly with all samples, although with it
we observed a greater degree of elongation at the highest salinities. With the INT
method, we could not clearly detect precipitation, even on the biggest cells, which
probably led to an underestimation of the viable-cell population. The same
problem was found by Oliver and Wanucha (40) in their work with V. vulnificus
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biotype 1. Thus, we selected the DVC method to analyze all samples throughout
the study.

Experiments to recover nonculturable cells. When the concentration of cul-
turable cells was below the detection limit (1 CFU/ml), “resuscitation” of the
nonculturable cells was attempted. The nonculturable state was reached only in
the absence of salts. In these cases, a sample of the microcosm was inoculated
(final concentration, 1% [vol/vol]) into three new microcosms: one containing
distilled water plus nutrients (yeast extract, 0.01% [vol/vol]; peptone, 0.01%
[vol/vol]), one consisting of ASW at 0.3% salinity, and one with ASW at 0.3%
salinity plus nutrients. Ten samples were taken from each microcosm and were
processed for enumeration by plate counting and the MPN method.

Serological analysis. A volume of 10 ml of each microcosm was centrifuged
(9,000 x g for 1 h at 4°C), and the cells were resuspended in 1 ml of saline
solution (SS; 0.9% NaCl, pH 7.0). Microagglutination and enzyme-linked immu-
nosorbent assay were used as described previously (12) to analyze the antigenic-
ity of starved whole cells. Two antisera were used: one raised against starved
cells, and another raised against culturable cells. All sera were obtained by
previously described methods (3).

Capsule staining. The maintenance of the capsule on the cell surface of
long-term-starved cells was analyzed by optical microscopy. Capsules were first
stabilized with lysine (50 mM) or with antibodies (1:10 dilution in SS) (a mod-
ification of the procedure of Jacques et al. [20]), and then the procedure of Hiss
(16) was applied.

Scanning electron microscopy. Bacteria from the different microcosms and
from a rich laboratory medium (as a control) were harvested by filtration through
0.2-pm-pore-size polycarbonate filters. They were fixed with 2.5% (vol/vol) glu-
taraldehyde in 0.1 M phosphate buffer (pH 7.5) at room temperature for 2 h and
then postfixed in 1% osmium tetroxide for another 2 h. After being washed in
distilled water (three times, 10 min each), samples were dehydrated in a graded
alcohol series (30, 50, and 70% for 5 min each and then 100% for 20 min) and
critical-point dried in CO, in a Tousimis Autosamdri model 814 critical point
dryer. Finally, filters were coated with AuPd in a Bio-Rad model E5600 sput-
tering apparatus for examination with a Hitachi H-4100 scanning electron FE
microscope at 5 to 10 kV of accelerating potential. Micrographs were made with
Agfapan ISO100 film.

Virulence assays. The virulence potential of starved cells for humans and eels
was tested by using BALB/c mice (average weight, 20 g; 5 to 6 weeks old) and
juvenile European eels (elvers; average weight, 3 to 10 g). Groups of six animals
were used in each experiment.

(i) Assays with elvers. Virulence assays with elvers were performed in tanks
containing 6 liters of saline water maintained at 25°C. Bacteria were adminis-
tered both intraperitoneally (i.p.) and by immersion challenge. In the first case,
a volume of 0.1 ml of each microcosm was i.p. injected into elvers weighing 8 to
10 g. In the second case, elvers weighing 3 to 4 g were immersed directly into
flasks containing 1-liter volumes from each microcosm. Elvers were maintained
in the flasks with aeration. Mortality was recorded daily during a 7-day period
and was only considered such if the bacterium was reisolated as a pure culture
from internal organs. Percent mortality at the end of the experiments was re-
corded.

(ii) Assays with mice. A 0.2-ml volume of each microcosm was inoculated i.p.
into Desferal-pretreated and nonpretreated mice. Treatment with deferrioxam-
ine B mesylate (Desferal; Sigma) was performed because the virulence of
V. vulnificus is markedly increased when serum contains this substance (a hy-
droxamate-type siderophore that promotes growth in the serum) (7). For this
purpose, mice were injected with Desferal (250 pg/g of body weight) 2 h before
the inoculation of the bacterium.

Appropriate controls for each experiment were also included (i.e., mice and
elvers were inoculated with SS; elvers were immersed in water at the salinity of
each microcosm, and elvers were challenged with log-phase cells).

Experimental design and statistical analysis. Two or three microcosms per
treatment and three samples per microcosm were selected for plate, total cell,
and viable-cell counts daily during the first week and then once a week. Cultur-
able-cell counts from duplicate or triplicate experiments were processed for
variance analysis by using the procedure of the general lineal model with re-
peated measures available in the SPSS package.

RESULTS

Efficiency of MSWYE and MSWYEA agar media for recov-
ery of culturable cells. Microcosms at salinities of 0.3, 0.5, and
1.5% (all at 25°C) were employed to assess whether differences
in salinity between microcosm and plate count medium af-
fected growth. Cell counts performed in parallel on MSWYE
and MSWYEA agar media were recorded and statistically
analyzed for a medium effect (two replicates at 0.3%, three at
0.5%, and three at 1.5% salinity). The results obtained con-
firmed that there were no significant differences (Table 1).
Thus, MSWYE was selected for performance of culturable-cell
counts in the rest of the experiments.
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TABLE 1. Results of the different variance tests performed

Effect DF¢ MSs? F-Snedecor® Sig. F¢
Medium 1 1.051 0.585 0.457
Strain 2 2.19 2.6 0.168
Salinity 1 1.237 6.817 0.040
Temp 2 3.261 36.5 0.008
Capsule 1 53.541 16.461 0.015

“ DF, degrees of freedom.

® MS, mean square.

¢ F-Snedecor, value of the test for each effect.
4 Sig. F, significance (P value) of F-Snedecor.

Long-term survival. (i) General comments. Results of long-
term survival experiments at 0.3 and 1.5% salinity and 25°C are
shown in Fig. 1. The microcosms simulated the physicochem-
ical conditions of temperature and salinity recorded at the fish
farm during the epizootic outbreaks. All strains survived in the
culturable state for a period of 5 months. It is remarkable that
a salinity of 0.3% was nonlethal for V. vulnificus biotype 2. In
fact, we had estimated that the lowest salinity value that al-
lowed growth in culture medium was 0.1% (data not shown).
In all experiments, the total number of cells remained approx-
imately at the level of the initial inoculum, with a slight de-
crease over time. There were differences between AODC and
DVC counts; this was especially evident for microcosms of
0.3% salinity. Moreover, there were differences between DVC
and plate counts in all experiments, particularly in those per-
formed at a low salinity. A trait common to most curves was a
decrease in the number of culturable cells from time zero.

(ii) Influence of strain, salinity, and temperature. When
culturable counts of the different strains (three replicates per
strain) were compared and analyzed, there were no significant
differences between the strains isolated from microcosms with
salinities of 1.5% (E22 and E86) and 0.3% (E105) (Table 1).
Since no special adaptation of the strains to moderate- or low-
salinity conditions seemed to exist, we selected one of them
(E22) to test other salinities (0.5, 3, and 3.8%) at the same
temperature (Fig. 2). As in the previous experiments, (i) total
counts remained almost constant throughout; (ii) there were
differences between AODC and DVC counts, specially at low
salinities; and (iii) there was an appreciable decrease in the
number of culturable cells throughout the incubation period.
AODC, DVC, and culturable counts from microcosms of 0.5%
salinity exhibited a time course similar to that observed in
microcosms of 0.3% salinity. The same was found for micro-
cosms of 3 and 3.8% with respect to microcosms of 1.5%
salinity. In addition, the time course of culturability was dif-
ferent in moderate-salinity (1.5 to 3.8%) and in low-salinity
(0.3 and 0.5%) microcosms. Thus, after 1 year, the percent
survival oscillated between 0.2 and 1.2% (2.4 X 10* to 8.8 X
10* CFU/ml) in moderate-salinity microcosms and between
0.001 and 0.007% (6 X 10 to 6.7 X 10> CFU/ml) in low-salinity
microcosms. After 2 and 3 years of starvation, the percent
survival in moderate-salinity microcosms was 0.01 to 0.1% (4 X
10% to 7.7 X 10° CFU/ml). At that time, no cells were recov-
ered from the microcosms of 0.3 and 0.5% salinity. Therefore,
there seemed to be salinity-dependent differences between mi-
crocosms which were statistically confirmed (four replicates
per case, each case grouping data from low- or moderate-
salinity microcosms) (Table 1).

The culturable counts at 0% salinity dropped below the
detection limits during the first month (Fig. 3). MPN counts
performed in parallel confirmed this observation, although
they dropped more slowly than plate counts (data not shown).
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Some variability was found from experiment to experiment
regardless of the inoculum used (i.e., directly from an MSWYE
broth culture or after being washed and resuspended in dis-
tilled water). The results of two experiments are presented in
Fig. 3. AODC counts remained fairly constant throughout the
study, and DVC counts, despite decreasing over the first 4
days, also remained nearly constant thereafter (Fig. 3). Several
attempts to resuscitate nonculturable cells were performed to
investigate whether these cells were in a VBNC state. After
addition of salts, nutrients, or both salts and nutrients to the
medium, no cells were recovered by plating on agar or by
seeding in liquid medium. Some evidence of cell damage was
obtained by comparing nonselective- and selective-medium
plate counts. In the absence of salts, cells were not able to grow
on the medium with sodium deoxycholate, even at time zero.
This result implies that the cells were in a deeply injured state
(6).

The survival of V. vulnificus biotype 2 was dependent on
temperature (Fig. 4), since there were statistical differences in
the responses of the strain at the different temperatures em-
ployed (two replicates of each case) (Table 1). Moreover, the
optimal temperature for survival was dependent on salinity; it
was 25 to 30°C for low-salinity microcosms and 12°C for mod-
erate-salinity microcosms (in this case, with a percent survival
of around 1% after 5 months) (Fig. 4). For example, at 3.8%
salinity, the survival rate after 10 months at 12°C was between
50 and 25 times higher (1.3%) than that at 25°C (0.02%) or
30°C (0.05%), and at 1.5% salinity, the survival rate was about
five times higher (0.7%) than that at 25°C (0.1%) or 30°C
(0.2%). At low salinity, culturability at 12°C decreased below
detection limits after 60 days (Fig. 4).

(iii) Influence of the capsule. The influence of the capsule on
starvation-survival at 25°C was studied by comparing survival
curves of the opaque and translucent variants of the same
strain. For these experiments we used strain E22, whose trans-
lucent variant is very stable and lacks appreciable capsular
material as determined by electron microscopy (11). Results
obtained at 3% salinity are shown in Fig. 5. Both variants
survived in water, but the percent survival of the opaque vari-
ant was significantly higher than that of the translucent one
(three replicates per case) (Table 1). This effect was observed
in all assayed microcosms, regardless of the salinity (0.5, 1.5, or
3%). For example, the percent survival after 70 days was 2%
for the opaque variant and 0.3% for the translucent one at a
salinity of 3%, 14 and 0.6%, respectively, at a salinity of 1.5%,
and 2.5 and 0.02%, respectively, at a salinity of 0.5%.

Antigenic and morphological changes. (i) Serological anal-
ysis. Starved cells were recovered and used in antigenic assays.
In microagglutination and ELISAs, all samples gave titers sim-
ilar to those of nonstressed cells used as controls (Table 2).

(ii) Cell morphology. Capsular material was observed in
2-year-starved cells by light-microscopic observation after cap-
sule staining (data not shown). Observations under a scanning
electron microscope were as follows. Cells from samples taken
at time zero were rod shaped with a relatively smooth surface
(Fig. 6A). The dimensions were 1.1 = 0.3 wm in length by
0.37 = 0.03 wm in width (means *+ standard deviations). After
a few days (for microcosms at 0.3% salinity) or weeks (for
microcosms at 1.5 to 3.8% salinity) of starvation in saline
water, cells were predominantly spheroid (diameter, 0.77 *=
0.15 pm) (Fig. 6B). There was a general tendency toward size
reduction with starvation time, specially evident after 6 months
of starvation, that affected both spheroids (0.50 * 0.02 pm)
and rods (0.78 = 0.18 pm in length by 0.38 = 0.05 pm in
width). After 2 years of starvation, cells from microcosms of 1.5
to 3.8% salinity maintained their integrity, and some of them
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FIG. 1. Starvation-survival response of strains E22 (A and B), E105 (C and D), and E86 (E and F) in microcosms of 0.3% (A, C, and E) or 1.5% (B, D, and F)
salinity maintained at 25°C. Shown are data from plate counts (A) on MSWYE agar, direct viable counts obtained by the method of Kogure et al. (25) (O), and acridine
orange direct counts (O). Each point represents the average of values from two different experiments.
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counts (A) on MSWYE agar, direct viable counts obtained by the method of
Kogure et al. (25) (O), and acridine orange direct counts (O). Each point
represents the average of values from two different experiments.
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counts (@). Each point represents the average of values from two different
experiments. (B) Eel and mouse mortalities after the injection of 0.1 and 0.2 ml,
respectively, of microcosm. Exp., experiment.

still kept their rod shape (Fig. 6C); however, only a few cells
from microcosms of 0.3% salinity maintained their integrity
(Fig. 6D). Cells from microcosms of 0% salinity became sphe-
roids after a few days (diameter, 0.75 = 0.15 pm) (Fig. 6E).
Most of them, although apparently maintaining their cellular
integrity, as determined by light-microscopic observation,
showed evidence of damage (Fig. 6F). These cells had a col-
lapsed appearance or showed fissures in their envelopes (Fig.
6E and F). However, some of them maintained their integrity
throughout the time of incubation. In all samples we observed
blebs adherent to the cell surface, and these increased in num-
ber with starvation time (Fig. 6G). Occasionally, we detected
an extracellular substance adhering to the cell surface in long-
term-starved cells (Fig. 6H). This substance was extended into
polymer-like filaments, and it was not observed in short-term-
starved cells.
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FIG. 4. Percent survival of strain E22 in microcosms of 0.3% (A), 1.5% (B),

or 3.8% (C) salinity maintained at 12°C (), 25°C (O), or 30°C (O). Each point
represents the average of values from two different experiments.

Virulence. Cells from saline microcosms were able to infect
eels by i.p. injection and by bath challenge, even after 2 years
of starvation (Table 3). In all cases, starved cells presented a
degree of virulence similar to that of the nonstarved cells used
as controls (Table 3). Starved cells also retained their virulence
for mice; e.g., cells from microcosms of 0.5% salinity with an
average age of 10 months (culturable count, 1.5 X 10% to 2.5 X
10* CFU/ml) resulted in ca. 75% percent mortality in Desferal-
pretreated mice, compared to 100% mortality in the control
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TABLE 2. ELISA and microagglutination titers of
starved and control (stationary-phase) cells

Titer?
Cells Antigen
ELISA Microagglutination
Control ‘Whole cell 50,000 128
O antigen 50,000 256
Starved ‘Whole cell 12,000-30,000 256
O antigen 17,000-32,000 256

“Two antisera were used: one against stationary-phase cells and another
against starved cells.

experiment, performed with stationary-phase-grown cells (cul-
turable count, 6.3 X 10° CFU/ml). Cells from microcosms of
0% salinity maintained their virulence while they were in the
culturable state (Fig. 3).

DISCUSSION

V. vulnificus biotype 2 was able to survive under starvation
conditions in ASW adjusted to different salinities and incu-
bated at several temperatures. No significant difference, indic-
ative of salt adaptation, was detected between strains isolated
at low and moderate salinities. A trait common to most curves
was that the number of culturable cells decreased from time
zero. This means that there is not a general initial increase
similar to that described by several authors as being the result
of cell fragmentation (reductive division) (30). Thus, cell frag-
mentation would not appear to be a general survival strategy
for this pathogen. In all microcosms, the number of culturable
cells decreased with starvation time. This fact is in accordance
with most long-term starvation-survival studies, in which less
than 1% of a culture survives (32). A comparison of our sur-
vival curves with the starvation-survival patterns observed by
Morita (30) reveals that V. vulnificus biotype 2 seems to follow
a pattern intermediate between patterns C and D: there is no
initial increase in culturable cell numbers, as occurs in pattern
C; the decrease is not as rapid as in pattern D; and an approx-
imately constant level of cells is reached and maintained over
time, which happens in both patterns. In contrast, most of the
marine bacteria, including marine vibrios, exhibit pattern C.

In the microcosms of moderate salinities (1.5 to 3.8%),
AODC, DVC, and culturable counts showed a short-term
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FIG. 5. Percent survival of culturable cells of the opaque (A) and translucent
(O) variants of strain E22 from microcosms of 3% salinity maintained at 25°C.
Each point represents the average of values from two different experiments.



FIG. 6. Electron micrographs of control and starved cells. (A) Cells at time zero. (B) Cell from a microcosm at 0.3% salinity, after 7 days of starvation. (C) Cell
from a microcosm of 3.8% salinity, after 2 years of starvation. (D) Sample from a microcosm of 0.3% salinity, after 2 years of starvation, showing cell debris and a single cell
(marked by an arrow). (E) Sample from a microcosm of 0% salinity, after 7 days of starvation, showing collapsed cells. (F) Cell from a microcosm of 0% salinity, after 7 days
of starvation, showing external fissures. (G) Sample from a microcosm of 3.8% salinity, after 7 months of starvation, showing one cell with two adherent vesicles and one
liberated vesicle (marked by an arrow). (H) Cell from a microcosm of 3.8% salinity, after 1 year of starvation, showing adherent extracellular material. Millipore filters (A, B,
E, and F) and Nuclepore filters (Nuclepore Corp., Pleasanton, Calif.) (C, D, G, and H) were used in these studies. Bars, 0.5 um (A, B, C, F, G, and H) or 5 pum (D and E).
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TABLE 3. Mortality of elvers inoculated with
starved cells and of controls

Inoculated cells” Dose (CFU/ml)® % Mortality

From microcosms

0.3%, 25°C (15) 1.5 x 10° 100¢
0.5%, 25°C (7) 1.7 X 10° 80°
1.5%, 25°C (7) 2.6 X 10* 100¢
1.5%, 25°C (24) 1.6 X 10* 1004
3.8%, 12°C (7) 1.1 x 10° 80°
3.8%, 25°C (7) 7 % 10° 33¢
3.8%, 30°C (7) 1 x 10* 33¢
3.8%, 30°C (8) 9% 10° 1004
3.8%, 30°C (7) 43 % 10° 50¢
Controls®

6.3 X 10* 1004

3.1 x10° 80°

2.6 X 10? 50¢

“ Salinity and temperature of microcosms are shown. Values in parentheses
are ages of cells (in months).

® Culturable counts at the time of inoculation.

¢ Determined by i.p. inoculation (0.1 ml/fish).

4 Determined by bath challenge. Bath salinity was that of the microcosm; for
the controls, it was 1.5%.

¢ Controls were inoculated with stationary-phase cells.

course similar to that described for biotype 1 of this species
(22, 46). For example, the differences between DVC and cul-
turable counts were similar to that reported by Wolf and Oliver
for V. vulnificus biotype 1 as being representative of noncul-
turable subpopulations (46). In the aforementioned work, mi-
crocosms were maintained for only 1 month and the difference
detected at that time was similar to that found in our study
(around 1 log unit). However, we cannot compare the results
obtained beyond the first month because no long-term survival
study has been performed with biotype 1 of this species. The
optimal salinity for survival of V. vulnificus biotype 2 was 1.5%,
which is in accordance with field data on biotype 1 isolation
(35) and with laboratory experiments performed with this bio-
type (22). It is remarkable that salinities below 0.5% were
nonlethal in the short run for V. vulnificus biotype 2. Since
experiments at such low salinity have not been performed on
biotype 1, we could not compare our results with those ob-
tained for this biotype. In contrast, salinities of 0.5 to 1% are
lethal for some marine vibrios, such as V. anguillarum and
V. salmonicida (18). We observed that the differences between
DVC and culturable counts were greater in the low-salinity
microcosms than in moderate-salinity microcosms. This could
be indicative of an important subpopulation that lost its cul-
turability upon osmotic shock. The optimal temperature for
survival was dependent on salinity; it was 12°C for moderate-
salinity microcosms and 25 to 30°C for low-salinity microcosms.
We have previously reported that temperatures below 5°C
induce the VBNC state in seawater (10). Thus, it seems prob-
able that the sensitivity of V. vulnificus biotype 2 to low tem-
peratures increases at low salinity. With regard to the experi-
ments with moderate-salinity microcosms, similar results have
been reported for V. vulnificus biotype 1 maintained under
laboratory conditions (22). The combination of low salinity and
a temperature of 12°C was not used in the aforementioned
study, so our results concerning this topic cannot be compared.

The overall data suggest that for the survival of V. vulnificus
biotype 2 as a free-living form in water in the absence of
nutrients, the optimal conditions are 1.5% salinity and 12°C
(Fig. 1, 2, and 4). It is remarkable that the bacterium can
survive in large numbers at temperatures which are below the
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optimum for growth in culture media and for the spread of
infection (ca. 25 to 30°C). However, survival may vary if nutri-
ents or particulate material are added to microcosms. Exper-
iments to study the effects of such additions are currently
under way in our laboratory. In any event, our results with
biotype 2 under laboratory conditions are similar to those
obtained for biotype 1 (22, 36, 39). In this regard, several
studies have reported that this biotype is not detectable in
seawater at temperatures below 10 to 15°C (38), which appar-
ently contradicts our results. Nevertheless, our experiments do
not reproduce the natural environment exactly, given that the
ASW microcosms only approximate natural conditions. In na-
ture, other factors, as yet undetermined, may make the bac-
terium nonrecoverable at 12°C. For example, it has been ob-
served that the survival of V. vulnificus biotype 1 in microcosms
of natural seawater varies strongly depending on whether the
seawater is sterilized (22). In general, bacterial cell numbers
decrease to undetectable levels in nonsterilized water, which
suggests that biological factors (such as bacteriophages or pro-
tozoa) may control the survival of bacteria in the environment
(15). Experiments on survival in natural brackish water and
seawater are now being conducted in our laboratory.

Light microscopy confirmed that opaque starved cells main-
tained their capsules. This result is in agreement with that
reported by Wolf and Oliver (46) for V. vulnificus biotype 1. In
that case, the capsule was maintained even in the VBNC state.
On the other hand, the capsule seems to play a role in long-
term survival, since we observed that the percent survival of the
opaque variant was significantly higher than that of the trans-
lucent one. This result is in apparent contradiction to our own
previous study on the role of the capsule in the VBNC state
(10). The latter study was performed at 4°C and 3.8% salinity
for periods of up to 35 days. In the present work, the differ-
ences were particularly evident after 130 days (Fig. 5). Thus, it
seems reasonable to theorize that these effects are only notice-
able in long-term experiments. Since the capsule also increases
adhesiveness to eel mucus and its presence favors survival in
eel and human serum (2), this external envelope seems advan-
tageous in that it allows the bacteria to withstand stress con-
ditions and to colonize surfaces such as the epidermis of fish
(2). Starved cells also maintained recognizable antigens on
their surfaces, which means that it should be possible to detect
cells by immunological methods in environmental samples
even after an extended period of starvation. In fact, we have
developed an ELISA capable of detecting cells in the noncul-
turable state (12), and we are developing an immunostaining
method, which is currently being tested for reliability in our
laboratory.

Electron microscopy revealed that there was a general ten-
dency toward a reduction in size and a shape change from rod
to coccus with increased starvation time. These changes oc-
curred faster in the low-salinity microcosms. The decrease in
size and the tendency to spheroid forms are common traits of
starved bacteria (5, 23, 32, 42). In fact, it has been proposed
that size reduction during starvation is a survival strategy used
to minimize cell maintenance requirements and enhance sub-
strate uptake due to a high surface-to-volume ratio. This strat-
egy seems to be adopted by V. vulnificus biotype 2. Similar
findings have been reported for marine bacteria (32) and for
V. vulnificus biotype 1 (39). After 2 years of starvation, cells
maintained their integrity in moderate-salinity but not in low-
salinity microcosms, which may explain why we were not able
to recover culturable cells at this time.

It has been suggested that the process of size reduction can
be accompanied by changes in the external surface of the
bacterium: the appearance of bridge polymers that enhance
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adhesion (21), the development of fimbria-like appendices for
cell-cell interactions (23, 42), increases in surface roughness
(24, 26), and the formation of membrane vesicles (21, 23, 28,
42). Tt has also been suggested that these vesicles (blebs) can
be formed by pieces of cell envelope as a strategy for cell size
reduction (21). Since we observed blebs, which were increased
in number with increased starvation time, we agree with Jiang
and Chai (21) that blebs could be pieces of cell envelope
formed to adjust cell volume. In addition, we observed an
extracellular substance adherent to the cell surface. Similar
findings have been described for V. parahaemolyticus, for which
this extracellular matrix has been proposed to act as an adher-
ence mechanism (21). In contrast, other investigators have
suggested that these polymers could be dehydrated exopolysac-
charides. As already mentioned, V. vulnificus produces a cap-
sule of an exopolysaccharidic nature, so we cannot rule out this
possibility.

With respect to the experiments performed at 0% salinity, it
is remarkable that V. vulnificus biotype 2 maintained cell in-
tegrity and viability (according to the criterion of Kogure et al.
[25]), whereas it lost culturability in a few days. This result is in
apparent contrast to that reported by Kaspar and Tamplin (22)
for V. vulnificus biotype 1. In their work, bacterial lysis was
suggested as the reason for the nonculturability in the absence
of salts, but this hypothesis was not proven. We were unable to
resuscitate nonculturable cells, so they apparently were not in
the VBNC state. It is not surprising that the absence of salts
represents a significant stress for most Vibrio species, given
their natural habitat. Some evidence of cell damage was ob-
tained from the studies of growth on selective medium. This
was confirmed after the observation of starved cells by electron
microscopy: cells from microcosms of 0% salinity appeared to
be collapsed or to have fissures in their envelopes. The overall
data suggest that although in the absence of salts cells can
apparently maintain their cellular integrity and even their via-
bility under controlled conditions (e.g., those of DVC counts
by the method of Kogure et al. [25]), they are damaged enough
to lose their culturability in a few days.

Finally, starved cells maintained their ability to infect eels
and humans, irrespective of the salinity-temperature combina-
tion and the age of the cells. Cells from microcosms of 0%
salinity were virulent while they were in a culturable state. The
ability to infect through water is indirect evidence that the
cells retained their capsules, because nonencapsulated cells are
avirulent (2). We did not find a relationship between the de-
gree of virulence and the salinity-temperature conditions of the
microcosm. The retention of virulence under conditions sim-
ulating those found in the aquatic environment is additional
evidence supporting the hypothesis that water is one of the
natural reservoirs of this pathogen.

In summary, the overall data suggest that V. vulnificus bio-
type 2 has developed strategies that allow it to survive in saline
water in the absence of nutrients and outside its natural host.
Under these conditions, this bacterium can maintain its poten-
tial to infect fish and humans. Our results are in accordance
with those obtained in similar studies performed with biotype
1 of this species, which is an autochthonous member of aquatic
ecosystems. This means that V. vulnificus biotype 2 is an op-
portunistic pathogen (primary for eels and secondary for hu-
mans) whose main reservoir is probably the aquatic environ-
ment, where it can survive at different rates depending on
salinity and temperature. From these environments, the bac-
terium could infect susceptible eels, multiply in them following
the development of vibriosis, and be liberated in large numbers
into the environment, where they would constitute a potential
risk to human health. The scarcity of reports on its isolation
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from aquatic samples suggests that it is a minor serotype in
water from which it can be successfully isolated after an
epizootic event.
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