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ABSTRACT

In this study, the effect of temperature on the formation of viable but non-culturable (VBNC) pathogenic Vibrio cholerae O139 
was examined.  Furthermore, both the virulence and cellular protein expression of the bacterial cells under culturable, non-cultur-
able and resuscitated states were determined.  Following the incubation of bacterial cells in river water microcosms (RWM) with 
0.5% NaCl at 4°C for 35-45 days, plate counts declined to less than 1 CFU/mL; but viable counts dropped to 104-105 cells/mL 
during the first 2 weeks and maintained at this level till the end of incubation. However, the entry of cells into a VBNC state was 
not detected after the cells were cultured at either 15 or 25°C.  When the 4°C -induced VBNC samples were either inoculated to 
a plate supplemented with H2O2-degrading compounds or shifted to 28°C, non-culturable O139 cells regained their culturability.  
The adhesion test showed that the number of O139 cells adhering to HeLa cells was highest in culturable cells and significantly 
lower in either resuscitated cells and non-culturable cells.  As for the cytotoxicity test, all HeLa cells died after incubation with cul-
turable O139 cells, whereas 32.1 ± 4.6% and 100% of target cells died after incubation with resuscitated cells for 3 and 5 hr, respec-
tively.  No difference was observed between the percentages of cell death after incubation with non-culturable cells and with sterile 
culture medium.  When mice were challenged with culturable O139 cells, the mortality was 80%.  However, all mice survived after 
challenge with either VBNC or resuscitated cells. 
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INTRODUCTION

Aquatic microbial ecologists have long recognized 
that some of bacterial populations seem to “disappear” 
from natural water bodies during certain times of the 
year, only to reappear at other times.  They believe 
that such “disappearance” not due to death, but to their 
entry into the “viable but non-culturable” (VBNC) state.  
VBNC bacteria maintain characteristics of viable cells, 
such as the potential for metabolic activity and respiration 
and cellular integrity(1), but can no longer be cultured in 
or on routine media.  In other words, there is reproduc-
ible loss of culturability.  The VBNC state may represent 
a dormant form that enhances the survival of nonsporu-
lating bacteria in an adverse environment(2).  Numer-
ous bacteria, such as Escherichia coli, Vibrio vulnificus, 
Salmonella enteritidis, Shigella sonnei, Shigella flexneri, 
Campylobacter jejuni, and Legionella pneumophila(3-8), 
can enter the VBNC state after exposure to adverse envi-
ronmental stress(1). However, subsequent studies(1-2) also 
indicated that this non-culturable state can be reversed 
when the stress is eliminated.

Vibrio cholerae, a normal inhabitant of aquatic 
environments, is one of the bacterial species of the free-
living flora found in estuarine areas, in which it survives 
under a wide range of conditions of pH and salinity(9).  
Discoveries of the past decade have revealed the exis-

tence of a dormant state into which V. cholerae enters in 
response to environmental parameters such as tempera-
ture, salinity(10), and nutrient deprivation(11). Colwell 
et al. suggested that V. cholerae can enter a state in 
which the cells are VBNC(10,12-13).  Cholera-like epidem-
ics have been reported from India and Bangladesh that 
were caused by novel strains of V. cholerae assigned to a 
newly designated serogroup O139(14).  Recently, Sung et 
al(15).  showed that change of salinity can cause a revers-
ible inhibitory effect on either the adhesion or virulence 
of V. cholerae O139. 

For human public health, the potential risk resulting 
from the change of environmental parameters includes 
the induction of the pathogenic strain into a non-cultur-
able state and the recovery of the inhibited virulence 
after resuscitation.  Therefore, the purpose of this study 
is to clarify the relationship between the change of these 
parameters and the virulence of V. cholerae at VBNC 
state.  We examined the influence of low temperature on 
the ability of V. cholerae O139 to enter the VBNC state 
in a very low nutrient medium.  Thereafter, the relation-
ship between the culturability and the pathogenicity of 
O139 strain was examined via in vitro adherence and 
cytotoxicity to target cells, and the mortality of the mice 
after challenge were also examined.  These results will be 
beneficial to the further study of VBNC-related proteins 
and genes and clarification of VBNC state induction by 
stress factors.
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MATERIALS AND METHODS

I. Starvation Media

In this study, two starvat ion media with pH 7 
combined with different temperatures and salinity were 
used in inducing bacterial cells to enter a viable but 
non-culture state.  One medium was prepared from river 
water (RW) that was collected from Sheng-Jen waterfall 
in Taipei, Taiwan.  The medium was then sterilized by 
filtration through a 0.2 μM filter membrane (Millipore; 
Billerica, Mass., USA).  The other was the modified 
Morita mineral salt solution (MMS), which was prepared 
as described by Novitsky and Morita(16).  Before experi-
ment, sodium chloride was added to the both media to a 
final concentration of 0.5%.

II. Preparation of Bacterial Cells and Microcosm Condi-
tions

The clinical isolate of Vibrio cholerae O139 used in 
the study was a gift from the Center for Disease Control 
(CDC) of Taiwan, R.O.C.  It was isolated from a patient in 
Kaohsiung City, Taiwan, in August 1997 (label No. 372).  
The O139 cells were incubated in Tryptic Soy Broth (TSB; 
Difco, USA) at 28ºC and 100 rpm overnight. In order to 
determine the incubation period required to reach the 
late log phase, the growth curve of V. cholerae O139 was 
examined.  Namely, bacterial solution (0.2 mL) from an 
overnight culture was cultured in 200 mL of TSB at 28ºC 
and 100 rpm for 24 hr.  Using a spread-plate method and a 
spectrophotometer, the values of the colony-forming unit 
(CFU) and the optical density at 600 nm of the bacterial 
cultures were measured at 1-hr intervals for 24 hr.  The 
late log phase bacterial cells (OD600 = 0.8) were harvested 
by centrifugation at 6,000 × g for 10 min, and then washed 
twice with sterile saline and once with sterile RW or MMS 
to prevent carry-over of nutrients on inoculation of the 
microcosms.  The bacterial concentration was adjusted 
with RW or MMS to 108-109 cells/mL and determined 
using a counting chamber and a microscope.  To determine 
the temperature effect, 1 mL of cells was inoculated into 
199 mL of sterile 0.5% NaCl-RW or -MMS in pre-cooled 
(at 4ºC) 500-mL flasks.  The microcosms were separately 
incubated at 4ºC, 15ºC, and 25ºC in the dark.  In the exper-
iment on the salinity effect, 1 mL of cells was inoculated 
into 199 mL of sterile RW or MMS at various salinities 
(0%, 0.5%, 3%, and 5% NaCl) and the microcosms were 
then incubated without shaking at 28ºC.  Microcosms were 
prepared in triplicate for each experiment. 

III. Cell Counts

Samples taken at the time of inoculation (initial 
time) and at subsequent time intervals were monitored 
by the plate count and direct viable count.  Plate counts 
were obtained by spreading appropriate dilutions of 

O139 cells onto 1/5 Tryptic Soy Agar (TSA) plates (1/5 
TSB containing 1.5% agar).  Plates were incubated at 
28ºC and colonies were counted after 2 days.  Bacte-
rial viability was ascer tained by using a Live/Dead 
BacLight bacterium viability kit (No. L-7007, Molecular 
Probes Europe BV, Leiden, Netherlands).  Viable cell 
counts were determined by using a count chamber and 
an epi-f luorescence microscope (NIKON Eclipse E800; 
Nikon Co., Tokyo, Japan), and five microscopic fields 
were counted for each sample. 

IV. Resuscitation of Non-culturable V. cholerae Cells 

In the experiment, two methods, namely plates 
supplemented with H2O2-degrading compounds(17) and 
temperature upshift(18), were used to perform the resus-
citation of non-culturable O139 cells.  In the method of 
plates supplemented with H2O2-degrading compounds, 
sodium pyruvate(19) or catalase(20) was used.  Sodium 
pyruvate (Sigma) was added directly to 1/5 TSA media 
prior to autoclaving to give a final concentration of 0.1%.  
Alternatively, 100 μL of sterile catalase (20,000 U/mL; 
Sigma) was spread on 1/5 TSA plates at a concentration 
of 2,000 U/plate.  Bacterial cells (0.1 mL), which were 
separately collected at the time of inoculation (initial 
time) and at subsequent time intervals, were then spread 
on the agar plates and colonies were enumerated after 
4 days of incubation at 28ºC.  Media lacking supple-
ments were designated as non-amended controls.  In 
the temperature upshift experiment, 0.5 mL portion of 
the non-culturable cell solution from RWM, which was 
collected from a sample that had entered into VBNC state 
for 7 days, was added to the same volume of RW or TSB, 
and then incubated at 28ºC in the dark without shaking.  
For the non-culturable cells from MMS, the samples were 
separately added to MMS and TSB.  In additional experi-
ment, nalidixic acid (100 μg/mL) was added to sterile RW 
to assay inhibition of bacterial cell multiplication before 
the temperature upshift(21).  The culturability of different 
samples was determined by plate count on 1/5 TSA plates 
at different time interval indicated as in Figures 1 and 2.  
If the non-culturable cells can be restored either after a 
temperature upshift or on plates supplemented with H2O2-
degrading compounds, but not in TSB or on non-amended 
TSA plates, then the cells are considered to be resuscitated 
rather than re-grown from the remaining culturable cells.

V. Adherence and Cytotoxicity Assays

The procedures for the adherence and cytotoxic-
ity assays were modified as described by Sung et al.(15) 
and Rahman et al.(22), respectively.  The bacterial cells 
from different physiological states in RWM, including 
culturable, non-culturable and resuscitated cells, were 
washed with 0.01 M phosphate-buffered saline (PBS) and 
suspended in sterile Dulbecco’s modified Eagle medium 
(DMEM; Biochrom AG, Berlin, Germany) to give a 
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bacterial concentration of 2 × 107 cells/mL.  This experi-
ment used two types of non-culturable cells, which were 
separately obtained 7 days and 80 days after entering the 
VBNC state.  Similarly two types of resuscitated cells 
were collected from sample in RWM that had been resus-
citated for 48 h and tested. 

In this experiment, HeLa cells were used in the 
adherence assay as the target cells. Before the assays, 
0.5 mL of HeLa cell suspension in DMEM containing 
10% fetal calf serum (FCS) was spread gently onto a 
sterile glass slide (18 × 24 mm) laid in a sterile Petri dish 
(diameter = 10 cm).  The plate was kept motionless at 
room temperature for 1 hr, after which 10 mL of DMEM 
containing 10% FCS was applied to the glass slide.  The 
cell sample was incubated in a 5% CO2-incubator at 37ºC 
for 24-48 hr to obtain a monolayer with 5 × 105 cells/slide.  
After the slide was washed once with DMEM, 0.5 mL of 
bacterial suspension was spread on the HeLa cells.  In the 
adherence assay, the co-culture was incubated at 37ºC for 
1 hr in a humid chamber.  Subsequently, the slides were 
washed three times and fixed with 10% formalin-0.01 M 
PBS (pH 7) for 30 min at room temperature.  After wash-
ing with PBS, the slides were stained by immunof luo-
rescence staining with mouse anti-O139 serum prepared 
in our laboratory and then with f luorescein-conjugated 
horse-anti-mouse IgG (Vector Laboratories, Ltd., Burlin-
game, CA., USA).  The slides were then counter-stained 
with Evan’s blue and the numbers of bacteria associated 
with the HeLa cells were counted for at least five fields 
with a total of 50-100 HeLa cells using an epi-fluorescence 
microscope.  The data presented in the study represented 
the number of adhesive cells per 20 HeLa cells. 

In the cytotoxicity assay, the co-culture of bacterial 
cells and HeLa cells was developed at 37ºC in a humid 
chamber.  The slides were then stained with Trypan 
blue after at 3 hr and 5 hr incubation.  Afterwards, the 
numbers of dead HeLa cells were counted for at least five 
fields using a microscope.  The data presented in the study 
represented the mean of percentages of dead cells ± the 
standard error of the triplicate measurements.   

VI. Challenge Experiment

The procedure was modified as described by Sung 
et al.(15). Mice (6-week-old; ICR strain) purchased from 
The Laboratory Animal Center of Taiwan University 
College Medicine, were divided into six test groups and 
one control group.  One mouse from each test group was 
challenged intraperitoneally with 100 μL of bacterial 
suspension (double dose of LD50 in 0.01 M PBS; 4 × 109 
cells/mouse).  Among the six bacterial samples, the first 
sample was culturable cells from TSB culture at 28ºC; 
the second to the fourth samples were cells from separate 
cultures in RW at 4ºC for 8, 16, and 24 days; the fifth 
sample was viable but non-culturable cells collected 7 
days after VBNC formation in RWM; and the last sample 
was resuscitated cells.  Resuscitated cells were collected 

from sample which had been resuscitated for 2 days in 
RWM at 28ºC.  Before the challenge, all bacterial samples 
were washed and resuspended in 0.01 M PBS.  During 
the experiment, 20 mice were used for each replicate and 
each experiment of bacterial challenge was performed in 
triplicate.  The control group was injected with an equal 
volume of sterile PBS.  Bacterial cells were collected from 
the peritoneal cavities of dead mice within 1 hr of death, 
and then identified to confirm that death was caused by V. 
cholerae O139.  After injection, the number of dead mice 
was recorded daily.  The mortality was calculated using 
the following formula: number of dead mice/the total 
number of mice × 100%. 

RESULTS

I. Induction of Viable but Non-culturable State in Vibrio 
cholerae O139

Results from the study of Vibrio cholerae O139 incu-
bated separately in river water microcosm (RWM) with 
0.5% NaCl at different temperatures showed that plate 
counts declined from 5 × 106 CFU/mL to less than 1 CFU/
mL at 4ºC after 45 days.  The viable counts decreased to 
(1.9 ± 1.2) × 104 cells/mL at the end of the second week 
and maintained in the range of 104-105 cells/mL during 
the remaining incubation period (Figure 1A).  However, 
after culturing at either 15ºC or 25ºC plate counts were 
maintained to be in the range of 105-106 CFU/mL during 
the whole cultivation period (Figure 1A), indicating that 
bacterial cells did not enter VBNC state.  The low-temper-
ature effect was also detectable when O139 cells were 
cultured in Morita mineral salt solution (MMS) with 0.5% 
NaCl, with the minimum of 80 days for complete entry 
into a VBNC state (Figure 1B). In addition, the inf lu-
ences of different concentrations of NaCl (0%, 0.5%, 3%, 
and 5%) on the culturability of the O139 strain were also 
observed in this study.  The results from culture in both 
RWM and MMS at 28ºC showed that bacterial counts 
detected by the plate count were no difference from those 
detected by the viable count during the whole cultiva-
tion period (data not shown).  Therefore, only O139 cells 
in RWM from different physiological states were used in 
further assay.  

II. Resuscitation of Non-culturable Cells

In order to clarify whether cells were restored due 
to resuscitation, two independent experiments were 
conducted.  In the first experiment using plates supple-
mented with H2O2-degrading compounds, plate counts 
on 1/5 TSA of samples collected from RWM decreased to 
less than 1 CFU/mL after 35 days of inoculation at 4ºC, 
while there was no decline in the viable counts.  After 
development of the non-culturable state, a portion of the 
O139 cells regained culturability on media amended with 
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either sodium pyruvate or catalase (Figure 2A).  Similar 
results were found in non-culturable cells in MMS (data 
not shown). 

In the second experiment, the temperature upshift 
experiment, 4ºC -induced samples from both RWM 
and MMS showed detectable bacterial counts after a 
direct shift to 28ºC.  The plate counts increased to 5
× 106 CFU/mL after 40 hr in RWM and 2 hr in MMS, 
respectively (Figure 2B); however, no bacterial count 
was detected after incubation of non-culturable cells 
from both microcosms at 4ºC into TSB and then incuba-
tion at 28ºC (data not shown).  An additional experiment, 
in which non-culturable cells were inoculated into the 
RWM containing nalidixic acid before the temperature 
upshift treatment, showed 1 × 104 and 2.5 × 106 CFU/mL 
of resuscitated cells at 30 h and 40 h after inoculation, 
respectively.

III. Pathogenicity of V. cholerae O139 in Different Growth 
States

In order to determine the pathogenicity of V. choler-
ae O139 in different growth states, the adhesion and cyto-
toxicity of bacterial cells in RWM to human cells (HeLa 
cells) and the mortality of mice following challenge with 
the test strains were examined.  The results showed that 
the adhesion level was high for culturable cells, interme-
diate for resuscitated cells and low (less than 5 adhesive 
cells per 20 target cells) for non-culturable cells collected 
either 7 days or 80 days after entry into a VBNC state 
(Figure 3A).  In the cytotoxicity test shown in Figure 3B, 
all target cells were dead after challenge with culturable 
O139 cells.  The resuscitated cells collected from samples 
that had entered VBNC state for 7 days caused 32.1 ± 4.6% 
and 100% of target cell mortality after challenge for 3 
and 5 hr, respectively (Figure 3B (a)).  However, the cells 
collected from samples in VBNC state for 80 days caused 
36.0 ± 1.4% and 35.9 ± 2.2% of cell death after chal-
lenge for 3 and 5 hr, respectively (Figure 3B (b)).  The 
percentage of target cells that died when incubated with 
VBNC O139 was the same as that of the control group, in 
which target cells were incubated with culture medium 
alone.  Furthermore, the mortality of mice challenged 
with culturable cells was shown to be 80-85% (Table 
1).  However, the mortality significantly decreased when 
mice were challenged with the bacterial cells cultured at 
4ºC for 8 and 16 days, whereas all mice survived after 
being challenged with either non-culturable or resusci-
tated bacterial cells (Table 1).

DISCUSSION

Previous studies had shown that Vibrio cholerae 
exists in a viable but non-culturable (VBNC) state when 
incubated at low temperature or in different salinities(10), 
in nutrient deprivation(11), and at low temperature in a 

Table 1. The mortality of mice challenged with Vibrio cholerae 
O139 at different states by intraperitoneal injection.

Cells at different states
Mortality (%)

Test 1 Test 2 Test 3

Culturable cells 85 80 85

Cells cultured at 4°C for 8 days 5 0 0

Cells cultured at 4°C for 16 days 0 0 5

Cells cultured at 4°C for 24 days 0 0 0

Nonculturable cellsa 0 0 0

Resuscitated cellsb 0 0 0

Control 0 0 0
a�cells collected from 7 days after the entry of O139 cells into the 
non-culturable state in river water microcosm (RWM).

b�cells collected from 7 days after entering the non-culturable state 
were resuscitated in RWM and collected at the 2nd day after resus-
citation.

Control, mice were challenged with 0.01 M PBS (pH 7.0).
Mice were used for each test group and each experiment of bacterial 
challenge was performed in triplicate.
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Figure 1. Induction of viable but non-culturable (VBNC) state 
by Vibrio cholerae O139 in the river water microcosm (RWM) 
containing 0.5% NaCl (A) and in the modified Morita mineral salt 
solution (MMS) (B) at different temperatures. ●, ∆ and ■: plate 
counts of samples separately from culturing at 4, 15, and 25°C; ◊: 
viable counts of sample from culturing at 4°C determined by the 
live/dead staining method.  
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nutrient-limited artificial seawater microcosm(12).  In this 
study, only the low temperature had effect on the cultur-
ability of the pathogenic V. cholerae O139 cultured in 
nutrient deprivation (Figure 1A and 1B).  The study of 
Morton and Oliver(23) has shown that carbon starvation 
has a dramatic effect on V. vulnificus cells entering into 
the VBNC state.  However, other researches indicated 
that the starvation inhibits the formation of non-cultur-
able cells in V. vulnificus(24-25).  In this study, entry into 
the VBNC state in the river water microcosm (RWM) 
required a shorter time than that in the artificial MMS.  
It was suggested that the RWM may contain a small 
amount of organic compounds which can be used as a 
nutrient source, because it was collected from a water-

fall frequented by tourists.
For V. parahaemolyticus, V. cholerae and V. vulnifi-

cus, the VBNC state is induced by a temperature down-
shift and resuscitation from this state has been reported 
after the removal of the temperature stress(21,26-28).  
However, whether reports of in vitro resuscitation depict 
true resuscitation of non-culturable cells or re-growth of 
a few culturable cells which escaped detection remains 
controversial.  More recently, there have been publica-
tions on resuscitation in conditions where re-growth of 
culturable cells is less likely(1), for instance, using the 
detection of intracellular ATP(29), a serial dilution of 
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Figure 2. Entry of Vibrio cholerae O139 cells into the non-
culturable state and resuscitation after incubation on media 
amended with H2O2-degrading compounds at 28°C (A) and after 
temperature upshift from 4°C to 28°C (B). In figure (A), samples 
from culturing in river water microcosm (RWM) at 4°C; ●: viable 
count determined by the live/dead staining method; ∆, ■, and ◊: 
plate counts of samples separately cultured on 1/5 TSA, 1/5 TSA 
containing sodium pyruvate and catalase. In f igure (B), non-
culturable cells collected from samples that had entered VBNC state 
for 7 days were separately resuscitated in modified Morita mineral 
salt solution (MMS; solid symbol) and in river water microcosm 
(RWM; open symbol).

Figure 3. In vitro virulence test of Vibrio cholerae O139 cells from 
culturable, viable but non-culturable (VBNC), and resuscitation 
states in river water. (A) Adherence, determination of adhesion 
of O139 cells to HeLa cells after co-culturing HeLa cells and 
O139 cells for 1 hour; (B) Cytotoxicity, examination of the death 
percentage of HeLa cells after HeLa cells were co-cultured with 
O139 cells for 3 and 5 hours. (a) O139 cells were obtained 7 days 
and (b) 80 days after entering the VBNC state. Two types of 
resuscitated cells were also tested after recovery of the two types 
of VBNC cells. The sterile Dulbecco’s modified Eagle medium 
(DMEM) without bacterial cells applied to HeLa cells was used as a 
control. 
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samples combined with temperature upshift(27), and heat 
shock treatment(6).  In addition, in order to terminate 
this controversy, Mizunoe et al.(17) have reported that 
starvation- and low temperature-induced VBNC cells of 
enterohemorrhagic E. coli were resuscitated after spread-
ing from the starvation microcosms directly onto the 
plates amended with H2O2-degrading compounds such 
as catalase or sodium pyruvate.  In this study, both the 
method of a plate supplemented with H2O2-degrading 
compounds and the temperature upshift demonstrated 
that non-culturable cells can be restored. Nalidixic acid 
inhibits proliferation of bacterial cells, so addition of this 
antibiotic could eliminate effect of re-growth of a few 
culturable cells on the resuscitation experiment(21).  Inoc-
ulation of non-culturable cells into the RWM containing 
nalidixic acid before the temperature upshift showed the 
same number of resuscitated cells nalidixic acid-added 
and unadded groups.  These results demonstrated that 
the culturability of low-temperature stressed O139 cells 
is regained after removal of the stress.  As for the differ-
ence between RWM and MMS in the time required for 
resuscitation, this may be related to the components of 
the two microcosms.  Further experiments are required to 
clarify this issue.  In addition, no plate count was detect-
ed after non-culturable cells were directly inoculated into 
TSB.  This indicates that reactive oxygen intermediates 
produced by cell respiration during resuscitation may not 
be quickly degraded by anti-oxygen enzymes which are 
unable to be synthesized in time, such as catalase exam-
ined in this study.

Bacterial adherence and colonization are the key 
steps that help enterotoxigenic and other enteropathogenic 
organisms to establish infection in the gut(30).  An earlier 
study showed that differences in temperature, salinity, 
ion concentrations, and pH values could affect the attach-
ment of enterotoxigenic V. cholerae O1 and non-O1(31).  
Sung et al.(15) have indicated that the effect of salinity 
on the adhesion of V. cholerae O139 is stronger than the 
effect of the pH value.  Furthermore, the level of adhe-
sion may vary according to different growth conditions, 
and its expression may further affect the pathogenicity of 
V. cholerae O139.  As for the VBNC bacteria, Madema et 
al.(32) indicated that a lack of colonization was detected 
when Campylobacter jejuni entered the VBNC state.  
However, Oliver and Bockian(33) have indicated that 
VBNC cells of V. vulnificus remain virulent, although 
their virulence is significantly reduced.  For pathogenic 
VBNC cells, the potential risk in human public health 
can be induced by the recovery of the inhibited viru-
lence(1,22,33-37).  Colwell et al.(38) reported that VBNC V. 
cholerae and enteropathogenic E. coli regained cultur-
ability after animal passage.  However, the results from 
human volunteers who developed clinical symptoms of 
cholera after ingestion of VBNC V. cholerae O1 suggested 
that maintenance of the infectivity of VBNC cells may 
be confined to “young cells”, while those that have been 
in the VBNC state longer may lose infectivity(36).  In this 

study, the culturable V. cholerae O139 were shown to be 
pathogenic; however, the loss of pathogenicity, indicated 
by a reduction in cellular adheresion and cytotoxicity 
and a reduction in fatality in infected mice, was detected 
in non-culturable cells.  For resuscitated cells, except of 
the cells resuscitated from sample that had been entered 
to VBNC state for 7 days causing all target cells to be 
dead after challenge for 5 h (Figure 3B), both adhesion 
and cytotoxicity were partially recovered.  These results 
indicate that adhesive and/or toxic factors could be recov-
ered, but the restored degree of cytotoxicity is in inverse 
proportion to the duration of the cells in VBNC state.  
However, the observation that all mice survived after 
challenge with resuscitated cells (Table 1) indicates that 
the virulence of resuscitated cells, including cell adhe-
sion and cytotoxicity, is not completely restored.  These 
results suggest that pathogenicity may be reversible after 
culturability is restored, but the degree of pathogenicity 
is related to the recovery of adhesion and cytotoxicity of 
bacterial cells.  In order to determine whether the find-
ings observed in either mice or in vitro tests coincide with 
those in humans, further studies are required. 

To date, many studies are available on the VBNC 
state, such as stress factors or conditions which induce 
microbes to enter VBNC states(39), and resuscitation or 
re-grown of non-culturable cells after eliminating the 
stresses(1,6,17,27,29,40-41).  In different growth states, both 
the physiological characteristics and the pathogenicity of 
pathogens varied.  However, the proteomic and genomic 
researches on VBNC mechanisms have been done by only 
a few researchers(42-46), due to the fact that the genomes 
of most pathogens of interest have not been completely 
sequenced.  In this study, the preliminary analysis of 
cellular total proteins and the experiment data showed 
that the expression of many proteins changed after cells 
entered into the VBNC state (data not shown).  We believe 
these proteins to be related to or necessary for the entry 
of O139 cells into VBNC state.  The whole genome of V. 
cholerae has been completely sequenced(47).  Therefore, 
in the future, these proteins interest many in genomic 
research to clarify what genes are related to and involved 
in either the entry of microbes into the VBNC state or 
their pathogenicity.  

ACKNOWLEDGEMENTS

This study was supported by the Department of 
Health, Republic of China, grants DOH89-TD-1002.

REFERENCES

1. �McDougald, D., Rice, S. A., Weichart, D., and 
Kjelleberg, S. 1998. Nonculturability: adaptation or 
debilitation? FEMS Microbiol. Ecol. 25: 1-9.

2. �Colwell, R. R. 2000. Viable but nonculturable bacteria: 



Journal of Food and Drug Analysis, Vol. 14, No. 3, 2006

271

a survival strategy. J. Infect. Chemotherapy 6: 121-125.
3. �Byrd, J. J., Xu, H-S, and Colwell, R. R. 1991. Viable 

but nonculturable bacteria in drinking water. Appl. 
Environ. Microbiol. 57: 875-878. 

4. �Chmielewski, R. A. N., and Frank, J. F. 1995. Formation 
of viable but nonculturable Salmonella during starvation 
in chemically defined solutions. Lett. Appl. Microbiol. 
20: 380-384.

5. �Steinert, M., Emödy, L., Amann, R., and Hacker, 
J. 1997. Resuscitation of viable but noncultur-
able Legionella pneumophila Philadelphia JR 32 by 
Acanthamoeba castellanii. Appl. Environ. Microbiol. 
63: 2047-2053.

6. �Wai, S. N., Kondo, T., Misumi, H., and Amako, K. 
1996. Resuscitation of Vibrio cholerae O1 strain TSI-
4 from a viable but nonculturable state by heat shock. 
FEMS Microbiol. Lett. 136: 187-191.

7. �Weichart, D., Kjelleberg, S. 1996. Stress resistance and 
recovery potential of culturable and viable but noncul-
turable cells of Vibrio vulnificus. Microbiol. 142: 845-
853.

8. �Yamamoto, H., Hashimoto, Y., and Ezaki, T. 1996. 
Study of nonculturable Legionella pneumophila cells 
during multiple nutrient starvation. FEMS Microbiol. 
Ecol. 20: 149-154.

9. �Colwell, R. R., and Huq, A. 1994. Vibrios in the envi-
ronment: viable but nonculturable Vibrio cholerae. 
In. Vibrio cholerae and cholera: molecular to global 
perspective, pp.117-133. Edited by K. Wachsmuth, 
P. A. Blake, & O. Olsvik . American Society for 
Microbiology, Washington, D. C., USA.

10. �Xu, H-S., Roberts, N., Singleton, F. L., Attwell, R. W., 
Grimes, D. J., and Colwell, R. R. 1982. Survival and 
viability of nonculturable Escherichia coli and Vibrio 
cholerae in the estuarine and marine environment. 
Microbiol. Ecol. 8: 313-323.

11. �Baker, R. M., Singleton, F. L., and Hood, M. A. 1983. 
Effects of nutrient deprivation on Vibrio cholerae. Appl. 
Environ. Microbiol. 46: 930-940.

12. �Brayton, P.R., and Colwell, R.R. 1987. Fluorescent 
antibody staining method for enumeration of viable 
environmental Vibrio cholerae O1. J. Microbiol. 
Methods 6: 309-314.

13. �Colwell, R. R., Tamplin, M. L., Brayton, P. R., Gauzens, 
A. L., Tall, B. D., Harrington, D., Levine, M. M., Hall, 
S., Huq, A., and Sack, D. A. 1990. Environmental 
aspects of V. cholerae in transmission of cholera, 
In Advances in Research on Cholera and Related 
Diarrheas, pp. 327-343. Edited by R. B. Sack & Y. 
Zinnakea. Tokyo: KTK Scientific Publishers.

14. �Shimada, T., Nair, G. B., Deb, B. C., Albert, M. J., 
Sack, R. B., and Takeda, Y. 1993. Outbreak of Vibrio 
cholerae non-O1 in India and Bangladesh. Lancet 341: 
1347.

15. �Sung, H. H., Chang, C. K., and Lan, S. F. 2004. Effect 
of salinity and pH on the adherence and virulence of 
Vibrio cholerae O139. J. Food Drug Anal 12: 68-73. 

16. �Novitsky, J. A, and Morita, R. Y. 1976. Morphological 
characterization of small cells resulting form nutrient 
starvation of a psychrophilic marine Vibrio. Appl. 
Environ. Microbiol. 32: 617-622.

17. �Mizunoe, Y., Wai, S. N., Takade, A., and Yoshida, S. 
1999. Restoration of culturability of srarvation-stressed 
and low-temperature-stressed Escherichia coli O157 
cells by using H2O2-degrading compounds. Arch. 
Microbiol. 172: 63-67.

18. �Nilsson, L., Oliver, J. D., and Kjelleberg, S. 1991. 
Resuscitation of Vibrio vulnificus from the viable non-
culturable state. J. Bacteriol.173: 5054-5059.

19. �Baird-Parker, A. C., and Davenport, E. 1965. The effect 
of recovery medium on isolation of Staphylococcus 
aureus after heat treatment and after storage of frozen 
dried cells. J. Appl. Bacteriol. 28: 390-402. 

20. �Martin, S. E., Flowers, R. S., and Ordal, Z. J. 1976. 
Catalase: its effect on microbial enumeration. Appl. 
Environ. Microbiol. 32: 731-734.

21. �Jiang, X., and Chai, T. J. 1996. Survival of Vibrio para-
haemolyticus at low temperatures under starvation con-
ditions and subsequent resuscitation of viable, noncul-
turable cells. Appl. Environ. Microbiol. 62: 1300-1305.

22. �Rahman, I., Shahamat, M., Kirchman, P. A., Russek-
Cohen, E., and Colwell, R. R. 1994. Methionine uptake 
and cytopathogenicity of viable but nonculturable 
Shigella dysenteriae type 1. Appl. Environ. Microbiol. 
60: 3573-3578.

23. �Morton, D. S., and Oliver, J. D. 1994. Induction of 
carbon starvation-induced proteins in Vibrio vulnificus. 
Appl. Environ. Microbiol. 60: 3653-3659.

24. �Oliver, J. D., Nilsson, L., and Kjelleberg, S. 1991. 
Formation of nonculturable Vibrio vulnificus cells and 
its relationship to the starvation state. Appl. Environ. 
Microbiol. 57: 2640-2644.

25. �Weichart, D., Oliver, J. D., Kjelleberg, S. 1992. Low 
temperature induced non-culturability and killing of 
Vibrio vulnificus. FEMS Microbiol. Ecol. 100: 205-210.

26. �Oliver, J. D. 1995. The viable but non-culturable state in 
the human pathogen Vibrio vulnificus. FEMS Microbiol. 
Lett. 133: 203-208.

27. �Ravel, J., Knight, I. T., Hill, C. E., and Colwell, R. R. 
1995. Temperature induced recovery of Vibrio cholerae 
from the viable but nonculturable state: growth or resus-
citation? Microbiol. 141: 377-383.

28. �Whitesides, M. D., and Oliver. J. D. 1997. Resuscitation 
of Vibrio vulnificus from the viable but nonculturable 
state. Appl. Environ. Microbiol. 63: 1002-1005.

29. �Roth, W. G., Leckie, M. P., and Dietzler, D. N. 1988. 
Restoration of colony-forming activity in osmotically 
stressed Escherichia coli by betaine. Appl. Environ. 
Microbiol. 54: 3142-3146.

30. �Finlay, B. B., and Falkow, S. 1989. Common themes in 
microbial pathogenicity. Microbiol. Rev. 53: 210-230.

31. �Hood, M. A., and Winter, P. A. 1997. Attachment of 
Vibrio cholerae under various environmental conditions 
and to selected substrates. FEMS Microbiol. Ecol. 22: 



Journal of Food and Drug Analysis, Vol. 14, No. 3, 2006

272

215-223. 
32. �Madema, G. J., Schets, F. M., van de Giessen, A. W., 

and Havelaar, A. H. 1992. Lack of colonization of 1 day 
old chicks by viable, but non-culturable Campylobacter 
jejuni. J. Appl. Bacteriol. 72: 512-516.

33. �Oliver, J. D., and Bockian, R. 1995. In vivo resuscita-
tion, and virulence towards mice, of viable but non-
culturable cells of Vibrio vulnificus. Appl. Environ. 
Microbiol. 61: 2620-2623.

34. �Cappelier, J. M., Magras, C., Jouve, J. L., and Federighi, 
M. 1999. Recovery of viable but non-culturable 
Campylobacter jejuni cells in two animal models. Food 
Microbiol. 16: 375-383. 

35. �Cappelier, J. M., Minet, J., Magras, C., Colwell, R. R., 
and Federighi, M. 1999. Recovery in embryonated eggs 
of viable but nonculturable Campylobacter jejuni cells 
and maintenance of ability to adhere to HeLa cells after 
resuscitation. Appl. Environ. Microbiol. 65: 5154-5157.

36. �Colwell, R. R., Brayton, P., Herrington, D., Tall, B., 
Huq, A., and Levine, M. M. 1996. Viable but non-cul-
turable Vibrio cholerae O1 revert to a culturable state 
in the human intestine. World J. Microbiol. Biotechnol. 
12: 28-31.

37. �Rahman, I., Shahamat, M., Chowdhury, M. A. R., 
and Colwell, R. R. 1996. Potential virulence of viable 
but nonculturable Shigella dysenteriae type 1. Appl. 
Environ. Microbiol. 62: 115-120.

38. �Colwell, R. R., Brayton, P. R., Grimes, D. J., Roszak, 
D. B., Huq, S. A., and Palmer, L. M. 1985. Viable but 
non-culturable Vibrio cholerae and related pathogens in 
the environment: Implications for release of genetically 
engineered microorganisms. Biotechnol. 3: 817-820. 

39. �Oliver, J. D. 1993. Formation of viable but noncultur-
able cells, p. 239-271. In: S. Kjelleberg (ed.), Starvation 
in bacteria, Plenum Press, New York.

40. �Duncan, S., Glover, L. A., Killham, K., and Prosser, J. 
I. 1994. Luminescence-based detection of activity of 
starved and viable but nonculturable bacteria. Appl. 
Environ. Microbiol. 60: 1308-1316.

41. �Oliver, J. D., Hite, F., McDougald, D., Andon, N. L., 
and Simpson, L. M. 1995. Entry into, and resuscita-
tion from, the viable but nonculturable state by Vibrio 
vulnificus in an eturine environment. Appl. Environ. 
Microbiol. 61: 2624-2630.

42. �Brauns, L. A., Hudson, M. C., and Oliver, J. D. 1991. 
Use of the polymerase chain reaction in detection of 
culturable and nonculturable Vibrio vulnificus cells. 
Appl. Environ. Micriobiol. 57: 2651-2655.

43. �Coleman, S. S., Oliver, J. D. 1996. Optimization of 
conditions for the polymerase chain reaction amplifica-
tion of DNA from culturable and nonculturable cells of 
Vibrio vulnificus. FEMS Microbiol. Ecol. 19: 127-132.

44. �Hasan, J. A. K., Chowdhury, M. A. R., Shahabuddin, 
M., Huq, A., Loomis, L., and Colwell, R. R. 1994. 
Polymersae chain reaction for detection of cholera toxin 
gene from viable but nonculturable Vibrio cholerae O1. 
World J. Microbiol. Biotechnol. 10: 568-571.

45. �McGovern, V. P., and Oliver, J. D. 1995. Induction of 
cold responsive proteins in Vibrio vulnifcus. J. Bacteriol. 
177: 4131-4133. 

46. �Weichart, D., McDougald, D., Jacobs, D., Kjelleberg, 
S. 1997. In situ analysis of nucleic acids in cold-
induced nonculturable Vibrio vulnificus. Appl. Environ. 
Microbiol. 63: 2754-2758.

47. �Heidelberg, J. F., Eisen, J. A., Nelson, W. C., Clayton, 
R. A., Gwinn, M. L., Dodson, R. J., Haft, D. H., 
Hickey, E. K., Peterson, J. D., Umayam, L., Gill, S. R., 
Nelson, K. E., Read, T. D., Tellellin, H., Richardson, 
D., Ermolaeva, M. D., Vamathevan, J., Bass, S., Qin, 
H., Dragoi, I., Sellers, P., McDonald, L., Utterback, T., 
Fleishmann, R. D., Nierman, W. C., White, O., Salzberg, 
S. L., Smith, H. O., Colwell, R. R., Mekalanos, J. J., 
Craig Venter, J., and Fraser, C. M. 2000. DNA sequence 
of both chromosomes of the cholera pathogen Vibrio 
cholerae. Nature 406: 477-484. 


	Induction of viable but non-culturable state in vibrio cholerae O139 by temperature and its pathogenicity
	Recommended Citation

	tmp.1655585708.pdf.nLACy

