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Vibrio parahaemolyticus ATCC 17802, Vibrio vulnificus ATCC 27562, Vibrio cholerae O:1 ATCC 14035, Vibrio
cholerae non-O:1 ATCC 14547, Vibrio hollisae ATCC 33564, and Vibrio mimicus ATCC 33653 were treated with
200 to 300 MPa for 5 to 15 min at 25°C. High hydrostatic pressure inactivated all strains of pathogenic Vibrio
without triggering a viable but nonculturable (VBNC) state; however, cells already existing in a VBNC state

appeared to possess greater pressure resistance.

The demand by consumers for safe, minimally processed
foods that retain the appearance, flavor, texture, and nutri-
tional qualities of raw or fresh foods has been a driving force
for commercial application of nonthermal food processing
methods such as high-hydrostatic-pressure processing (HPP).
HPP offers advantages over thermal processing in that micro-
organisms and detrimental enzymes can be inactivated at am-
bient or low temperatures without the breaking of covalent
bonds which are essential to virtually all flavor, color, and
nutritional constituents within a food system (6). Pressure
magnitudes between 300 and 600 MPa can inactivate fungi and
vegetative bacteria, including most infectious foodborne
pathogens (20).

The five Vibrio species that pose a foodborne health risk to
humans are V. cholerae, V. parahaemolyticus, V. vulnificus, V.
mimicus, and V. hollisae (10). All five have been implicated in
food-poisoning outbreaks associated with shellfish, particularly
oysters (2, 11), and have been detected in shellfish harvested
from the bays and coastal areas of the United States (4, 5, 9).
Outbreaks of V. parahaemolyticus gastroenteritis in the United
States are usually associated with consumption of contami-
nated shellfish or crustaceans (10).

Styles et al. (21) eliminated starting inocula of 10° CFU of V.
parahaemolyticus per ml after exposure to 1,700 atm (1 MPa =
10 atm) for 10 min in clam juice and 30 min in phosphate
buffer. Yukizaki et al. (25) found V. parahaemolyticus, V. mimi-
cus, and V. cholerae non-O:1 to be destroyed by 1,900, 2,900,
and 4,800 atm for 10 min in liquid buffer at 0°C, respectively.

Some bacteria in response to certain environmental stresses
will remain viable, but lose their ability to grow on media on
which they are routinely cultured (14, 17, 18). V. cholerae and
Escherichia coli were shown to remain viable following incu-
bation in artificial seawater (ASW), although they lost all abil-
ity to produce colonies on media routinely used for their cul-
tivation (24). It has been realized that the viable but not
culturable (VBNC) state exhibited by V. cholerae can explain
the seasonality and distribution of the organism in regions
where cholera is endemic. Several studies showed that the
organism was present and viable in many waters from which it
could not be cultured (1, 3, 23).
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The objectives of this study were to determine the rate of
pressure inactivation of pure cultures of V. parahaemolyticus,
V. vulnificus, V. cholerae O:1 and non-O:1, V. mimicus, and V.
hollisae and to examine the low-temperature-induced noncul-
turable but viable state in the vibrios related to pressure sen-
sitivity.

Six strains of Vibrio were examined in this study: V. parahae-
molyticus ATCC 17802 (Shirasu food-poisoning isolate), V.
vulnificus ATCC 27562 (blood isolate), V. cholerae O:1 ATCC
14035 (clinical isolate), V. cholerae non-O:1 ATCC 14547 (fish
isolate), V. hollisae ATCC 33564 (human feces), and V. mimi-
cus ATCC 33653 (human ear). All strains were obtained from
the American Type Culture Collection (ATCC [Rockville,
Md.]) in lyophilized form and revived under ATCC-recom-
mended conditions (all media were from Difco, Detroit,
Mich.).

Working stocks were prepared by inoculation of the nonha-
lophilic Vibrio strains (V. cholerae O:1, V. cholerae non-O:1,
and V. mimicus) into 10 ml of tryptic soy broth (TSB) and the
halophilic strains (V. parahaemolyticus, V. vulnificus, and V.
hollisae) into 10 ml of TSB plus 2.5% NaCl (TSBS). Stock
cultures were stored on corresponding agar slants at 17°C and
maintained by monthly transfers.

The effect of pressure treatment on the culturability of the
Vibrio strains tested was measured by spread plating on tryptic
soy agar (TSA) or TSA plus 2.5% NaCl (TSAS) and thiosul-
fate-citrate-bile salts-sucrose (TCBS) agar. Samples were seri-
ally diluted in ASW (400 mM [23.4 g/liter] NaCl, 100 mM [24.6
g/liter] MgSO,, - 7H,0, 20 mM [1.5 g/liter] KCI, 20 mM [2.9
g/liter] CaCl, - 2H,O; unless otherwise stated, all chemicals
and reagents were from Sigma Chemical Co., St. Louis, Mo.).
Plates were incubated at 35°C for 20 h, and then bacteria were
counted. The difference between the plate counts on TSA(S),
nonselective medium, and TCBS, selective Vibrio medium in-
hibitory to injured cells, represented the extent of injury to the
population. All plating was done in triplicate.

Cultures were grown for 6 and 24 h at 35°C by transfer of 0.1
ml of a 20-h culture into 10 ml of TSBS. The final cell con-
centrations of both 6- and 24-h cultures were approximately
107 CFU/ml in filter-sterilized ASW or TSBS; these were
stored at 4°C for up to 2 months. Cell culturability of refrig-
erated samples was measured at 2-day intervals by spread-plate
counts on TSAS and TCBS agar. The cultures were reported as
entering the VBNC state when plate counts on TCBS dropped
to a nondetectable level (<10 CFU/ml) and plate counts on
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TSAS dropped below 100 CFU/ml. Resuscitation from the
VBNC state was determined by inoculation of 0.1 ml of an
VBNC culture into 10 ml of sterile TSBS, followed by incuba-
tion for up to 5 days at 25°C. Tubes were examined for tur-
bidity that indicated actively multiplying cells or a resuscitation
from the VBNC state. Turbid tubes were streaked onto TSAS
and TCBS plates and incubated for up to 24 h at 35°C. In
addition, at the end of each experiment, one tube of each of
the VBNC cultures was placed at ambient temperature (ap-
proximately 23°C) for up to 5 days, and samples were placed
daily onto TSAS and TCBS to measure the return of cultur-
ability.

The direct viable count (DVC) method of Kogure et al. (8)
was adapted. Cells suspended in ASW were mixed with filter-
sterilized, nalidixic acid-yeast extract solution (0.02 g of nali-
dixic acid and 0.5 g of yeast extract dissolved in 100 ml of
ASW) in a 9:1 ratio in glass screw-cap tubes. The cell suspen-
sions were incubated for 6 h in the dark at 35°C. After incu-
bation, cell growth was terminated by addition of 0.54 ml of
37% formaldehyde. A volume of cell suspension containing a
total of approximately 10° cells/ml was transferred to a sterile
tube and mixed with an equal volume of filter-sterilized 1:2,500
acridine orange solution (0.04 g of acridine orange in 100 ml of
deionized H,O) and was held at least 2 min. The cells were
filtered onto a 25-mm black, polycarbonate membrane filter
with a 0.2-pm pore size (Poretics, Livermore, Calif.) by using
a 25-mm fritted glass support microanalysis filter holder as-
sembly (Fisher Scientific, Pittsburgh, Pa.) with a vacuum of 0.8
MPa. The traces of sample remaining in the tube were rinsed
onto the filter with 20 ml of filter-sterilized 400 mM NaCl
solution. The filter was removed from the filter assembly and
placed sample side up on a clean glass microscope slide. A
drop of Cargill (Minneapolis, Minn.) type FF nonfluorescent
immersion oil was placed on the filter followed by a glass
18-mm-diameter coverslip. A drop of Cargill type DF low-
fluorescence immersion oil was placed on top of the coverslip
before viewing.

The filters were viewed at a X1,000 magnification with a
Bausch & Lomb (Rochester, N.Y.) epifluorescence micro-
scope. For each sample, at least 10 (usually 20) fields of 2 to
200 cells/field were counted. The number of bacteria per mil-
liliter was calculated by using a conversion factor derived from
the number of fields in the filtered area and the volume of cell
suspension filtered. All of the bacteria-like particles were
counted as total direct microscopic counts (DMC). Those cells
that elongated or enlarged to the size of freshly cultured bac-
teria or larger were counted and designated as direct viable
counts (DVC).

Treated and control VBNC samples were also spread plated
at a 10! dilution on TSAS and TCBS plates and incubated at
35°C for up to 24 h. The lack of colony formation showed
continued lack of culturability of the cultures.

Slant cultures were grown in 50-ml glass, screw-cap tubes
containing 30-ml of TSB (nonhalophilic strains) or TSBS
(halophilic strains) to approximately 10° CFU/ml at 35°C for
10 to 12 h. Cultures were aseptically transferred to 50-ml
polypropylene centrifuge tubes (Fisher Scientific) and centri-
fuged at 2,200 X g for 10 min (IEC Centra-4B centrifuge;
Needham Heights, Mass.), washed with ASW, and resus-
pended in 30 ml of ASW. One milliliter of the resuspended
cultures was diluted into individual sterile dilution bottles con-
taining 99 ml of ASW with a final cell concentration of approx-
imately 107 CFU/ml. Twenty milliliters of each suspension was
aseptically transferred into sterile, heat-sealable Scotchpak
pouches (10 by 15 cm) (Kapak 402, Minneapolis, Minn.). The
pouches were double sealed in a Scotchpak heat-sealer
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(Kapak). The pouches were placed in the pressure chamber for
treatment.

Each Vibrio strain was treated at 200 and 250 MPa for 5, 10,
and 15 min and 300 MPa for 5 min. All of the pressure treat-
ments were done at 25°C. Each pressure-time combination was
repeated at least twice for each strain.

Samples were pressurized with an Autoclave Engineers
(Erie, Pa.) isostatic press (model IP2-22-60) with a tempera-
ture-controlled cylindrical pressure chamber measuring 55.9 by
5.1 cm. Samples were placed into the pressure chamber, which
contained a pressure medium consisting of water containing
2% hydraulic fluid (Hydrolubric 142; E. F. Houghton and Co.,
Valley Forge, Pa.). After pressurization, pouches were re-
moved, rinsed with 70% ethanol, and cut open with a sterile
pair of scissors. Appropriate aliquots of the samples were asep-
tically removed from the pouch and plated directly, further
diluted, or held for microscopic examination and recovery
studies.

In all of the pure culture experiments, the standard error was
calculated for all of the experimental replications. Analysis of
variance using the least-squared means was performed by us-
ing the SAS program (19) to analyze the comparison between
pressure resistance of log-stage cultures and VBNC cells.

All six cultures of Vibrio responded similarly to greater times
of pressurization at 200 and 250 MPa. Figure 1 exemplifies this
response with V. vulnificus 27562. The DVC decreased with
increased pressure and exposure times to pressurization and
dropped below the detection limit (1.6 X 10* cells/ml) at 200
MPa for 15 min and 250 MPa for 10 min. The results indicated
an approximate difference of 1 log,, in cell estimation between
DVC and TSAS plate counts, suggesting that a portion of the
cell population lost culturability but remained viable. This is
probably not a development of an induced VBNC state, be-
cause of the short amount of time the cell suspensions were
exposed to pressure. Instead, this difference can be described
as a result of a more sensitive means of assessing sublethal
injury. The 1-log,, difference can be assumed to represent the
injured subpopulation. No colony formation was found on
either plating medium after a 10-min treatment at 250 MPa.
The agar plating results showed a trend of HPP inactivation
similar to that shown by Styles et al. (21). Styles et al. (21) used
TSAS and recorded complete inactivation (an approximate
5-log,, reduction) of V. parahaemolyticus treated in phosphate-
buffered saline at 170 MPa for 30 min. HPP at 250 MPa for 15
min or 300 MPa for 5 min (data not shown) at 25°C was
sufficient to reduce nonselective plate counts and DVC for all
strains to nondetectable levels.

Attempts were made to induce a VBNC state in the six
strains of Vibrio used in this study, but there was no develop-
ment of a low-temperature-induced VBNC state in the Vibrio
strains in their stationary phase of growth (data not shown). All
log-phase cells incubated in TSB(S) at 4°C displayed noncul-
turability within 22 days compared to ASW-incubated cultures;
however, the presence of the TSB interfered with cell enumer-
ation by DVC. V. hollisae 33564 lost culturability within 14
days; however, the culture also dropped to nondetectable lev-
els (<1.6 X 10* cells/ml) for DVC, which prohibited its use. V.
cholerae O:1, V. choleraec non-O:1, and V. mimicus did not
become completely nonculturable; therefore study of these
three strains was discontinued. Wolf and Oliver (22) were
unable to induce a VBNC state in strains of V. cholerae, V.
mimicus, V. parahaemolyticus, V. natriegens, V. proteolyticus,
and V. campbellii used in their study. In our study, V. parahae-
molyticus and V. vulnificus both showed acceptable trends of
entering the VBNC state under the specified conditions and
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FIG. 1. Effect of high hydrostatic pressure on Vibrio vulnificus ATCC 27562 treated in ASW at 25°C measured by the four cell enumeration methods described in

the text. NG, no colony growth.

were used to study the effect of HPP on Vibrio in the VBNC
state.

The DMC for V. vulnificus 27562 and V. parahaemolyticus
17802 (data not shown) revealed a perceptible decrease of
approximately 1 log,, cells/ml after more than 40 days at 4°C in
ASW. Over this period, TCBS counts dropped somewhat more
rapidly than counts on TSAS, because of the selectivity of
TCBS for viable, noninjured Vibrio cells (Fig. 2) (16). The

TSAS counts were used to determine the time of incubation
required for each strain to become nonculturable (<10 CFU/
ml). V. vulnificus and V. parahaemolyticus were found to be-
come nonculturable after 28 and 38 days of incubation at 4°C
in ASW, respectively. The DVCs stayed at approximately 10°
cells/ml for the last 10 days of the study for each culture. An
important aspect of VBNC cultures is the return of culturabil-
ity when the conditions of stress are removed. This was exam-
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FIG. 2. Induction of a VBNC state in V. vulnificus ATCC 27562 by incubation at 4°C in ASW as measured by plate counts on TSAS and TCBS, as well as DVC.
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FIG. 3. Pressure resistance of VBNC cultures of V. parahaemolyticus (ATCC
17802) and V. vulnificus (ATCC 27562) compared to culturable cultures in
mid-log stage measured by DVC.

ined by placing the post-pressurized VBNC cell suspensions at
room temperature (ca. 23°C) in ASW with no additional nu-
trients added. Plate counts on TSAS and TCBS showed that,
after 2 days at room temperature, many small colonies ap-
peared on the TSAS plates for V. parahaemolyticus, but no
growth occurred on the TCBS plates or for aliquots of V.
vulnificus on either medium. After 4 days at room temperature,
typical colonies of Vibrio appeared on the TSAS, and similar
but fewer colonies appeared on TCBS for both strains, indi-
cating that the VBNC cultures had returned to culturability.
This recovery agrees with the findings of Nilsson et al. (12),
who found that V. vulnificus in VBNC returned to full cultur-
ability after 3 days of incubation at room temperature in ASW.

The DVC method was used to determine the extent of
inactivation following HPP at 200 and 250 MPa for 10 min at
25°C. Both strains were tested within 10 days of entry into
VBNC. Upon exposure to 200 MPa, decreases of 1.7 and 2.1
log,, cells/ml were seen for V. parahaemolyticus and V. vulni-
ficus, respectively (Fig. 3). In comparison, a 1.0-log,, decrease
was seen for both VBNC V. parahaemolyticus and V. vulnificus.
This apparently enhanced resistance to pressure due to the
VBNC state was statistically significant (P > 0.05) only for V.
vulnificus; V. parahaemolyticus did not show significance at the
P > 0.05 level because of higher than normal variation in
control counts. Even with the high variation in the V. parahae-

TABLE 1. Recovery of pressure-treated, culturable, and VBNC
V. parahaemolyticus and V. vulnificus

No. of positive TSBS

HPP sample (250 MPa for 15 min at 25°C) tubes/no. tested”

Run 1 Run 2
Culturable V. parahaemolyticus 0/3 0/3
Culturable V. vulnificus 0/3 0/3
VBNC V. parahaemolyticus 2/3 1/3
VBNC V. vulnificus 3/3 1/3

“ Each run consisted of three tubes containing 10 ml of TSBS per culture;
turbid tubes indicate viability.
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molyticus controls, the general trend of increased pressure
resistance of VBNC cells is suggested.

In addition, VBNC and control cultures were pressurized at
250 MPa for 15 min at 25°C. DVC estimates for each strain
were below the detection limit of the method following pres-
sure treatment. Survival was measured by the ability of a 0.1-ml
aliquot to grow in 10 ml of TSBS at room temperature (23°C)
(Table 1). For each of the four cell suspensions, three tubes of
TSBS were inoculated before and after pressure treatment. All
12 of the pretreatment tubes became turbid with growth within
3 days at 23°C (data not shown). For the postpressurized sam-
ples, none of the tubes inoculated with control samples became
turbid after 5 days at 23°C, which indicated complete elimina-
tion of the bacteria. Both of the VBNC cultures demonstrated
some degree of viability after treatment. The mixed viability
results may be explained by considering that VBNC cells may
be unable to regain culturability without the presence of at
least a small fraction (<0.05 CFU/ml) of culturable cells (13).
A few culturable cells may have survived HPP and were able to
induce the return to culturability by surviving VBNC cells.
When the same cultures were tested at 300 MPa for 15 min at
25°C, no positive (turbid) tubes were observed. In any case,
these results lend additional support in suggesting that cells in
the VBNC state are more resistant to hydrostatic pressure than
are their culturable counterparts.

The decrease in pressure sensitivity of both strains can be
explained at a cellular level. The decrease in cellular size, the
change from rod to spherical shape, and the slowing of meta-
bolic activity, all seen in VBNC cells, may play a role in the
increased pressure resistance of the cells (13). This also agrees
with research done by Jiang et al. (7), who reported that V.
parahaemolyticus induced into nonculturability by low temper-
ature and starvation showed an increased resistance to heating,
sonication, and storage at —30°C.

The VBNC state may make pathogenic Vibrio more resistant
to pressure and conventional food processing methods. Unfor-
tunately virulence does not appear to be eliminated in the
VBNC state. Colwell et al. (3) showed that VBNC cells from
an attenuated strain of V. cholerae O:1 were revived in vivo in
two human volunteers. Colwell et al. (3) have also shown
virulence for V. cholerae when nonculturable cells were intro-
duced into ligated rabbit ileal loops. Oliver (13) found that V.
vulnificus in the VBNC state retained its virulence in mice
when injected with as little as 0.05 CFU of culturable V. vulni-
ficus per ml.

Seafood is often taken from waters or stored under condi-
tions that induce the VBNC state in bacteria (14). Overreli-
ance on conventional plating methods for the microbial anal-
ysis of seafoods carries the risk of generating false negatives for
process-resistant VBNC Vibrio. This issue places greater em-
phasis for incorporation of immunological and PCR-based
methods as standard analytical techniques for monitoring sea-
food safety. In addition, even though Vibrio species are rela-
tively pressure sensitive compared to other vegetative bacteria,
it may be wise to incorporate elevated temperature during
HPP (i.e., 50°C) (15) to ensure complete inactivation of Vibrio
in seafood. In a study (data not shown) using homogenated raw
eastern oysters (Crassostrea virginica) inoculated with either V.
parahaemolyticus 17802 (starting concentration, 1.1 X 107 to
8.1 X 107 CFU/g) or V. vulnificus 27562 (starting concentra-
tion, 5.7 X 10° to 2.5 X 107 CFU/g), a pressure treatment of
200 MPa for 10 min at 25°C reduced populations to below the
level of detection (<10 CFU/g). Nonetheless, additional safe-
guards are necessary for commercial application, and use of a
higher treatment pressure with elevated temperature has ob-
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vious potential to increase safety of this product with regard to
pathogenic Vibrio.
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