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An outbreak caused by salted salmon roe contaminated with enterohemorrhagic Escherichia coli O157
occurred in Japan in 1998. Since about 0.75 to 1.5 viable cells were estimated to cause infection, we presumed
that O157 might enter the viable but nonculturable (VNC) state in salted salmon roe and consequently that
viable cell numbers might be underestimated. Although patient-originating O157 cells could not grow on agar
plates after 72 h of incubation in 13% NaCl, they were resuscitated in yeast extract broth, and more than 90%
of the cells were shown to be viable by fluorescent staining, suggesting that almost all of them could enter the
VNC state in NaCl water. Roe-originating O157 was resistant to NaCl because it could grow on agar after 72 h
of incubation in NaCl water, but about 20% of cells appeared to enter the VNC state. Therefore, germfree mice
were infected with O157 to examine the resuscitation of cells in the VNC state and the retention of pathoge-
nicity. O157 that originated in roe, but not patients, killed mice and was isolated from the intestine. However,
these isolates had become sensitive to NaCl. O157 cells of roe origin incubated in normal media also killed mice
and were isolated from the intestine, but they also became transiently NaCl sensitive. We therefore propose
that bacterial cells might enter the VNC state under conditions of stress, such as those encountered in vivo or
in high salt concentrations, and then revive when those conditions have eased. If so, the VNC state in food is
potentially dangerous from a public health viewpoint and may have to be considered at the time of food
inspection. Finally, the establishment of a simple recovery system for VNC cells should be established.

In Japan, salmon roe is soaked in a liquid seasoning, which
consists of soy sauce (79.0%), water (14.0%), chemical season-
ing (6.5%), synthetic sake (0.3%), and a fermented seasoning
(0.2%); its salt content is equal to a 13% NaCl concentration.
This salted salmon roe is a popular component of Japanese
sushi. The preservation of foods by high salt concentrations has
been viewed historically as an effective means of preventing
food-borne infections (11, 13). However, an outbreak caused
by salted salmon roe which was contaminated with enterohe-
morrhagic Escherichia coli (EHEC) O157 occurred in four
independent places in Japan in 1998, with 62 cases reported
(1). Since all the causative foods were manufactured by the
same company, the salmon roe was probably contaminated
with O157 during the production process. Although the defin-
itive source of O157 could not be identified because the roe
was stored frozen for 9 months, it appeared that O157 could
survive freezing and a high concentration of NaCl (22) and
retain its pathogenicity for humans. In addition, it was proved
by the most probable number method that about 0.75 to 1.5
viable cells of O157 could cause infection (1). This number was
considered to be very low for infection (23). Recently, it has
been reported that Vibrio cholerae, E. coli, Campylobacter je-
juni, and Salmonella spp. enter the viable but nonculturable
(VNC) state in environments such as seawater, ground water,
and rivers (3, 5, 6, 17, 18, 19, 26), resulting in an underestima-
tion of viable cell numbers. Therefore, viable cell numbers of
O157 in salted salmon roe might be considerably underesti-
mated due to O157 entering the VNC state because of lengthy

preservation under a high concentration of NaCl. In this study,
to clarify whether O157 isolates entered the VNC state in
salted salmon roe, their NaCl sensitivities and pathogenicity
for mice were examined.

Seven EHEC O157 strains used in this study were isolated
from the causative food, salted salmon roe, or from patients
(Table 1). We first considered that O157 might be able to grow
in salted salmon roe because of the nutrients contained
therein, but those O157 isolates could not grow at 37°C even in
mashed roe (data not shown). However, the possibility exists
that O157 grows in the liquid seasoning and consequently
causes infection if the water activity of the food increases.
Therefore, the changes in numbers of CFU of roe origin
(strain 2) and patient origin (strain 5) in liquid seasoning were
examined (Fig. 1). About 5.0 3 107 cells of both strains, which
were cultivated in L broth (Funakoshi Co., Ltd., Tokyo, Japan)
at 37°C for 16 h with shaking, were added to the liquid sea-
soning, followed by measurement of CFU on L agar (LA;
Funakoshi Co., Ltd.) plates every 24 h. The CFU of strain 2
decreased gradually, but colonies could be detected on LA
after 120 h of incubation. However, in strain 5, no colonies
could be detected on LA after 48 h of incubation.

Since the CFU of strains 2 and 5 in liquid seasoning were
different, we examined the genetic relatedness of all isolates.
First, disk diffusion susceptibility tests using Sensi-Disc (Bec-
ton Dickinson, Detroit, Mich.) were performed according to
the supplier’s instructions using 12 antibiotics (fosfomycin, tet-
racycline, minocycline, streptomycin, ampicillin, penicillin G,
chloramphenicol, kanamycin, nalidixic acid, norfloxacin, cefdi-
nir, and trimethoprim). Strain 6 was resistant to penicillin G,
but the other six isolates were sensitive to all drugs used in this
study. In addition, all strains had a common large plasmid,
which is frequently carried by O157 (21), although strain 6 had
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an additional small plasmid, and by pulsed-field gel electro-
phoresis analysis (10) using XbaI, they seemed to be genetically
identical to each other (data not shown). The results suggested
that these strains might derive from a common source, al-
though their NaCl sensitivities differed.

To measure bacterial numbers in NaCl water, 0.1-ml sam-
ples of O157 cultures grown in nutrient broth (N broth; Difco
Laboratories, Detroit, Mich.), which contained no NaCl, were
centrifuged at 37°C for 16 h and then washed once with saline,
suspended in 10 ml of 13 or 7% NaCl water, and incubated at
37°C for 48 h. One-tenth milliliter of each culture was spread
on LA plates every 24 h. Strains 5 and 6 of patient origin
formed no colonies after 48 h of incubation in NaCl water (Fig.
2), showing that both strains were sensitive to NaCl. Three
roe-originating and the two other patient-originating EHEC
O157 strains were resistant to NaCl, though the patient-origi-
nating strains were slightly more sensitive than the roe-origi-
nating strains (Fig. 2). Although all the isolates were subcul-
tured in N broth for 100 generations, their NaCl sensitivities
remained stable (data not shown).

Moreover, strain 2 of roe origin and strain 5 of patient origin
were incubated in 13% NaCl water for 48 h and their viabilities
were then determined on different solid media (Table 2). The
numbers of CFU depended on the medium. With strain 2,
although the largest numbers of bacterial colonies were de-
tected on Trypticase soy agar (TSA) plates, only 0.085% of the
inoculum size was detected on DHL agar plates (Eiken Co.,
Ltd., Tokyo, Japan) after 48 h of incubation (Table 2), but
strain 2 formed colonies on DHL agar plates after 144 h of
incubation, as did other O157 isolates listed in Table 1 (data
not shown). With strain 5, only 0.0008% of the inoculum size
was detected on TSA plates, while no colonies were detected
on DHL agar, MacConkey agar, and LA plates (Table 2) or
TSA plates after 72 h of incubation (data not shown). Similar
results were observed in 3.5 and 7% NaCl water (data not
shown). Next, both suspensions were fluorescently stained by
using a LIVE/DEAD BacLight bacterial viability kit (Molecu-
lar Probes Inc., Eugene, Oreg.) (9). To count the numbers of
live (green fluorescence) and dead (red fluorescence) bacterial
cells, 1,500 cells were selected randomly. With strain 2, per-
centages of green- and red-fluorescing cells were 99.3 and
0.7%, respectively. With strain 5, percentages of green- and
red-fluorescing cells were 96.5 and 3.5%, respectively. In ad-
dition, after 72 h of incubation in 13% NaCl water, 0.1 ml of
the strain 5 suspension, which formed no colonies on TSA
plates, was inoculated into yeast extract (YE) (1 mg/ml) broth
and then incubated at 37°C for 48 h, with the result that live
O157 cells were recovered from the broth. The bacterial cells
had levels of toxin production and pulsed-field gel electro-
phoresis patterns identical to those of their parent (data not
shown). Cell elongation in YE broth supplemented with nali-

dixic acid was also observed in at least 5% of the cells counted
(data not shown). From these results, it was concluded that
patient-originating strain 5 enters the VNC state in 13% NaCl
water in spite of this concentration being sublethally injurious
(12). If the fluorescent kit reliably discriminated bacteria of the
VNC state by fluorescent staining, 20 to ;30% of NaCl-resis-
tant strain 2 cells and almost all of the NaCl-sensitive strain 5
cells incubated in NaCl water appeared to enter the VNC state

FIG. 1. Bacterial cell numbers of O157 in liquid seasoning. Colony counts of
roe-originating O157 strain 2 (F) and patient-originating O157 strain 5 (■) were
performed on LA plates.

FIG. 2. Bacterial cell numbers of O157 in NaCl water. Colony counts of
roe-originating O157 strains 2 (}), 3 (Œ), and 4 (■) and patient-originating O157
strains 5 (3), 6 (1), 7 (h), and 8 (E), which were incubated in 13% (A) and 7%
(B) NaCl water, were determined on TSA plates.

TABLE 1. Serotype O157:H7 strains used in this study

Strain Origin Place of isolation

2 Salmon roe Hokkaido, Japan
3 Salmon roe Hokkaido, Japan
4 Salmon roe Hokkaido, Japan
5 Patient Kanagawa, Japan
6 Patient Tokyo, Japan
7 Patient Toyama, Japan
8 Patient Chiba, Japan

a Toxin typing was performed by PCR and reverse passive latex agglutination
(VTEC-RPLA “SEIKEN”; Denka Seiken Co., Ltd., Tokyo, Japan) as described
previously (2). The toxin types of all strains were Shiga toxins 1 and 2.
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(Table 2). Although O157 might be distributed heteroge-
neously in the foods because 0.75 to 1.5 O157 cells can cause
disease (1), we presumed that NaCl-resistant and VNC O157
cells coexisted in the food and consequently that viable cell
numbers might be underestimated.

It has been reported that VNC forms of V. cholerae retain
their pathogenicity in rabbits by resuscitating in the rabbit
intestine (6). In order to examine this possibility for O157,
germfree BALB/c female mice aged 3 to ;4 months, which
were bred in a vinyl isolator, were used for the infection ex-
periments. One-tenth milliliter of strain 2 or 5 culture after
72 h of incubation in 13% NaCl water at 37°C was adminis-
tered orally to mice using a metal catheter. When 0.1 ml of
suspension was spread on TSA plates, colony formation was
observed for strain 2 but not for strain 5. After 4 days, all mice
injected with strain 2 died and O157 cells were isolated from
the cecum contents but all mice injected with strain 5 survived
for the 2-week experimental period and no bacterial colonies
were isolated from the intestinal contents, showing that strain
5 incubated in NaCl water did not resuscitate in the mouse
intestine. Next, the NaCl sensitivities of 50 O157 colonies,
which were originally derived from strain 2 and recovered from
the intestine, were examined. Although 28 isolates were resis-
tant to NaCl, like their parental strain, strain 2, another 22
isolates became more sensitive to NaCl than strain 2 was; in
particular, 9 of them formed no colonies after 72 h of incuba-
tion (Table 3). However, the NaCl sensitivities of those 22
isolates were unstable, because after passage for 100 genera-
tions in N broth, all isolates became resistant to NaCl (data not
shown). In addition, when mice were infected with O157
strains without prior exposure to NaCl, all mice died and O157
cells were recovered from the cecum contents. In this case, the
NaCl sensitivities of 50 strain 2 colonies recovered from the
intestine were unstable and became sensitive to NaCl (data not
shown). Since the NaCl sensitivity of strain 2 changed after

animal passage, the conversions of the NaCl sensitivities of
strains 2 and 5 in 13% NaCl water were determined. Strain 2
cells after 72 h of incubation in 13% NaCl water were stably
resistant to NaCl. When 20 tubes of 13% NaCl water contain-
ing strain 5 (patient origin) were inoculated at 37°C for 72 h
and 0.2 ml of each was then spread on TSA plates, only two
colonies were isolated. Both colonies became more resistant to
NaCl than their parental strain 5 was, but these changes were
unstable after passage in N broth for 100 generations (data not
shown).

Furthermore, of four O157 strains of patient origin, two
were sensitive to NaCl (Fig. 2), suggesting that O157 cells with
different NaCl sensitivities coexisted in the causative foods.
Although NaCl-sensitive O157 in the foods formed no colonies
on normal media, they were resuscitated in YE broth in vitro,
and the fact that they were human isolates suggested that
resuscitation might occur in humans in vivo. Simultaneously,
cells might also recover their pathogenicity in the body. In the
germfree-mouse model system for O157 infections, strain 2 of
roe origin incubated in NaCl water killed mice but strain 5 of
patient origin incubated in NaCl water did not. These results
suggested that VNC O157 cells might lose virulence for hu-
mans, but we could not strictly determine whether VNC O157
retained pathogenicity for humans because O157 cells do not
normally colonize the mouse intestine in the same way as they
do the human intestine (K. Itoh, personal communication).

In this study, although it was not possible to clarify how the
NaCl sensitivity of O157 changed, NaCl-sensitive O157 con-
verted to NaCl-resistant O157 after lengthy preservation under
a high concentration of NaCl and O157 became sensitive to
NaCl after animal passage. However, this change was readily
reversed by passage in N broth for 100 generations, suggesting
that the original phenotype of O157 might be NaCl resistant.
Under various stress conditions such as NaCl, heating, freezing
(4, 11, 22, 24), and animal passage, reported here, bacterial
cells might enter the VNC state as a protective mechanism.
Resuscitation might then occur under certain conditions (25),
meaning that the NaCl sensitivity of O157 might be one pro-
tective mechanism against foreign stress. In the future, since
genetic changes induced by NaCl have been reported for sev-
eral species of bacteria (5, 7, 8, 14, 15, 16), the mechanisms of
NaCl sensitivity in EHEC O157 may well be elucidated by
means of the genetic analysis of O157 reported in this study.

Bacteria, which enter the VNC state following stress, gen-
erally exhibit altered physiological function and cell division
(6). We showed here that O157 entered the VNC state in a
high concentration of NaCl. If this conversion occurred in
food, it would be difficult to isolate VNC bacterial cells using
routine microbiological detection systems. Moreover, the re-
tention of pathogenicity by VNC pathogens and subsequent
resuscitation in vivo are significant for human infection. Ac-
cordingly, attempts to isolate the causative agent from out-
breaks of food poisoning should take into account the possi-
bility of VNC cells. In addition, although selective media

TABLE 2. Viable cell numbers of O157 on various media after 48 h of incubation in 13% NaCl

Strain Inoculum size
(107)

Bacterial number (CFU/0.1 ml) ona:

LA DHL MC TSA HI BHI NA MH

2 1.0 1.1 3 106 8.5 3 103 5.0 3 103 7.8 3 106 1.1 3 106 8.7 3 105 1.1 3 106 1.0 3 106

5 1.4 0 0 0 112 1 24 98 10

a DHL, DHL agar (Eiken Co., Ltd.); MC, MacConkey agar (Eiken Co., Ltd.); HI, heart infusion agar (Eiken Co., Ltd.); BHI, brain heart infusion agar (Difco
Laboratories); NA, agar (Difco Laboratories); MH, Mueller-Hinton agar (Eiken Co., Ltd.).

TABLE 3. NaCl sensitivities of O157 isolates from mouse intestine

Strain(s)

No. of culturable strain 2 cells
(CFU/0.1 ml)a after incubation

in 13% NaCl water for:

24 h 48 h 72 h

Controls
2 UC UC UC
5 103 0 0

Intestine-originating isolates
(of a total of 50 isolates)

28 isolates UC UC UC
3 isolates UC 106–278 54–110
10 isolates UC 8–83 1–23
9 isolates 86–111 0–10 0

a UC, uncountable because the numbers of colonies on TSA were too many to
count.
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supplemented with bile salts are usually used for the detection
of Enterobacteriaceae, such media used in this study were not
appropriate for the detection of either VNC O157 cells or
NaCl-resistant O157 cells in salted foods. An accurate and
simple system of recovering VNC cells needs to be established
for the isolation of pathogenic bacteria from foods.

We are grateful to B. Adler for critical suggestions on the manu-
script.
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