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A collection of 521 environmental isolates of Vibrio cholerae which were previously examined by the suckling
mouse assay and found to be negative for the heat-stable enterotoxin NAG-ST were reassessed by a recently
developed DNA probe for NAG-ST. A total of 12 (2.3%) of the isolates hybridized with the NAG-ST probe. By
using a cholera toxin (CT) DNA probe, the CT gene was detected in six of the strains in the collection, although
none of the isolates of V. cholerae non-O1 hybridized with both of the toxin probes. All of the NAG-ST and CT
probe-positive strains were hemolysin positive. Thirty-fold-concentrated supernatants of the three repre-
sentative NAG-ST DNA probe-positive V. cholerae non-O1 strains gave positive fluid accumulation ratios in the
suckling mouse assay even after heating (100°C for 5 min) and also inhibited the binding of a NAG-ST
monoclonal antibody to the bound NAG-ST in a competitive enzyme-linked immunosorbent assay (ELISA).
Likewise, all six CT probe-positive V. cholerae non-O1 strains produced in vitro CT when examined by the CT
bead ELISA. HindIII digest patterns of chromosomal DNA from the representative NAG-ST gene-positive
strains were visually indistinguishable. Between the groups of NAG-ST probe-positive strains examined, there
was a variation in the hybridizable fragments, with one group of strains exhibiting a hybridizable fragment
similar to that of the NRT 36 reference strain; a smaller HindIII fragment hybridized with the NAG-ST probe
in the other group of strains. The significance or role of these toxigenic V. cholerae non-O1 strains in the

environment needs to be studied in greater detail.

Vibrio cholerae non-O1, a ubiquitous inhabitant of natural
aquatic environments (13, 20), has been implicated as the
etiologic agent of human gastroenteritis (1, 7, 12, 15, 35) and
occasionally associated with wound infections (3, 9) and
primary septicemia (24). The mechanism of pathogenesis of
non-O1 gastroenteritis is incompletely understood, although
in recent years a variety of virulence factors such as cholera
toxin-like enterotoxin (5, 34), Kanagawa hemolysin (10, 36),
Shiga-like toxin (21), and a heat stable-like enterotoxin
(NAG-ST) (2, 10) have been proposed to explain the clinical
manifestations of non-O1 gastroenteritis. The NAG-ST, a
17-amino-acid peptide (2) which exhibits remarkable similar-
ity, especially in the carboxyl-terminal toxic domain, to the
heat-stable enterotoxins (STs) produced by enterotoxigenic
Escherichia coli (ETEC) (28, 37), is the best studied viru-
lence factor of V. cholerae non-O1. A recent human volun-
teer study has clearly demonstrated that in the presence of
adequate colonization factor(s), a NAG-ST-producing strain
of V. cholerae non-O1 caused diarrhea of severity compara-
ble to that seen in cholera (16).

The epidemiology of NAG-ST-producing V. cholerae
non-O1 and the extent of the occurrence of these strains in
the environment, in foods, and among clinical cases is still
obscure. This hiatus in information stems largely from the
lack of a suitable assay system for detection of NAG-ST.
The routinely used test for detection of NAG-ST is the
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suckling mouse assay, which is riddled with inaccuracies
because of the presence of an interfering suckling mouse-
active heat-labile El Tor haemolysin elaborated by the
majority of the V. cholerae non-O1 strains (11, 19). Although
there is a great deal of similarity between amino acid
sequences of STs produced by different enteric pathogens, it
has now become evident that there are distinct differences in
the nucleotide sequences of the genes encoding the STs of E.
coli and V. cholerae non-O1 (22). These differences explain
the failure of probes derived from the sequence of E. coli
STs to hybridize with NAG-ST-producing strains of V.
cholerae non-01 (26). Recently, the NAG-ST gene has been
cloned and sequenced (22), enabling the construction of a
DNA probe encoding a 271-bp cloned fragment of the
NAG-ST gene (31). The availability of the nag-st DNA probe
formed the impetus to reassess a large collection of environ-
mental strains of V. cholerae non-O1 which were previously
examined by the suckling mouse assay and found to be
negative for NAG-ST (17, 19).

MATERIALS AND METHODS

Bacterial strains. A total of 521 environmental strains of V.
cholerae non-O1, which consisted of 363 strains isolated
from water, sediment, and plankton from a lacustrine envi-
ronment during an ecological study in Calcutta conducted
between July 1984 and June 1985 (20), 141 strains isolated
from five different species of brackish water and freshwater
prawns cultured in paddy fields during June to November
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1985 (17), 4 strains from estuarine waters, and 13 strains of
uncertain sources of isolation but of environmental origin
were included in this study.

DNA probes. A recombinant plasmid, pAO111 containing
the coding sequence for NAG-ST (31) (the accession number
of the NAG-ST sequence is M36061 in the GenBank data
base), was used as the source of the DNA probe for the
toxin. The digestion of pAO111 with restriction endonu-
cleases EcoRI and BamHI released a 271-bp DNA fragment
specific for the NAG-ST gene. This fragment was isolated
through 1% agarose gel electrophoresis and used for label-
ling the probe. Similarly, EcoRI fragment (554 bp) of the
plasmid pKTN901 (14) containing the Al subunit of cholera
toxin (CT) was used to screen all of the V. cholerae non-O1
strains for the presence of the gene encoding CT. The DNA
fragments were labelled enzymatically according to a proto-
col supplied by the manufacturer (enhanced chemilumines-
cence gene detection system; Amersham International).
Briefly, the double-stranded DNA fragments were com-
pletely denatured by boiling for 5 min and immediately
cooled on ice. These were incubated (at 37°C for 10 min)
with horseradish peroxidase, previously complexed with a
positively charged polymer to form a loose attachment by
charge attractions. Addition of glutaraldehyde resulted in the
formation of chemical cross-links so that the probe remained
covalently labelled with horseradish peroxidase. These la-
belled probes were used in subsequent hybridizations.

Colony hybridization. The test organisms were inoculated
on positively charged sterile nylon filters layered over nutri-
ent agar plates and incubated at 37°C overnight. The mem-
branes containing the freshly grown strains were placed
successively on the top of a denaturation solution (0.5 M
NaOH, 1.5 M NaCl) for 7 min, twice on a neutralization
solution (0.5 M Tris-HCI [pH 7.2], 1.5 M NaCl) for 4 min
each, and finally on 2x SSC (1x SSC is 0.15 M NaCl plus
0.015 M sodium citrate). The membranes were treated with
proteinase K (1 mg/ml) for 30 min at room temperature, air
dried, and baked at 80°C for 2 h. The membranes were
hybridized with labelled probes at 42°C overnight. After
hybridization, the membranes were washed to remove un-
bound probe. Bound probe was detected by an enzymatic
reaction followed by oxidation of luminol in the presence of
an enhancer. The emitted blue light was visualized on X-ray
film.

Suckling mouse assay and NAG-ST ELISA. The biological
activity and immunological reactivity of a representative of
the NAG-ST DNA probe-positive V. cholerae non-Ol1
strains were examined by the conventional suckling mouse
assay (32) and by a recently developed NAG-ST monoclonal
antibody (30, 31) based-competitive enzyme-linked immuno-
sorbent assay (ELISA) (18). Because of the documented low
in vitro production of NAG-ST (2), the test strains were
grown in 1 liter of brain heart infusion broth (Difco Labora-
tories, Detroit, Mich.) supplemented with 0.5% NaCl for 24
h at 37°C and concentrated approximately 30-fold as de-
scribed previously (31). In each plate, synthesized NAG-ST
(1 pg/ml) and phosphate-buffered saline (pH 7.2) containing
0.05% Tween were used as the positive and negative con-
trols, respectively.

CT bead ELISA. Production of CT by the probe-positive
strains in Casamino Acids medium supplemented with lin-
comycin was examined by an ultrasensitive bead ELISA (23,
33). Various dilutions of purified CT (List Biological Labo-
ratories, Campbell, Calif. [lot no. CVX-034]; positive con-
trol) and uninoculated medium or buffer (negative control)
were run concurrently whenever the CT bead ELISA was
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TABLE 1. Hybridization of environmental V. cholerae non-O1
isolates with the NAG-ST and CT DNA probes

Origin No..of No. CT DNA No. NAC.G-.ST

strains gene positive gene positive
Lacustrine environment 363 5 8
Freshwater and brackish 141 0 4¢

water prawns
Estuarine waters 4 0 0
Miscellaneous environ- 13 1 0
mental sources

Total 521 6 12

2 One strain which hybridized with the NAG-ST probe was excluded from
this collection since it was identified as V. mimicus.

performed. None of the negative controls (buffers and me-
dia) yielded a net optical density (OD) of more than 0.039 in
10 different runs performed on different days (mean, 0.026;
standard deviation [SD], + 0.009). The mean OD for 10 pg of
pure CT per ml by this assay was 0.06 (SD, = 0.017) while
the mean OD for 39 pg/ml was 0.17 (SD, + 0.055). On the
basis of these data, an OD of 0.10 or greater was arbitrarily
selected as the cutoff for evidence of a positive CT test.

Determination of hemolytic activity. The level of hemolytic
activity of the V. cholerae non-O1 strains was also deter-
mined with washed rabbit erythrocytes diluted to a final
concentration of 1% in 10 mM phosphate buffer (pH 7.0)
containing 1.3% NaCl as described previously (19).

Serotyping. Serovars of the strains which hybridized with
the NAG-ST and CT DNA probes were examined by the
somatic O-serogrouping scheme (25) to determine whether
the presence of the toxin genes clustered with any given
serovar.

Southern hybridization. Representative strains of NAG-ST
probe-positive environmental V. cholerae non-O1 were se-
lected for this analysis. A NAG-ST-producing strain, NRT
36, isolated from a patient with traveller’s diarrhea at Narita
Airport quarantine station (Tokyo, Japan), was taken as the
reference organism. Chromosomal DNA was isolated by
lysing the organisms with sodium dodecyl sulfate and then
by proteinase K treatment and finally extracted with phenol-
chloroform (4). A total of approximately 1 pg of DNA was
digested with restriction endonuclease for 18 to 20 h at 37°C.
Electrophoresis was performed through a horizontal gel with
0.7% agarose in 1X TAE (Tris acetate-EDTA) buffer. The
DNA fragments in the gel were stained with ethidium
bromide and visualized with a UV transilluminator. The
DNA fragments were blotted from the gel onto a nitrocellu-
lose filter by the method described by Southern (27). Trans-
fer was allowed to proceed for 16 to 18 h with 20x SSC
buffer. The filters were baked and hybridized with the
NAG-ST probe as described earlier.

RESULTS

Results tevealed that 12 (2.3%) of the 521 environmental
isolates of V. cholerae non-O1 examined hybridized with the
NAG-ST probe. One additional strain which was positive by
the NAG-ST probe was not included in this series, since on
subsequent characterization, the strain was identified as
Vibrio mimicus (Table 1). The CT gene was detected in 6
(1.2%) of the 521 strains examined and was detected mainly
from the collection of strains recovered from the lacustrine
environment but not from freshwater or brackish water
prawns. None of the V. cholerae non-Ol strains examined
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TABLE 2. Results of the suckling mouse assay, NAG-ST ELISA, CT bead ELISA, and hemolysin assay of the V. cholerae non-O1
strains which hybridized with the NAG-ST and CT DNA probes

Hybridized with
Strain no Suckling mouse assay NAG-ST ELISA CT bead ELISA Production of
: NAG-ST CT (FA ratio)® (% inhibition)” (OD,50)¢ hemolysin
probe probe
VCE-89 + - 0.09 86.5 ND“ +
VCE-100 + - 0.09 84.0 ND +
VCE-101 + - 0.11 86.7 ND +
S-18 - + ND ND 3.2320 +
VCE-232 - + ND ND 0.8440 +
VCE-233 - + ND ND 1.5930 +
353 - + ND ND 2.7660 +
VCE-227 - + ND ND 0.2420 +
VCE-228 - + ND ND 0.2810 +

¢ Fluid accumulation (FA) ratios (and gut-body weight ratios) of =0.090 were considered positive.

b Strains giving >40% inhibition of the binding of anti-NAG-ST monoclonal antibody to the microtiter plate-bound NAG-ST were regarded as positive.

¢ An OD at 450 nm (OD,s) of 0.10 or greater was taken as evidence for a positive CT test, and this OD corresponded to about 25 pg of CT per ml when the
bead ELISA was performed with various dilutions of pure CT (List Biological Laboratories; lot no. CVX-034).

4 ND, not done.

hybridized with both of the toxin probes. In this study,
65.5% of the strains of V. cholerae non-Ol examined pro-
duced hemolysin when tested with rabbit blood. All of the
NAG-ST and CT probe-positive strains were hemolysin
positive (Table 2). Of the 13 NAG-ST gene-possessing
strains, 3 belonged to serovar Ol4, 1 each belonged to
serovars 040, 099, 02, and 067, and, for the remaining
strains, serogrouping is under continued investigation. Of
the six CT probe-positive V. cholerae non-O1 strains, four
belonged to serovar O109 (provisional serovar) and one
belonged to 053, while one strain was categorized as rough.

Thirty-fold-concentrated supernatants of the three repre-
sentative NAG-ST DNA probe-positive V. cholerae non-O1
strains (VCE89, VCE100, and VCEI111) gave positive fluid
accumulation ratios in the suckling mouse assay even after
heating (100°C for 5 min) and also inhibited the binding of
NAG-ST monoclonal antibody to the bound NAG-ST in the
competitive ELISA procedure (Table 2). Likewise, all of the
six CT probe-positive V. cholerae non-O1 strains produced
in vitro CT when examined by the CT bead ELISA.

The electrophoretic patterns of the HindIII digest of
chromosomal DNA from the representative NAG-ST gene-
positive strains were visualized by staining the gel with
ethidium bromide (Fig. 1A). Although it is hard to draw firm
conclusions about the differences among strains in the diges-
tion patterns from the stained gel, careful examination
revealed differences in the pattern exhibited by Fig. 1A, lane
1 (reference culture, NRT 36), compared with the others.
However, a clear picture emerged from the Southern hybrid-
ization experiment with the NAG-ST probe, which revealed
that this gene is located in one HindIII fragment. Between
the groups of strains examined, there was a variation in the
hybridizable fragments (Fig. 1B). One group of strains
exhibited a hybridizable fragment similar to that of the NRT
36 reference strain; a smaller HindIII fragment hybridized
with the probe in the other group of strains.

DISCUSSION

In previous studies of the toxin profiles of environmental
V. cholerae non-O1 conducted in this laboratory (17, 19), we
were unable to detect NAG-ST in the currently examined
collection of strains using the suckling mouse assay. Culture
supernatants of strains which elicited fluid accumulation in
the suckling mice in the earlier studies were retested by

heating the supernatant at 100°C for 5 min to destroy the
activity of the heat-labile El Tor hemolysin. Heating the
culture supernatant resulted in loss of the suckling mouse
factor in all of the strains examined, leading us to believe
that none of the strains produced NAG-ST. From the
present study, it is evident that the hemolysin obliterated the
results of NAG-ST probe-positive strains in the conventional
suckling mouse assay. By heating the culture supernatant,
the activity of the heat-labile hemolysin is destroyed, but in
the process, the NAG-ST molecule is coprecipitated and
masked by heat-denaturing products in crude preparations,
as has been documented while purifying NAG-ST (2). There-
fore, the DNA probe is the only reliable method to detect
NAG-ST strains of V. cholerae non-Ol.

From this study, it appears that NAG-ST strains of V.
cholerae non-01 are sparsely distributed in the environment,
although in numbers slightly higher than those of CT-
producing V. cholerae non-O1 strains. Using a synthetic
oligonucleotide probe for NAG-ST, Hoge et al. (8) reported

e e s R Y e

FIG. 1. HindIII digests of chromosomal DNA (A) and Southern
blot hybridization (B) with the 271-bp DNA fragment containing the
NAG-ST gene. Lanes 1 to 6 are all V. cholerae non-O1 strains as
follows: 1, NRT 36 (reference strain); 2, SF 68; 3, VCE 103; 4, VCE
101; 5, VCE 100; 6, VCE 89.
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that 6.8% of the clinical V. cholerae non-O1 isolates from
Thailand and none of the 78 isolates from Mexico and the
United States hybridized with the probe. Independent stud-
ies in Japan have demonstrated that among the vibrios, V.
mimicus strains are apparently the reservoirs of the NAG-ST
gene, since 13.7% of the environmental strains and 22.6% of
the clinical strains harbored the gene, compared with 1.2%
and 3.6% of the environmental and clinical strains, respec-
tively, of V. cholerae non-O1 (29). Because of the small
number of probe-positive NAG-ST V. cholerae non-Ol1
strains, it would be too early to extrapolate any correlations
between serovar and toxin production, but these data would
be useful for comparing the serovar patterns as and when
information on serovars of NAG-ST strains from other
geographical areas becomes available.

Southern blot analysis of the NAG-ST gene-positive
strains indicated the absence of any internal HindIII site
within the coding sequence for NAG-ST in V. cholerae
non-O1 strains recovered from the local environment. This is
in agreement with the reported sequence analysis of the
NAG-ST gene (22). The observation of two groups of strains
on the basis of two distinct hybridizable HindIII fragments is
interesting. This restriction length polymorphism with re-
spect to the NAG-ST gene could be of epidemiological
importance. The strains tested in these experiments were
collected from a geographical location quite different from
those reported in the literature. The distribution of strains
showing such restriction length polymorphism is yet to be
seen. However, since the coding sequence of NAG-ST does
not contain any HindIlII site, the use of another restriction
endonuclease which cleaves the NAG-ST gene internally
will provide more information regarding restriction length
polymorphism. These analyses are in progress. Whether the
variation in the position of the NAG-ST gene in the chromo-
some has any impact on the expression of the toxin remains
unexplored.

With the available data, it is difficult to speculate on the
importance of these toxigenic, environmental V. cholerae
non-O1 strains in the epidemiology of non-O1 gastroenteri-
tis. In areas like Calcutta, where there is extensive interac-
tion between humans and aquatic bodies for a variety of
purposes, there is the possibility, although remote, that
these toxigenic V. cholerae non-O1 strains initiate sporadic
episodes of diarrhea in susceptible hosts via secondarily
contaminated foods kept at high ambient temperatures. The
low frequency of isolation of V. cholerae non-O1 among
hospitalized patients with acute diarrhea (6), however, indi-
cates that this is an infrequent happening. The public health
significance of the distribution of low concentrations of
toxigenic V. cholerae non-O1 strains in the environment is,
therefore, not likely to pose a serious health hazard. More-
over, it has been shown that ingestion of high levels of
bacterial inocula and the presence of colonization factors are
required to elicit clinical illness in human volunteers (16).
Similarly, despite the identification of ETEC in food and
water in Thailand, these potential environmental sources
were not implicated as sources of ETEC in the 52 houses of
patients with ETEC-associated diarrhea (6). The significance
or role of these toxigenic V. cholerae non-O1 strains in the
environment is an intriguing issue. Do they constitute a
reservoir of the toxin genes in the environment or do they
form a minuscule, independent population of the entire V.
cholerae non-O1 flora in the environment, which, during
hitherto unknown favorable environmental conditions, se-
lectively outgrow their toxin-negative counterparts? More
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epidemiological and ecological studies are apparently re-
quired before we will be able to answer these questions.
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