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The filamentous bacteriophage CTX®, which encodes cholera toxin (CT) in toxigenic Vibrio cholerae, is
known to propagate by infecting susceptible strains of V. cholerae by using the toxin coregulated pilus (TCP)
as its receptor and thereby causing the origination of new strains of toxigenic V. cholerae from nontoxigenic
progenitors. Besides V. cholerae, Vibrio mimicus strains which are normally TCP negative have also been shown
to occasionally produce CT and cause diarrhea in humans. We analyzed nontoxigenic V. mimicus strains
isolated from surface waters in Bangladesh for susceptibility and lysogenic conversion by CTX® and studied
the expression of CT in the lysogens by using genetically marked derivatives of the phage. Of 27 V. mimicus
strains analyzed, which were all negative for genes encoding TCP but positive for the regulatory gene foxR, 2
strains (7.4%) were infected by CTX-Km®, derived from strain SM44(P27459 ctx::km), and the phage genome
integrated into the host chromosome, forming stable lysogens. The lysogens spontaneously produced infectious
phage particles in the supernatant fluids of the culture, and high titers of the phage could be achieved when
the lysogens were induced with mitomycin C. This is the first demonstration of lysogenic conversion of V.
mimicus strains by CTX®. When a genetically marked derivative of the replicative form of the CTX® genome
carrying a functional ctx4B operon, pMSF9.2, was introduced into nontoxigenic V. mimicus strains, the plasmid
integrated into the host genome and the strains produced CT both in vitro and inside the intestines of adult
rabbits and caused mild-to-severe diarrhea in rabbits. This suggested that in the natural habitat infection of
nontoxigenic V. mimicus strains by wild-type CTX® may lead to the origination of toxigenic V. mimicus strains
which are capable of producing biologically active CT. The results of this study also supported the existence
of a TCP-independent mechanism for infection by CTX® and showed that at least one species of Vibrio other

than V. cholerae may contribute to the propagation of the phage.

Vibrio cholerae belonging to the O1 or 0139 serogroup is the
etiologic agent of cholera, an acute dehydrating diarrhea which
is caused principally by the potent enterotoxin cholera toxin
(CT) produced by these organisms during pathogenesis (30).
The ctxAB operon, which encodes the A and B subunits of CT,
resides in the genome of CTX®, a filamentous bacteriophage
which exists as a prophage in the chromosome of toxigenic V.
cholerae (39). We have previously studied the induction of
CTX prophage and demonstrated that the propagation of
CTX® is associated with the origination of new toxigenic
strains of V. cholerae from nontoxigenic progenitors (12, 13).
The receptor for CTX® for invading V. cholerae cells is the
toxin coregulated pilus (TCP), the genes for which are located
on a large DNA region referred to as the TCP-ACF pathoge-
nicity island, which includes the tcp and acf gene clusters (20,
22). However, recent studies involving molecular analysis of
naturally occurring strains of toxigenic V. cholerae have shown
that although most toxigenic strains carry the TCP pathoge-
nicity island, a small proportion of toxigenic strains which are
negative for genes encoding TCP also exist (15, 33).

Besides toxigenic strains of V. cholerae which carry the CTX
prophage, Vibrio mimicus has also been implicated in diarrheal
disease, and some strains of V. mimicus have been demon-
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strated to produce CT (7, 18, 31, 34). The mechanism involved
in the acquisition of ctx4AB genes by V. mimicus, however, has
not been clearly demonstrated. In the present study we ana-
lyzed environmental strains of V. mimicus, isolated from sur-
face waters in Bangladesh, for their susceptibility and lysogenic
conversion by CTX® and tested the toxigenicity of the lysogens
under laboratory conditions and inside the intestines of adult
rabbits, using genetically marked derivatives of the phage. The
study was designed to investigate whether CT-negative V.
mimicus strains are also infected and converted to toxigenic
strains by the phage and to evaluate the possible role of V.
mimicus in the propagation of CTX® in the natural habitat.

MATERIALS AND METHODS

Bacterial strains, plasmids, and phages. Strains of V. mimicus analyzed in the
present study were isolated from surface water samples collected in Dhaka
between January and December 1997. The strains were stored either in lyophi-
lized form or in sealed deep nutrient agar at room temperature until they were
used for the present study. Before use, the identities of the cultures were con-
firmed by biochemical methods (8), and the presence or absence of genes en-
coding CT, TCP, and ToxR, as well as the CTX® attachment sequence attRS,
was tested with specific DNA probes or PCR assays (9, 13). Details of the strains
are presented in Table 1. Relevant characteristics of reference bacterial strains
and properties of phages and plasmids used in this study are listed in Table 2.

Recombinant DNA procedures. For in vitro DNA manipulations, pUCI1S,
chromogenic substrate (X-Gal-[5-bromo-4-chloro-3-indolyl-B-p-galactopyrano-
side]), and DNA restriction and modifying enzymes were purchased from Be-
thesda Research Laboratories (BRL) (Gaithersburg, Md.) and used in accor-
dance with the manufacturer’s suggestions. The strategy for the construction of
a genetically marked derivative of the replicative form (RF) of the CTX®
genome carrying a functional c¢xAB operon is shown in Fig. 1. CTX-Km®,
isolated from strain SM44 (16, 39), was used to infect the classical biotype strain
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TABLE 1. Analysis of 27 V. mimicus strains isolated from environmental surface waters in Bangladesh for rRNA gene restriction patterns
(ribotype), for presence of genes encoding CT, TCP, and ToxR as well as the a#RS sequence, and for susceptibility of the strains to
genetically marked derivatives of CTX®

Presence of“:

No. of strains (total strains tested)”

rRNA
gene Infected Lysogenized® Transformed Chromosomal®

restriction ctxA zot tcpA tepl acfB toxR attRS with CTX- with CTX- with integration of

pattern Kmd Kmd PMSF9.2 PMSF9.2

A - - - - - + + 1(5) 1 2(2) 2

B - - - - - + + 1(6) 1 33 3

C - - - - - + + 0(8) 0 2(2) 2

D - - - - - + - 0Q3) 0 ND“

E - - - - - + - 0(5) 0 ND

Total 2(27) 2 7(7) 7

“ Presence of different genes was detected with DNA probes and PCR assays (see the text for details). +, present; —, absent.
® Susceptibility and lysogenic conversion of V. mimicus strains by CTX® was determined with two genetically marked derivatives of the phage, i.e., CTX-Km® and

PMSF9.2 (see the text for details).

¢ Integration of the phage genome into the host chromosome was determined by Southern blot analysis of genomic and plasmid DNA isolated from native and

infected strains.
4 ND, not done.

0395. The RF of the phage genome pCTX-Km isolated from strain
0395(pCTX-Km) carried a kanamycin resistance (Km") determinant in place of
the ctxAB genes. Before reinstating the ctxAB genes into the RF DNA, a muta-
tion was introduced into the zor gene to stop phage morphogenesis (39) by
deleting a 0.4-kb Miul-Bgll fragment of the gene, and the resulting plasmid was
designated pMSF9. This was done by digesting pCTX-Km simultaneously with
Miul and Bgll to excise a 0.4-kb portion of the DNA. The remaining 7.2-kb
fragment was purified, the overhanging termini were filled by the Klenow frag-
ment of Escherichia coli DNA polymerase I and ligated with T4 DNA ligase, and
the DNA was electroporated into strain O395. Kanamycin-resistant colonies
were selected and tested for the presence of the plasmid and for their inability to
produce CTX-Km® particles.

The entire ctxAB operon was obtained from another recombinant plasmid,
pRT41 (38), and reinstated into pMSF9 by a number of cloning steps (Fig. 1) to
construct pMSF9.2. Briefly, pMSF9 was digested with BamHI, and a 1.3-kb
fragment encoding Km" and the remaining 5.9-kb fragment of the phage genome
were isolated. The 1.9-kb BamHI-EcoRI insert carrying the entire ctx4B operon,
including the wild-type promoter, was isolated from pRT41. The DNA fragments
carrying the ctxAB operon and Km" were sequentially ligated to BamHI-cleaved
dephosphorylated pUC18. The ligated DNA was isolated and subjected to filling
up of protruding ends with the Klenow fragment of E. coli DNA polymerase 1.
The resulting blunt ends were then ligated, and the ligation mixture was used to
electroporate E. coli DH5«. Colonies which were simultaneously resistant to
kanamycin and ampicillin were screened for the presence of a pUC18 derivative
with a 3.2-kb BamHI insert carrying the ctx4B genes and the gene encoding Km",
and this plasmid was designated pMSF9.1. The 3.2-kb BamHI fragment of
pMSF9.1 was isolated and ligated with the 5.9-kb BamHI fragment of pMSF9.
The ligated DNA was used to electroporate V. cholerae 0395, and colonies were

selected for resistance to kanamycin. The ultimate plasmid construct designated
PpMSF9.2 thus consisted of a functional ctx4AB operon and a Km" cassette and
most of the RF DNA of CTX® but was unable to support the morphogenesis of
infectious phage particles.

Preparation of phage. CTX-Km® used in this study was prepared from a
culture of strain O395 carrying the RF of the phage genome as described by us
previously (13). Briefly, the culture supernatant was sterilized by filtration
through 0.22-um-pore-size filters (Millipore Corporation, Bedford, Mass.). To
confirm that the filtrate did not contain any bacterial cells, aliquots of the filtrate
were streaked on Luria agar plates and incubated overnight at 37°C. The filtrate
was titrated for infectious phage particles by incubating aliquots of the superna-
tants with strain RV508 for 30 min at 30°C and then selecting for colonies
resistant to kanamycin.

Probes and PCR assays. The gene probes used in this study to detect the
CTX®d genome were a 0.5-kb EcoRI fragment of pCVD27 (19) carrying part of
the ctxA4 gene and an 840-bp region internal to the zot gene amplified by PCR
from the recombinant plasmid pBB241 as described previously (1, 11). The foxR
gene probe was a 2.4-kb BamHI fragment of pVM7 (25), which is a pBR322-
derived plasmid carrying the entire foxR gene. The 18-bp a#tRS sequence was
identified by using a synthetic oligonucleotide corresponding to the a#tRS se-
quence (28). The rRNA gene probe consisted of a 7.5-kb BamHI fragment of the
E. coli rRNA clone pKK3535 (2, 10). Colony blots or Southern blots were
prepared with nylon filters (Hybond; Amersham International plc., Ayelesbury,
United Kingdom) and processed by standard methods (24). The polynucleotide
probes were labeled by random priming (14) with a random-primer DNA-
labeling kit (BRL) and [a-*?P]deoxycytidine triphosphate (3,000 Ci/mmol; Am-
ersham), and oligonucleotide probes were labeled by 3’ tailing with terminal
deoxynucleotidyl transferase (BRL) and [a-*?P]dCTP (Amersham). Southern

TABLE 2. Characteristics of V. cholerae reference strains, plasmids, and phages used in the study

Strain or plasmid Relevant characteristics Reference
SM44 Derivative of El Tor strain P27459, in which the CTX genetic element was marked 16
with a kanamycin resistance determinant by marker exchange disrupting the
ctxAB operon
RV508 Derivative of classical biotype strain 569B, which is known to constitutively express 39
CT, TCP, and other toxR-regulated gene products
569B V. cholerae O1 classical Inaba strain Laboratory collection
P-27457 V. cholerae O1 El Tor Inaba strain Laboratory collection
SA-406 Nontoxigenic TCP-positive V. cholerae O1 El Tor biotype strain 13
0395 Classical Ogawa streptomycin-resistant strain Laboratory collection
TCP2 Derivative of strain 0395, which carries deletions in the fcpA4 and ctx4 genes 36
0395(pCTX-Km) Strain 0395 carrying the RF of CTX-Km® derived from strain SM44 13
pRT41 Derivative of pBR322 carrying both the ctx4 and ctxB genes, including the wild- 38
type promoter
pMSF9 Derivative of pCTX-Km in which a 0.4-kb deletion was introduced in the zot gene This study
in order to stop the morphogenesis of CTX-Km®d
pMSF9.2 Derivative of pMSF9 in which the ctx4B operon was reinstated from pRT41; this This study

construct carried both a functional ctx4B operon and the Km" cassette
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FIG. 1. Strategy for the construction of pMSF9.2, a derivative of pCTX-Km
carrying a functional ctxAB operon. The following letters denote restriction sites
on the maps: B, BamHI; X, Xbal; E, EcoRI; Bg, Bgll; M, Miul. See the text for
details.

blots and colony blots were hybridized with the labeled probes, and autoradio-
graphs were developed as described by us previously (9-12).

The presence of the TCP pathogenicity island was detected by PCR assays
specific for the fcpA, tepl, and acfB genes. The presence of tcpA genes specific for
the classical and El Tor biotypes was detected by a multiplex PCR assay (21), and
the fcpl and acfB genes were detected by specific PCR assays described by us
previously (9, 13). The PCR-negative strains were further confirmed for the
absence of the relevant genes by colony blot hybridization with the corresponding
PCR-generated amplicons derived from a positive control strain, 569B, as spe-
cific probes.

Infection of recipient strains. The susceptibility of V. mimicus strains to CTX®
was assayed under laboratory conditions by previously described methods (12,
13) with CTX-Km®. Briefly, the recipient strains were grown in Luria-Bertani
(LB) medium (1% Bacto Tryptone, 0.5% Bacto Yeast Extract, 1% NaCl) or in
AKI medium (1.5% Bacto Peptone, 0.4% yeast extract, 0.5% NaCl, 0.3%
NaHCO;, pH 7.4) at 30°C; the cells were precipitated by centrifugation and
washed in fresh LB or AKI medium. The recipient cells and phage particles were
mixed in the appropriate medium to a make an approximate final concentration
of 10° bacterial cells and 10° phage particles per ml. The mixture was incubated
for 16 h at 30°C, and aliquots of the culture were diluted and plated on Luria agar
plates containing kanamycin (50 wg/ml) to select for kanamycin-resistant colo-
nies and on plates devoid of kanamycin to determine the total number of
colonies. The results were expressed as a percentage of the total colonies that
became resistant to kanamycin. In each round of assay, the V. cholerae O1
classical strains 0395, RV508, and TCP2, a derivative of strain O395 with 7cpA
deleted, and an El Tor biotype strain, SA-406, were included as controls. To
allow optimal expression of the phage receptor TCP in the control strains,
classical strains were grown in LB medium whereas the El Tor strain was grown

LYSOGENIC CONVERSION OF V. MIMICUS BY CTX® 5725

in AKI medium. The V. mimicus strains were tested for susceptibility to the
phage in both LB and AKI media separately.

Analysis of infected strains. Representative colonies of V. mimicus which were
either infected by CTX-Km® or electroporated with pMSF9.2 were grown in LB
medium containing kanamycin (50 pg/ml) and were analyzed for the presence of
the phage genome. Total DNA or plasmid DNA was extracted from overnight
cultures by standard methods (24) and purified with microcentrifuge filter units
(Ultrafree-Probind; Sigma). Integration of the phage genome into the chromo-
some of the recipient cells was studied by comparative Southern blot analysis of
total DNA and plasmid preparations from infected and native strains (see Fig. 2).
Production of extracellular phage particles by V. mimicus strains infected with
CTX-Km® was assayed by growing the strains in the presence of mitomycin C
(20 ng/ml) or without mitomycin C and titrating the supernatant fluids of the
cultures for the presence of phage particles with strain RV508 as the recipient as
described by us previously (12, 13).

Assay for CT production. The ability of V. mimicus strains carrying the inte-
grated form of pMSF9.2 to produce CT was determined by the Gy,,-ganglioside-
dependent enzyme-linked immunosorbent assay (Gy,-ELISA) and the rabbit
ileal loop assay as described previously (6, 9, 32). To study the expression of CT
in LB as well as in AKI medium, each strain was tested separately with either of
the media. For each round of CT assay, 5 ml of LB (pH 6.5) or AKI (pH 7.4)
medium was inoculated with approximately 10° bacterial cells and grown for 16 h
at 30°C with shaking. The culture was centrifuged at 4,000 X g for 5 min, and the
supernatant was collected and filtered through 0.22-pum-pore-size Millipore fil-
ters. Aliquots of the undiluted supernatant, 10-fold and 100-fold dilutions of the
supernatant, and dilutions of purified CT (Sigma) were used for the toxin assay.
Briefly, 100 pl of the samples was added into each well of microtiter plates
precoated with Gy, and incubated at room temperature for 90 min. After the
plates were washed, with phosphate-buffered saline containing 0.5% Tween-20,
the Gy -bound CT was reacted with rabbit anti-CT antibody (Sigma). Antibody
binding to CT was detected by reaction with horseradish peroxidase-conjugated
goat anti-rabbit immunoglobulin G (whole-molecule) antibody (Sigma), and the
substrates o-phenyldiamine and hydrogen peroxide. Quantification of CT pro-
duction was done with a standard curve prepared for each batch of assay. The
amount of CT produced by each strain was the mean value of five different assays
with the same strain and culture conditions. The classical strain 569B, El Tor
strain P27457, and V. mimicus strains lysogenized with CTX-Km® were used as
positive and negative control strains in each round of assay.

Ileal loop assay. Culture filtrates of the lysogens and the corresponding native
strains, along with the control strains, were tested in ileal loops of adult New
Zealand White rabbits obtained from the breeding facilities of the International
Centre for Diarrhoeal Disease Research, Bangladesh (ICDDR,B). A maximum
of six ileal loops approximately 10 cm in length were made in each rabbit, which
had previously been fasting for 48 h. Culture filtrates prepared for the ELISA
test were also used for the ileal loop assay, and 1 ml of the filtrate was inoculated
into each loop as described previously (6). Culture supernatant from each strain
was tested in at least five rabbits. After 18 h, the rabbits were sacrificed and the
loops were examined for fluid accumulation. The results were expressed as the
volume of fluid accumulated in milliliters per centimeter of the loop.

Assay for diarrhea in rabbits. The diarrheal response of rabbits to V. mimicus
strains carrying the integrated form of pMSF9.2 and to the corresponding native
strains as well as the control strains were assayed in adult rabbits with the
removable intestinal tie-adult rabbit diarrhea (RITARD) model (35). Adult New
Zealand White rabbits weighing 1.5 to 2.7 kg were used to prepare the RITARD
model. The rabbits were starved for the previous 24 h, and surgery was done
under a local anesthetic. The cecum of each animal was ligated to prevent it from
retaining fluid secreted by the small intestine, and a temporary removable tie of
the small bowel was introduced at the time of challenge. Strains were grown in
Casamino acid-yeast extract broth as described previously (35), and cells were
precipitated by centrifugation and resuspended in 10 mM phosphate-buffered
saline, pH 7.4, at a concentration of approximately 10° per ml. One ml of the
suspension was injected into the lumen of the anterior jejunum. The removable
tie in the intestine was removed after 2 h of inoculation. Each strain was
inoculated in at least 5 different rabbits. The rabbits were observed for overt
diarrhea and for death, and stools or rectal swabs were cultured on gelatin agar
plates containing kanamycin whenever appropriate to monitor shedding of the
challenge organisms. Observations were made at 6-h intervals during the follow-
ing 5 days of inoculation, the number of rabbits developing moderate-to-severe
diarrhea was arbitrarily scored, and the number of deaths was recorded. Rabbits
that died with or without diarrhea were subjected to postmortem examinations to
check for the presence of fluid in the intestine.

RESULTS AND DISCUSSION

Species of the genus Vibrio have been regarded as a group of
organisms whose major habitats are aquatic ecosystems, al-
though several of the species are pathogenic in humans and
produce putative colonization factors, enterotoxins, hemo-
lysins, hemagglutinins, and possibly other virulence-associated
factors. V. cholerae, Vibrio parahaemolyticus, and V. mimicus
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are known to cause diarrheal illness in humans (8). It has been
suggested that acquisition of virulence-associated genes has
allowed specific vibrios to adapt to the human intestinal envi-
ronment (13, 20). The most potent enterotoxin, cholera toxin
(CT) produced by toxigenic strains of V. cholerae, is encoded
by the CTX bacteriophage (39), and propagation of the phage
in its natural habitat is associated with the origination of new
toxigenic strains (13). The factors associated with the propa-
gation of the phage and the evolutionary significance of its
interaction with the host bacteria have yet to be clearly eluci-
dated. Preliminary studies by us and others have shown that
CTX® infects V. cholerae by using the pilus colonization factor
TCP as the receptor and lysogenizes the susceptible bacteria
(13, 39). This implies that CTX® should specifically infect V.
cholerae strains which are capable of expressing TCP. How-
ever, we have shown previously that a V. cholerae non-Ol1
strain which was negative for TCP was also infected by CTX®,
although at a low efficiency (13). This indicated that there may
be an alternative TCP-independent mechanism for CTX® in-
fection and thus raised questions as to whether CTX® is also
able to infect and utilize strains belonging to other species of
the genus for its propagation. In the present study we tested
the susceptibility of environmental V. mimicus strains to the
phage and the expression of CT in these strains, since V.
mimicus has been reported to occasionally produce CT (7, 34).
In addition, we tested the ability of infected strains to produce
extracellular phage particles in order to understand whether
environmental strains of V. mimicus may also contribute to the
propagation of CTX®.

Distribution of virulence genes and atfRS sequence. Natu-
rally occurring toxigenic strains of V. cholerae carry the CTX®
genome integrated in the chromosome at a site specified by the
attachment sequence a#tRS. In addition, these strains normally
possess genes for TCP and the transcriptional regulator ToxR
(17, 37). We screened the V. mimicus strains in the present
study for the presence of these genes with either DNA probes
or PCR assays. All V. mimicus strains studied were negative for
the tcpA, tepl, and acfB genes and presumably the entire TCP
pathogenicity island. To our knowledge, V. mimicus strains
have never been shown previously to carry genes encoding
TCP, although the species has close similarity with V. cholerae
(4, 8). However, all strains tested in the present study carried
the foxR gene and 19 of the 27 strains (70.3%) carried the attRS
sequence (Table 1). The foxR gene has also been found to be
widely distributed among nontoxigenic V. cholerae strains (13).
This is probably because ToxR is involved in the regulation of
a number of genes in addition to those encoding TCP and CT
(5, 25-27) and may be part of a common regulatory mechanism
possessed by different species of the genus. The high preva-
lence of the a#tRS sequence in V. mimicus strains suggested
that these strains were capable of integrating the phage ge-
nome once it was inside the cell by whatever means and thus
that they can possibly act as a reservoir of the CTX® genome
in the aquatic environment. This was further confirmed by the
observed integration of the phage derivative pMSF9.2 in the
chromosomes of V. mimicus strains which were electroporated
with the plasmid (Table 1).

Infection and analysis of recipient strains. We used two
genetically marked derivatives of CTX® or its RF DNA,
namely, CTX-Km®, and pMSF9.2 (Table 2) to study the sus-
ceptibility of the strains and their ability to express CT. The
Km" marker present in the genome of the phage allowed us to
conveniently detect and analyze infected cells. Of 27 V. mimi-
cus strains exposed to CTX-Km®, 2 strains (7.4%) were in-
fected. These two V. mimicus strains were distinctly susceptible
to the phage in repeated assays, producing between 12 and 56
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infected colonies per 107 live cells (susceptibility, between
[1.2 X 107°]% and [5.6 X 10~°]%). No significant difference
was noted in the phage susceptibility of these two V. mimicus
strains whether the strains were tested in LB or AKI medium.
The remaining 25 strains were completely resistant to infection
by the phage, and no kanamycin-resistant transductant was
detected in these strains when they were assayed under iden-
tical conditions. The susceptibility of V. mimicus strains was
significantly low compared to that of the control V. cholerae
classical biotype strains RV508 and O395 (mean, 89.1 and
45.2%, respectively) but was comparable to that of the non-
toxigenic El Tor biotype strain SA-406 (mean susceptibility,
[6.5 X 107°]%), even when the strain was grown in AKI me-
dium to allow expression of TCP (the receptor for CTX®).
This was probably because the classical biotype strains ex-
pressed TCP more adequately than the El Tor strain under in
vitro conditions, and moreover, strain RV508 is a mutant that
constitutively expresses TCP and other toxR-regulated genes.
It was, however, interesting to note that 2 of 27 V. mimicus
strains which did not carry genes for TCP were infected at an
efficiency comparable to that of the TCP-positive El Tor strain
of V. cholerae O1. The present study thus showed for the first
time that besides V. cholerae some V. mimicus strains can also
be infected by the phage and confirmed our previous specula-
tion (13) that in addition to the TCP-mediated mechanism
there may be a second mechanism for CTX® infection. How-
ever, the control strain, TCP2, which is a TCP-negative deriv-
ative of the classical strain O395, was not infected by the phage
in repeated assays, although the parent strain was infected at
high frequency. Thus the TCP-independent infection by
CTX® was strain specific. However, it was not clear from this
study what determined the phage sensitivity of the two V.
mimicus strains.

We analyzed the rRNA gene restriction patterns (ribotype)
of the V. mimicus strains to determine clonal relationships
among the phage-susceptible and phage-resistant strains. Ri-
botyping was done with the restriction enzyme Bg/I, which has
been previously used by us and others to study clonal relation-
ships among V. cholerae strains (9, 10, 29). V. mimicus strains
analyzed in the present study revealed five different Bg/I re-
striction patterns (patterns A through E) of their rRNA genes.
The two strains which were susceptible to the phage produced
restriction patterns A and B, but nine other strains which
produced either of these patterns were not susceptible (Table
1). Thus, there was no association between ribotype and sus-
ceptibility to the phage. All five ribotype patterns were widely
different from previously described ribotype patterns produced
by toxigenic V. cholerae strains (9, 10, 29). In the present study,
V. mimicus strains were identified and differentiated from V.
cholerae based primarily on biochemical reactions (8) and then
serology to specifically exclude V. cholerae O1 and O139
strains. Analysis of TRNA gene restriction patterns allowed us
to further verify whether particular mutants of nontoxigenic V.
cholerae O1 impaired in sucrose fermentation or in the expres-
sion of serotype-specific antigens were wrongly classified as V.
mimicus. Comparison of ribotype patterns of the V. mimicus
strains with previously reported ribotype patterns of toxigenic
V. cholerae (9, 10, 29) ruled out this possibility.

In all V. mimicus strains which were infected by CTX-Km®
or electroporated with pMSF9.2, the phage genome integrated
into the chromosome of the host forming lysogens, as was
evidenced by Southern blot analysis of plasmid and chromo-
somal DNA preparations from representative infected cells
(Fig. 2). Although plasmid preparations from the freshly in-
fected cells showed the presence of the phage genome, the
lysogens spontaneously lost the RF of the phage, as confirmed
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FIG. 2. Southern hybridization analysis of genomic DNA or plasmids iso-
lated from V. mimicus strains infected with CTX-Km® or electroporated with
pMSF9.2 and the corresponding native strains. (A) Total DNA or plasmid
isolated from strains infected with CTX-Km® was digested with Bgl/I and probed
with an 850-bp PCR-generated probe for the zonula occludens toxin gene. Lanes
1 and 8, pCTX-Km linearized with Bg/l; lanes 2 and 5, total DNA from native
strains 2V8 and 88V114, respectively; lanes 3 and 6, total DNA from infected
strains 2V8 (CTX-Km) and 88V114 (CTX-Km), respectively; lanes 4 and 7,
plasmid preparations from strain 2V8 (CTX-Km) and 88V114 (CTX-Km). (B)
Total DNA or plasmid isolated from strains electroporated with pMSF9.2 was
digested with Bg/II and hybridized with the ctxA4 probe. Lanes 1 and 8, pMSF9.2
linearized with Bg/II; lanes 2 and 5, total DNA from native strains 2V8 and
88V114, respectively; lanes 3 and 6, total DNA from transformed strains 2V8
(MSF9.2) and 88V114 (MSF9.2), respectively; lanes 4 and 7, plasmid prepara-
tions from strain 2V8 (MSF9.2) and 88V114 (MSF9.2). The numbers indicating
the molecular sizes of bands correspond to a 1-kb DNA ladder (BRL). The
absence of bands in the lanes containing plasmid preparations and the positive
hybridization of digested chromosomal DNA of the transductants demonstrate
the integration of CTX-Km® DNA or pMSF9.2 into the chromosomes of recip-
ient V. mimicus strains.

by subsequent plasmid preparations (data not shown). To an-
alyze strains infected with CTX-Km®, which did not carry the
ctxA gene, chromosomal DNA was digested with BglI to cleave
within the zot gene (1), and a zot probe was used to determine
the number of fragments produced. Since, in pMSF9.2, a de-
letion was introduced in the zot gene, we used a different
enzyme, Bglll, to digest chromosomal DNA derived from the
electroporated strains and used the ctzxA probe. Since, there is
no BgllI site within the ctx4 gene, the number of fragments
produced represented the approximate number of copies of
the CTX® genome which integrated into the chromosome of
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the infected cells. Thus, hybridization of Bgl/I- or BglII-digested
genomic DNA from infected or electroporated strains with the
zot or ctxA probe and interpretation of the resulting restriction
patterns as described previously (9) confirmed that the phage
genome integrated into the chromosome of V. mimicus cells
and two or three copies of the phage genome were present in
tandem repeats in different host chromosomes (Fig. 2). The
absence of a detectable level of the RF DNA of the phage was
evidenced by the absence of hybridization signals in lanes con-
taining plasmid preparations from the infected strains (Fig. 2).

Expression of CT. Unlike CTX-Km® (39), the newly con-
structed derivative pMSF9.2 in the present study carried a
functional ctx4B operon, which allowed us to study the expres-
sion of CT in the V. mimicus cells. The introduction of a
deletion mutation in the zot gene (Fig. 1) while constructing
pMSF9.2 was primarily a safety precaution to avoid the cre-
ation of a live phage carrying both a wild-type ctxAB operon
and a gene encoding kanamycin resistance.

Production of CT by the lysogens was initially studied in
vitro by Gy,-based ELISA, using an antibody against the B
subunit of CT (Table 3). To ascertain whether the strains
produced both the A and B subunits of CT and whether the
toxin was biologically active, we used the ligated-ileal-loop
assay in rabbits and observed fluid accumulation. Finally we
studied the diarrheal response of adult rabbits challenged with
the toxigenic lysogens (Table 4). These assays confirmed that
in contrast to the corresponding native strains the lysogens
produced biologically active CT both in vivo and under in vitro
conditions (Tables 3 and 4). Production of CT by the toxigenic
V. mimicus strains in vitro was less than that by the classical V.
cholerae strain 569B but was comparable to that produced by
the El Tor strain P-27457. Rabbits challenged with native V.
mimicus strains and with V. mimicus strains lysogenized with
CTX-Km® did not show a diarrheal response (Table 4), but V.
mimicus strains carrying integrated pMSF9.2, which carried a
functional ctxAB operon, produced diarrhea in rabbits. This
suggested that the diarrhea was in response to CT and not due
to other possible factors, such as zonula occludens toxin or
accessory cholera enterotoxin, which are also known to be
encoded by the CTX® genome (1, 39). Several previous stud-
ies have shown that certain naturally occurring V. mimicus
strains produce enterotoxins identical to CT (7, 34). Hence, the
lysogenic conversion of V. mimicus strains by CTX® demon-
strated in the present study under laboratory conditions may
have been occurring in the ecological habitat as well.

TABLE 3. Production of CT by environmental V. mimicus strains with integrated form of pMSF9.2, a genetically marked derivative of the
RF of the CTX® genome carrying a functional ctxAB operon and encoding resistance to kanamycin

CT Fluid accumulation”
Strain Characteristics production® in rabbit ileal loops
(Gmy ELISA) (ml/cm of ileal loop)
569B Toxigenic classical biotype strain of V. cholerae O1 6.13 = 1.02 3.61 = 0.51
P-27457 Toxigenic El Tor biotype strain of V. cholerae O1 2.87 =0.73 239 £0.47
2V-8 Wild-type CTX-negative V. mimicus strain UD (<0.01)° 0
2V-8(MSF9.2) Strain 2V-8 carrying integrated pMSF9.2 2.36 = 0.42 2.16 = 0.61
2V-8(CTX-Km) Strain 2V-8 lysogenized with CTX-Km® UD (<0.01) 0
88V-114 Wild-type CTX-negative, V. mimicus strain UD (<0.01) 0
88V-114(MSF9.2) Strain 88V-114 carrying integrated pMSF9.2 2.95 = 0.72 2.45 +0.65
88V-114(CTX-Km) Strain 88V-114 lysogenized with CTX-Km® UD (<0.01) 0

“ Toxin amounts are expressed in micrograms per unit of optical density of the culture at 600 nm. The values represent the averages of five independent observations
in LB medium for the classical biotype strain and in AKI medium for the El Tor and V. mimicus strains. No significant difference in toxin production was noted when

the El Tor and V. mimicus strains were tested in LB or AKI medium.

b Values represent averages of five independent observations made in different rabbits.
¢ UD, undetectable. The toxin amounts were less than 0.01 pg/ml, which was the lowest concentration of purified toxin used as a control (see the text for details).
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TABLE 4. Diarrheal response of adult rabbits to V. mimicus strains lysogenized with genetically marked derivatives of CTX®

No. responding with

No. of
Strain Characteristics animals Fatal Nonfatal No
challenged diarrhea® diarrhea®* symptoms®

P-27457 Toxigenic clinical strain of V. cholerae O1, El Tor 5 4 1 0
2V-8 Wild-type CTX-negative V. mimicus strain 6 0 0 6
2V-8(MSF9.2) Strain 2V-8 carrying integrated pMSF9.2 7 0 6 1
2V-8(CTX-Km) Strain 2V-8 lysogenized with CTX-Km® 5 0 0 5
88V-114 Wild-type CTX-negative V. mimicus strain 6 0 0 6
88V-114(MSF9.2) Strain 88V-114 carrying integrated pMSF9.2 7 2 5 0
88V-114(CTX-Km) Strain 88V-114 lysogenized with CTX-Km® 5 0 0 5

“ This category includes two animals with fluid-filled intestines but no diarrhea at the time of death, as determined by postmortem examinations.
> The duration of diarrhea was 5 days for the rabbit challenged with the El Tor strain and between 2 and 5 days for the animals challenged with V. mimicus strains.
¢ Animals belonging to these categories were positive for the challenge organism either in stool or rectal-swab cultures for 1 to 6 days.

Regulation of CT expression in V. mimicus strains. Expres-
sion of critical virulence genes in V. cholerae is known to be
coordinately regulated so that multiple genes respond in a
similar fashion to environmental conditions (5). Coordinate
expression of virulence genes results from the activity of a
cascading system of regulatory factors. ToxR, a 32-kDa trans-
membrane protein, is the master regulator which is itself reg-
ulated by environmental signals. ToxR regulates not only the
expression of ctxAB and the TCP colonization factor, but also
at least 17 distinct genes that constitute the ToxR regulon (5).
The ToxR regulon is controlled through another regulatory
factor called ToxT, a 32-kDa protein. ToxR controls the tran-
scription of the toxT gene, and the resulting increased expres-
sion of the ToxT protein leads to activation of other genes in
the ToxR regulon. In the present study, the V. mimicus strains
were negative for the entire TCP pathogenicity island, which
includes the toxT gene (22), although these strains carried the
toxR gene. The expression of CT in these strains thus was
independent of toxT. It may be mentioned that V. cholerae has
ToxT-dependent and ToxT-independent branches of the ToxR
regulon (3, 5). The ToxR protein binds to a tandemly repeated
7-bp DNA sequence found upstream of the ctx4B structural
gene and directly increases transcription of ctxAB, resulting in
higher levels of CT expression. In view of the absence of toxT
in the V. mimicus strains, it is likely that ToxR directly regu-
lated the expression of CT from the integrated form of the
CTX® genome in the V. mimicus lysogens. It may be men-
tioned that CT can also be expressed from the RF of the
CTX® genome independently of ToxR (23). However, in the
present study, the V. mimicus lysogens did not carry any de-
tectable level of the RF DNA, as evidenced by Southern blot
hybridization of plasmid preparations (Fig. 2).

Propagation of CTX®. The V. mimicus lysogens of CTX-
Km® spontaneously produced infectious phage particles in the

supernatant fluids of culture (Table 5), and high titers of the
phage (mean, 4.2 X 10° particles/ml) could be obtained when
induced with mitomycin C, as determined by titration with
strain RV508 as the recipient. The demonstration of the pres-
ence of V. mimicus strains in the environment which were
capable of harboring the CTX® genome and producing infec-
tious phage particles indicated that some V. mimicus strains
may have a role in supporting the replication and propagation
of CTX® in the environmental habitat. The discovery of
CTX® is beginning to provide an understanding of the role of
bacteriophages in the evolution of vibrios and the mutual ben-
efit imparted. Although the ctx4B genes do not have a direct
role in the morphogenesis of CTX®, the toxigenic property
imparted by the phage to its host provides greater evolutionary
fitness to the bacterium, since toxigenic strains are selectively
enriched in the intestinal environment. Moreover, acquisition
of the diarrheagenic property allows rapid spread of the bac-
teria and thus of the bacteriophage. In the present study, al-
though the number of rabbits that developed fatal diarrhea in
response to the V. mimicus strains was less than that in re-
sponse to the control El Tor strain, the surviving rabbits shed
the organisms in the diarrheal stools for 2 to 6 days. In previous
studies the specificity of the phage towards infecting V. chol-
erae was assumed to be a result of the expression by V. cholerae
of the pilus colonization factor, TCP, which is also known to be
the receptor for CTX®. In the present study we demonstrated
that CTX® can also infect selective strains of V. mimicus and
convert them to toxigenic strains capable of producing diar-
rhea in the rabbit model. This study thus showed that at least
one Vibrio species other than V. cholerae can contribute to the
propagation of CTX®. Our efforts are at present directed
towards understanding the mechanism that allows TCP-inde-
pendent infection by CTX® and to further studying the regu-
lation of the ctxAB operon in V. mimicus.

TABLE 5. Production of cell-free phage particles by V. mimicus and V. cholerae strains carrying a genetically marked derivative of
CTX® prophage

Strain

Description

Titer of CTX-Km® in supernatants
of culture (particles/ml)“:

Without
mitomycin C

Induced with
mitomycin C

2V-8(CTX-Km)

88V-114(CTX-Km)

SM44(P27459 ctx::km)
the ctxAB operon

Environmental V. mimicus strain 2V-8 lysogenized with CTX-Km®
Environmental V. mimicus strain 88V-114 lysogenized with CTX-Km®
El Tor lysogen of CTX® marked with a Km" determinant disrupting

3.6 X 10° 0.5 X 10?
42 % 10° 1.2 x 10?
43 % 10° 0.6 X 10?

“ Values are averages of three independent observations.
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