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In toxigenic Vibrio cholerae, the cholera enterotoxin (CT) is encoded by CTXF, a lysogenic bacteriophage.
The propagation of this filamentous phage can result in the origination of new toxigenic strains. To understand
the nature of possible environmental factors associated with the propagation of CTXF, we examined the effects
of temperature, pH, salinity, and exposure to direct sunlight on the induction of the CTX prophage and studied
the transmission of the phage to potential recipient strains. Exposure of cultures of CTXF lysogens to direct
sunlight resulted in ;10,000-fold increases in phage titers. Variation in temperature, pH, or salinity of the
culture did not have a substantial effect on the induction of the prophage, but these factors influenced the
stability of CTXF particles. Exposure of mixed cultures of CTXF lysogens and potential recipient strains to
sunlight significantly increased both the in vitro and in vivo (in rabbit ileal loops) transduction of the recipient
strains by CTXF. Included in these transduction experiments were two environmental nontoxigenic (CTXF2)
strains of V. cholerae O139. These two O139 strains were transduced at high efficiency by CTXF, and the phage
genome integrated into the O139 host chromosome. The resulting CTXF lysogens produced biologically active
CT both in vitro and in rabbit ileal loops. This finding suggests a possible mechanism explaining the origi-
nation of toxigenic V. cholerae O139 strains from nontoxigenic progenitors. This study indicates that sunlight
is a significant inducer of the CTX prophage and suggests that sunlight-induced transmission of CTXF may
constitute part of a natural mechanism for the origination of new toxigenic strains of V. cholerae.

Seasonal outbreaks of cholera caused by toxigenic Vibrio
cholerae strains are a major public health problem in many
developing countries. Toxigenic V. cholerae O1 and O139
strains cause disease by colonizing the human small intestine,
where they produce a potent enterotoxin, the cholera toxin
(CT), which is principally responsible for the severe watery
diarrhea characteristic of cholera (5, 23). The ctxAB operon,
which encodes the A and B subunits of CT, is part of a larger
genetic element originally termed the CTX genetic element
(22). Recent studies have shown that the CTX genetic element
corresponds to the genome of CTXF, a lysogenic filamentous
bacteriophage (28). It has been previously demonstrated that
naturally occurring strains of toxigenic V. cholerae produce
high titers of the phage following exposure to the DNA-dam-
aging agent mitomycin C, and cell-free phage particles can
infect and convert susceptible nontoxigenic V. cholerae strains
into toxigenic strains (6, 7). Similar to other temperate phages,
the CTX prophage can also be induced by exposure to UV
irradiation under laboratory conditions. However, no studies
have been conducted so far to identify possible natural factors
associated with the induction and propagation of CTXF.

Although toxigenic V. cholerae bacteria are human patho-
gens, the species can persist in the aquatic environment in the
absence of human hosts. Therefore, the ecology of V. cholerae
appears to involve both environmental and human host com-
ponents (2, 5). During survival in the aquatic environment, the
physiological state of V. cholerae is not well understood but is
presumably influenced by various parameters, including sun-

light, temperature, pH, and salinity (19, 25). It is not clear
whether these factors can also result in the induction of CTX
prophages in toxigenic V. cholerae and hence promote the
transmission of CTXF to nontoxigenic environmental strains,
leading to the origination of new toxigenic strains. In the
present study, we examined the effects of temperature, pH,
salinity, and exposure to direct sunlight on the induction, sta-
bility, and propagation of CTXF.

Naturally occurring toxigenic V. cholerae strains used in the
present study included 32 strains belonging to the O1, O139,
and non-O1 non-O139 serogroups, and the strains were iso-
lated from cholera patients or environmental surface water in
Bangladesh (see Table 3). The nontoxigenic V. cholerae strains
used in the transduction studies or as controls included two
O139 strains and three El Tor strains isolated in Bangladesh or
India. The genetically marked phage IG-KmF was a derivative
of CTXF into which a kanamycin resistance (Kmr) determi-
nant was introduced into an intergenic NotI site (16). Strain
ASF-1 carried a chromosomally integrated copy of the IG-
KmF genome and was constructed by lysogenic conversion of
CT-negative V. cholerae O1 El Tor strain SA-317 with IG-
KmF. Strain SM44 was a derivative of toxigenic El Tor strain
P27459 in which the CTX element was marked with a Kmr

determinant (10). The genetically marked phage CTX-KmF
was derived from strain SM44 as described previously (6, 7,
28). Properties of the control bacterial strains and phages used
in this study are presented in Table 1.

The gene probe used in this study to detect the CTXF
genome was a 0.5-kb EcoRI fragment of pCVD27 (6, 12).
Strand-specific oligonucleotide probes with the sequences 59T
CTATCTCTGTAGCCCCTATTACG and 59CTCAGACGG
GATTTGTTAGGCACG, for probing the plus and minus
strands, respectively, were also used to detect the presence of
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single-stranded DNA of CTXF and to distinguish between
the replicative-form (RF) double-stranded DNA and single-
stranded phage DNA in crude preparations. The O139-specific
probe was a 1.3-kb EcoRI fragment of pCRII-A3 (21, 29). The
nontoxigenic O139 strains were also tested for the presence of
genes encoding toxin-coregulated pilus (TCP), which is the
receptor for CTXF, the virulence regulatory gene toxR, and
the CTXF attachment sequence attRS. The presence of the
TCP pathogenicity island was determined by using PCR assays
specific for the tcpA, tcpI, and acfB genes, as described previ-
ously (7, 14). The toxR gene probe was a 2.4-kb BamHI frag-
ment of pVM7 (20), and the 18-bp attRS sequence was iden-
tified using a synthetic oligonucleotide corresponding to the
attRS sequence (10). Colony blots or Southern blots were pre-
pared using nylon filters (Hybond; Amersham International
plc, Aylesbury, United Kingdom) and processed by standard
methods (18). The polynucleotide probes were labeled by ran-
dom priming (9) using a random primer DNA labeling kit
(Bethesda Research Laboratories, Gaithersburg, Md.) and
[a-32P]dCTP (3,000 Ci/mmol; Amersham). Oligonucleotide
probes were labeled by 39 tailing using terminal deoxynucle-
otide transferase and [a-32P]dCTP (Amersham). Southern
blots and colony blots were hybridized with the labeled probes
and autoradiographed as described previously (6, 7).

All strains tested for induction by sunlight were grown in
Luria broth (LB) at 37°C to an absorbance at 540 nm (A540) of
0.2. The cells were collected by centrifugation, washed, and
resuspended in fresh LB. Five milliliters of the suspension,
containing approximately 5 3 104 bacterial cells, was spread on
a sterile petri dish and exposed to direct sunlight for a specified
time (30 to 45 min). The intensity of the light was measured
using a digital light meter (VWR Scientific, South Plainfield,
N.J.). Control plates were kept under normal light in a shaded
area during the same time period. The treated cells were in-
oculated into test flasks containing 50 ml of fresh LB. All flasks
were incubated at 37°C with shaking, and aliquots of culture
were periodically removed and analyzed for the presence of
extracellular CTXF using previously described methods (6, 7).
Briefly, to detect Kmr determinant-labeled CTXF particles
derived from strains SM44 and ASF-1, the culture supernatant

was sterilized by filtration through 0.22-mm-pore-size filters
(Millipore Corp., Bedford, Mass.), and the filtrate was titrated
for infectious phage particles by incubating aliquots of the
supernatant with the classical strain RV508 and then selecting
for colonies resistant to kanamycin (50 mg/ml). To detect the
induction of the CTX prophage in wild-type strains, prepara-
tions of the culture supernatants containing CTXF DNA were
identified by Southern blot hybridization using specific probes,
as described previously (6). Aliquots of LB mixed with serial
dilutions of IG-KmF (10 to 104 particles/ml) isolated from
supernatants of O395(pIG-Km) were used as positive controls
to test the detection limit of the hybridization assay. An aliquot
of the culture obtained for the phage assay was also diluted and
plated to determine the number of viable cells.

To study the effects of pH, NaCl concentration (salinity),
and temperature on the induction of CTX prophage, a series
of test flasks containing LB was adjusted to different pHs (6.5,
7.5, 8.0, and 8.5), salinity levels (0.5 to 2.0%, in increments of
0.5%), or combinations of different pHs and salinities. Series
of flasks containing 50 ml of LB with defined pH and salinity
were inoculated with 5 3 104 cells of strain SM44 and incu-
bated at four different temperatures, 25, 30, 37, or 40°C, with
shaking. The induction of the prophage was monitored by
periodically examining aliquots of culture supernatants for the
presence of CTX-KmF during the following 12 h, as described
above.

To examine the stability of CTXF under different conditions
of temperature, pH, and salinity, CTX-KmF isolated from a
culture of O395(pCTX-Km) was used. Approximately 5 3 106

phage particles were inoculated into a series of test tubes
containing 5 ml of LB adjusted to a predefined pH and salinity.
Control tubes containing normal saline or distilled water were
also inoculated. The tubes were stored at different tempera-
tures, and aliquots of the medium (100 ml) were periodically
removed and analyzed for remaining infectious CTX-KmF
particles. The Kmr colonies were counted and stability of the
phage was expressed as the percentage of initial inoculum of
infectious phage particles. Initially, stability was examined at
room temperature at three different pHs (6.0, 7.0, and 8.0) and
salinity levels (0.05, 0.5, and 1.0%), as well as at combinations

TABLE 1. Characteristics of control strains and phages used in this study

Strain or plasmid Relevant characteristics Reference or source

SM44 Derivative of El Tor strain P27459, in which the CTX genetic element was marked with a Kmr

determinant by marker exchange disrupting the ctxAB operon
10

RV508 Derivative of classical biotype strain 569B, which is known to constitutively express CT, TCP,
and other toxR-regulated gene products

28

569B V. cholerae O1 classical Inaba strain Laboratory collection

P27457 V. cholerae O1 El Tor Inaba strain Laboratory collection

SA-317, SA-406 Nontoxigenic (CTXF2) V. cholerae O1 El Tor biotype strains isolated in India 7

O395 Classical Ogawa streptomycin-resistant strain Laboratory collection

AE-2883 Tetracycline-resistant V. cholerae O1 classical biotype strain isolated in Bangladesh Laboratory collection

O395(pCTX-Km) Strain O395 carrying the RF of CTX-KmF derived from strain SM44 28

pIG-Km Derivative of the RF DNA of wild-type CTXF carrying an intergenic Kmr marker 16

ASF-1 Strain SA-317 lysogenized with IG-KmF This study

AOE12-39, Env-99 Environmental nontoxigenic (CTXF2) V. cholerae O139 strains isolated in Bangladesh Laboratory collection
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of these two parameters. Later, more elaborate examinations
of the effect of pH (2.0 to 12.0) at a salinity of 0.5% and that
of salinity (0.05 to 1.5%) at pH 8.0 on the stability of CTXF
were performed. The effect of temperature (4, 25, 30, 37, 40,
and 45°C) on the stability of CTXF was examined at pH 8.0
and 0.5% salinity.

Transduction of recipient strains by CTXF was assayed us-
ing two different donor strains, SM44 and ASF-1, and three
different recipient strains, including a tetracycline-resistant
classical biotype strain, AE-2883, and two nontoxigenic O139
strains, AOE12-39 and Env-99 (Table 1). The donor and re-
cipient strains were grown separately, washed, and resus-
pended in fresh LB (for the classical strain) or AKI medium
(for the O139 strains). Approximately 2.5 3 104 cells of the
donor or the recipient strain were mixed in 5 ml of LB or AKI
medium and exposed to direct sunlight (;42,000 lx) for 30 min.
For the in vitro assay, 1 ml of the exposed cell suspension was
inoculated into 50 ml of the same medium and incubated at
30°C for 16 h. Aliquots of the culture were analyzed for trans-
duction of the recipient strain by using either appropriate
antibiotics or DNA probes. In order to detect transduction of
recipient strain AE-2883, dilutions of the culture were plated
on Luria agar plates containing kanamycin (50 mg/ml) and
tetracycline (20 mg/ml). To detect the transduction of the non-
toxigenic O139 strains, dilutions of the mixed culture were
grown on kanamycin plates, and colony blots prepared from
the plates were hybridized with the O139-specific DNA probe
to detect Kmr O139 derivatives.

For the in vivo assays, 1-ml aliquots of the sunlight-treated
cells were inoculated into the ileal loops of adult New Zealand
White rabbits obtained from the breeding facility of the Ani-
mal Resources Branch of the International Centre for Diar-
rhoeal Disease Research, Bangladesh (ICDDR,B), and pre-
pared as described previously (4). After 16 h, the rabbits were
sacrificed and contents of the ileal loops were collected. The
inside of the loops was washed out with 1 ml of 10 mM phos-
phate-buffered saline (pH 7.4) and collected in the same tube.
Dilutions of the ileal loop fluids were analyzed by plating on
appropriate antibiotic plates and using DNA probes. The ratio
of Kmr-transduced colonies to total number of colonies de-
rived from the recipient strain was calculated and expressed as
the percentage of recipient cells carrying the phage genome.

Representative colonies were picked, grown in LB con-
taining kanamycin (50 mg/ml), and further analyzed for the
presence of the phage genome. Total DNA or plasmid DNA
was extracted from overnight cultures by standard methods

(18) and purified using microcentrifuge filter units (Ultra-
free-Probind; Sigma). Integration of the phage genome into
the chromosome of the recipient cells was studied by compar-
ative Southern blot analysis of total DNA and plasmid prepa-
rations from infected and native strains (7). The ability of the
CTXF lysogens derived from parental nontoxigenic O139
strains to produce CT was determined by the GM1 ganglioside-
dependent enzyme-linked immunosorbent assay and the rabbit
ileal loop assay, as described previously (4, 24).

Induction of CTX prophage by sunlight. Two strains, SM44
and ASF-1, harboring Kmr determinant-marked CTX proph-
ages were initially used to study parameters influencing pro-
phage induction. CTXF does not form plaques, and genetically
marked prophages allow quantification of the number of phage
particles secreted in supernatants via transduction assays (6, 7,
28). Initially, a large number of individual colonies of strains
SM44 and ASF-1 were picked and tested separately for the
production of Kmr-transducing particles. Most colonies tested
either were negative or produced a very small number of phage
particles (between 5 and 127 particles per ml) when grown
without artificial induction. The number of spontaneous CTXF-
transducing particles produced by SM44 or ASF-1 was signif-
icantly lower than the titers previously reported for two other
CTXF lysogens (15). Presumably, this reflects strain differ-
ences.

To examine the effect of sunlight on the induction of CTX
prophages in SM44 and ASF-1, we selected colonies that spon-
taneously produced a small number of phage particles (,50/
ml). No significant difference in the CTX-KmF transducing
activity of the culture supernatants was noted when the pH,
salinity, or temperature of the cultures was varied. However,
when the cultures were exposed to direct sunlight (mean in-
tensity of 42,000 lx) for 30 min prior to incubation, the number
of phage particles increased more than 10,000-fold (Table 2).
No increase was noted in control cultures which were stored in
a well-lighted area (average of 3,180 lx) but away from direct
sunshine. This showed that direct sunlight is a significant nat-
ural inducer of the CTX prophage. Examination of the pro-
duction of phage particles in sunlight-induced cultures at dif-
ferent stages of cell growth showed a steady increase of phage
particles for nearly 6 h. This was followed by a sharp decline
which corresponded to the stationary phase of the culture (Fig.
1). These findings are in agreement with a previous report (15)
that infectious CTXF particles are rapidly inactivated during
the stationary phase of a culture by a secreted CTXF-destroy-

TABLE 2. Sunlight-induced production of extracellular CTXF
particles by genetically marked strains of V. cholerae carrying a

kanamycin-resistant determinant in the CTXF genome

Strain Culture conditionsa Titer of CTXF
particles/mlb

SM44 Without exposure to direct sunlight 0.3 3 102

After exposure to direct sunlight 4.2 3 105

ASF-1 Without exposure to direct sunlight 0.1 3 102

After exposure to direct sunlight 3.7 3 105

SA-317 Without exposure to direct sunlight 0
After exposure to direct sunlight 0

SA-406(pCTX-Km) Without exposure to direct sunlight 8.1 3 104

After exposure to direct sunlight 9.7 3 104

a Cells were exposed to direct sunlight for 30 min prior to incubation, and
supernatants of cultures were analyzed after incubation for 5 h at 30°C.

b Median value of five observations.

FIG. 1. Kinetics of cell growth and production of extracellular CTXF parti-
cles by strain SM44 induced with exposure to direct sunlight (42,000 lx) for 30
min. Values are the averages of five different observations.
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ing factor identified as the hemagglutinin protease of V. chol-
erae. We confirmed that the rapid decline in CTXF titers in
stationary-phase cultures of SM44 and ASF-1 was secondary to
CTXF-destroying factor activity (data not shown).

CTXF was detectable in culture supernatants from 25 of 32
wild-type (nonmarked) strains induced with sunlight (Table 3)
by Southern blot hybridization using a plus strand-specific oli-
gonucleotide probe (Fig. 2). The bands corresponding to the
single-stranded phage DNA were absent in 30 of 32 prepara-
tions derived from supernatants of wild-type strains grown
without sunlight induction. In control assays, approximately
2 3 102 transducing particles per ml produced a visible band.
Thus, some of these wild-type strains may have produced a
small number of phage particles during normal growth that was
below this level of detection.

The duration of sunlight exposure as well as the intensity of
sunlight had a significant effect on both phage titer and viable
cell number. The effect of sunlight was roughly proportional to
the product of light intensity and duration of exposure. Expo-
sure to sunlight resulted in cell death, but phage production by
the surviving cells was increased. For example, immediately
after exposure to sunlight at an average intensity of 42,000 lx
for 30 min, the viable cell count was reduced by approximately
6%, and the total phage production by the surviving cells
increased more than 20-fold (Fig. 1).

The CTXF genome is comprised of a core region and an
RS2 region (30). With the exception of ctxAB, the genes of the
core region are thought to be essential for morphogenesis of
CTXF particles and hence for its propagation as an infectious
phage. The open reading frames in RS2, rstR, rstA, and rstB,
encode a repressor (RstR) as well as products required for the
replication and integration of CTXF (30). In lysogens, RstR is
thought to repress transcription of rstA, a gene required for
CTXF replication. Our data suggest that RstR repressor func-
tion is probably inactivated by direct sunlight. Inactivation of
RstR presumably leads to the expression of rstA and thereby
allows the CTX prophage to enter into a replicative pathway.
To begin to address this possibility, we examined the sunlight-
exposed cells for the presence of CTXF RF DNA. This was
accomplished by hybridizing plasmid preparations with a mi-
nus strand-specific oligonucleotide probe which would not hy-
bridize with the plus strand found in the CTXF genome. The
CTXF RF DNA was detectable in Southern blots of plasmids
prepared from sunlight-exposed cells and not from unexposed
cells (data not shown). This suggests that the sunlight-induced
increases in phage production in strains carrying the CTX
prophage were preceded by and mediated by production of the
RF DNA of CTXF. This is further supported by the observa-
tion that phage titers in the culture supernatants of strain
SA-406(pCTX-Km), which carried the RF of the phage ge-
nome, did not increase substantially after the culture was ex-

posed to sunlight (Table 2). High titers of the phage were
detected in the supernatants from cultures of this strain, irre-
spective of whether the cells were exposed to sunlight or kept
in the shade. However, further studies are required to inves-
tigate the detailed molecular mechanisms associated with sun-
light-mediated induction of the CTX prophage.

Stability of CTXF. The effects of temperature, pH, and
salinity on the stability of CTX-KmF were assessed by adding
a defined number of phage particles into medium adjusted to
different conditions of salinity and pH or into normal saline.
The titers of CTX-KmF transducing particles remaining after
12 h, expressed as a percentage of the original titer, are shown
in Fig. 3. Phage particles remained infectious for more than 4
weeks when stored at room temperature in normal saline or in
LB containing a minimum of 0.5% NaCl. The transducing
phages were fairly stable over a pH range between 4.0 and 10.0
(Fig. 3). At temperatures above 37°C or at a salinity below
0.1%, the majority of the transducing particles were inacti-
vated. These findings suggest that phage particles may persist
in the aquatic environment as infectious agents, depending on
these and possibly other parameters.

FIG. 2. Supernatant fluids of toxigenic V. cholerae strains, exposed to direct
sunlight (42,000 lx) for 30 min and subsequently grown for 5 h, were sterilized by
filtration through a 0.22-mm-pore-size filter and were used to precipitate possible
bacteriophage particles. The precipitates were dissolved in appropriate buffer
and treated with DNase I and RNase A to remove contaminating exogenous
DNA or RNA. Total phage nucleic acids were isolated as described in the text
and analyzed using the ctxA probe. Lanes 1, 3, 5, and 7 contain phage DNA
preparations from four toxigenic strains grown without exposure to sunlight,
whereas lanes 2, 4, 6, and 8 contain phage DNA preparations derived from the
corresponding sunlight-induced cultures. Lane 9 contains phage DNA prepara-
tions from approximately 3 3 102 IG-KmF particles added to LB and used as a
control. Numbers indicating molecular sizes of bands correspond to a super-
coiled DNA ladder (Bethesda Research Laboratories).

TABLE 3. Analysis of naturally occurring toxigenic V. cholerae strains of environmental or clinical origin for
sunlight-induced production of extracellular CTXF

Serogroup and/or
biotype

Yr of
isolation Source No. of strains

analyzed

No. of strains producing extracellular CTXF

Induced by sunlight Without induction

O1, El Tor 1995–1998 Patient 9 8 1
1998–1999 Surface water 3 3 0

O139 1995–1998 Patient 11 9 1
1995–1999 Surface water 4 4 0

Non-O1, non-O139 1995–1998 Surface water 5 1 0
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Transmission of CTXF. We examined the transfer of CTXF
between strains when mixed cultures of potential donor and
recipient strains were exposed to sunlight. Transduction of the
Kmr determinant-marked CTX prophages carried by strains
SM44 and ASF-1 was monitored by transfer of kanamycin
resistance to the recipient strains. One recipient, AE-2883,
could be differentiated from the donor strains by its resistance
to tetracycline, whereas the other two strains were of the O139
serogroup and could be differentiated from the donor strains
by using an O139-specific probe. Transduction was assayed
both under in vitro laboratory conditions and in vivo inside the
ileal loops of adult rabbits. Previous investigators have used
infant mice to study in vivo transfer of CTXF, but we found
that the rabbit ileal loop model is also useful for in vivo CTXF
transduction assays. Sunlight exposure significantly increased
in vitro transduction of the recipient strains. When the mixed
cultures were exposed to sunlight, the number of transductants
was more than 20-fold higher than the number obtained in the
absence of sunlight (Table 4). The overall transduction effi-
ciency was higher in the rabbit ileal loops than in vitro, and the
in vivo efficiency increased further when the mixed cultures
were exposed to sunlight prior to inoculation in rabbits (Table
4). TCP, the receptor for CTXF, is known to be expressed
more adequately in vivo (17). Since the induction studies
clearly showed a marked increase in extracellular CTXF, it is
most likely that in addition to adequate expression of TCP, the
increased efficiency of CTXF transduction in vivo was due to
the availability of high titers of transducing particles in the
inoculum which was preexposed to sunlight.

The origin of strains belonging to the newly emerged epi-
demic serogroup O139 has been investigated in several previ-
ous studies (1, 3, 8, 26, 29). These studies suggested that the
O139 serogroup probably originated from a toxigenic strain of
the El Tor biotype by changes in the genes determining the
serogroup antigen. In the present study, two nontoxigenic
O139 strains were transduced by a genetically marked phage,
IG-KmF, which carried a functional ctxAB operon. Subse-
quent analysis of the transductants showed that the phage
genome integrated into the O139 chromosome, forming stable
lysogens. These lysogens of the O139 strains were tested for

production of CT and were found to produce high levels of
biologically active CT (Table 5). Thus, we demonstrated the
lysogenic conversion of two nontoxigenic O139 strains into
toxigenic derivatives, and this process was significantly en-
hanced by sunlight (Table 4). Although we have previously
demonstrated lysogenic conversion of nontoxigenic O1 El Tor
strains by CTXF, this is the first demonstration of the origi-
nation of toxigenic O139 strains from nontoxigenic progeni-
tors. Thus, lysogenic conversion may constitute an alternative
mechanism for the emergence of epidemic O139 strains from
nontoxigenic progenitors in the environment.

Environmental factors in the emergence of epidemic strains.
Species of the genus Vibrio have been regarded as a group of
organisms whose major habitats are aquatic ecosystems (2). It
has been suggested that acquisition of virulence-associated

FIG. 3. Effects of temperature, pH, and salinity on the stability of CTXF, assayed after 12 h of incubation in LB adjusted to different pHs or salinity levels, using
the genetically marked phage CTX-KmF (see text for details). The effect of salinity was assayed at pH 8.0 and that of pH was assayed at a salinity of 0.5% at room
temperature. The effect of temperature was measured at pH 8.0 and a salinity of 0.5%. Values are the averages of three independent observations.

TABLE 4. Transduction of V. cholerae strains by CTXF derived
from sunlight-treated lysogens carrying genetically

marked CTX prophages

Donor
strain

Recipient
strain

% of recipient cells transduced

In vitro In rabbit ileal loops

Without
induction

After exposure
to sunlight

Without
induction

After exposure
to sunlight

SM44 AE-2883 0.23 5.36 15.23 45.62
ASF-1 AE-2883 0.16 5.25 17.51 39.51

SM44 AOE12-39 0.06 3.45 11.82 25.21
ASF-1 AOE12-39 0.12 3.94 7.49 15.12

SM44 Env-99 0.06 3.45 9.52 25.21
ASF-1 Env-99 0.12 3.94 4.49 17.16

a Transduction of AE-2883 was detected by plating on Luria agar plates con-
taining kanamycin and tetracycline, which counterselected the donor strains.
Transductants of the O139 strains were enumerated by screening kanamycin-
resistant colonies using an O139-specific DNA probe (see text for details).
Values are medians of five different observations made in different rabbits.
Results are expressed as percentage of total number of recipient cells recovered
from rabbit ileal loops.
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genes, particularly those encoding intestinal colonization fac-
tors and enterotoxins, has allowed specific vibrios to adapt to
the human intestinal environment (5, 13). The genes for the
major enterotoxin, ctxAB, reside in the genome of CTXF, and
the propagation of this phage is assumed to be associated with
the horizontal transmission of genes encoding CT. In the
present study, we demonstrated the conversion of nontoxigenic
O139 strains into toxigenic derivatives. These strains were also
positive for genes encoding the intestinal colonization factor
and CTXF receptor, TCP, and the virulence regulatory gene
toxR, involved in the expression of both TCP and CT, which are
the major virulence factors found in epidemic strains (11).

Since it does not appear that CTXF lysogens often sponta-
neously produce high titers of CTXF particles, efficient prop-
agation of this phage under natural conditions may be medi-
ated by environmental factors which result in the induction of
CTX prophages and the persistence of free CTXF particles in
aquatic environments. In the present study, we showed that the
CTX prophage is induced by sunlight. The stability of the
phage is favored at a salinity above 0.5%, temperatures below
37°C, and a pH range of 5.0 to 10.0. In most countries in which
cholera is endemic, substantial fluctuations in water tempera-
ture and salinity may occur between the dry and wet seasons,
or between winter and summer. It would be interesting to study
whether these fluctuating environmental conditions induce
CTX prophages and influence the stability of CTXF particles.
Furthermore, since cholera outbreaks in these areas also occur
in a seasonal pattern, it is possible that these changes in envi-
ronmental conditions play a role in initiation of cholera epi-
demics caused by new strains of toxigenic V. cholerae. The full
array of factors associated with the propagation of CTXF in
natural environments where V. cholerae can survive have yet to
be elucidated. Our efforts are at present directed towards un-
derstanding the transmission of the CTX phage in the aquatic
environment and its possible relationship with the emergence
of seasonal epidemics in areas where cholera is endemic.
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