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The regulatory systems controlling expression of the ctxAB genes encoding cholera toxin (CT) in the classical
and El Tor biotypes of pathogenic Vibrio cholerae have been characterized and found to be almost identical.
Notwithstanding this, special in vitro conditions, called AKI conditions, are required for El Tor bacteria to
produce CT. The AKI conditions involve biphasic cultures. In phase 1 the organism is grown in a still tube for
4 h. In phase 2 the medium is poured into a flask to continue growth with shaking. Virtually no expression of
CT occurs if this protocol is not followed. Here we demonstrated that CT expression takes place in single-phase
still cultures if the volume-to-surface-area ratio is decreased, both under air and under an inert atmosphere.
The expression of key genes involved in the regulation of CT production was analyzed, and we found that the
expression pattern closely resembles the in vivo expression pattern.

Strains of Vibrio cholerae El Tor and classical biotypes are
causative agents of cholera, and both biotypes produce the
virulence factor cholera toxin (CT), which is a powerful en-
terotoxin considered the main toxin responsible for the profuse
loss of fluid that characterizes the disease. Although the El Tor
and classical biotypes are very similar, they have distinguishing
properties that include disparate needs for efficient in vitro
production of CT. The classical strains are relatively permis-
sive, and they produce CT under different conditions, but in-
duction of CT synthesis in the El Tor strains is more demand-
ing.

In order to produce CT from the El Tor biotype, both for
characterization of the toxin and for eventual use of the toxin
in immunization, ways to induce the in vitro expression of the
El Tor CT were investigated. The so-called AKI conditions
were discovered through trial-and-error experimentation (10).
The AKI conditions involve biphasic cultures; vibrios are first
grown in a tube for 4 h, and then the culture is poured into a
flask whose capacity is approximately 10-fold greater than that
of the tube to continue growth with shaking. Why these con-
ditions are required to induce production of CT and how they
influence the complex regulatory cascade involved in CT ex-
pression are unknown. The aim of the present study was to
contribute to the elucidation of these matters.

The ctxAB genes code for the CT protein, which is made up
of the CTA and CTB subunits. The regulation of ctxAB in V.
cholerae is elaborate, and it involves a multistep cascade. In

response to the external environment, diverse regulators can
influence expression of ctxAB (17). In a working model, in
which the regulators at the core of the cascade are included,
the control of ctxAB is thought to occur as follows (Fig. 1). The
AphA and AphB proteins activate transcription of the tcpPH
operon (12) that codes for the TcpP and TcpH proteins (Fig.
1). The TcpP-TcpH couple interacts with the ToxR protein
(positive regulator), which acts in conjunction with the ToxS
protein (ToxR-ToxS) (Fig. 1). The TcpP-TcpH–ToxR-ToxS
complex then promotes transcription of toxT (3, 6–8) (Fig. 1),
and this leads to production of the ToxT protein (Fig. 1). The
ToxT protein directly activates transcription of the ctxAB
operon (2), and this results in the synthesis of CT (Fig. 1). At
the same time that ToxT activates expression of ctxAB, it also
activates expression of the toxin-coregulated pilus (TCP)
operon (25); this operon codes for another virulence factor,
designated the TCP, which is a surface structure involved in
colonization of the intestine (30). The first gene downstream
from the ToxT-activated promoter is tcpA, and this gene codes
for the TcpA protein (Fig. 1). The toxT gene lies downstream
from tcpA and within the TCP operon itself (not shown in Fig.
1). Thus, upon induction of the TCP operon by ToxT, a tran-
script is produced that includes the toxT mRNA, and from this
transcript additional synthesis of ToxT can occur (1, 32). In this
study we monitored expression of toxT from the nearby TcpP-
TcpH–ToxR-ToxS-induced promoter and not from the distant
ToxT-activated tcpA promoter.

The molecular bases of the differential expression of CT by
El Tor and classical strains have essentially been detemined.
First, it was demonstrated that there is biotype-specific control
over expression of toxT (4). Then it was shown that the func-
tionalities of the classical and El Tor TcpP and TcpH were not
substantially different and thus that regulatory differences be-
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tween the two biotypes were not due to the activity of these
proteins but to their levels of expression (22, 23). Subse-
quently, it was shown that differential expression of tcpP and
tcpH in the two biotypes was due to an affinity of the AphB
activator that was lower for the El Tor tcpP promoter than for
the classical tcpP promoter (13, 14). This difference in affinity
was apparently the result of a single-nucleotide mutation (13,
14). Notwithstanding this mutation, the affinity of AphB for the
El Tor tcpP promoter is thought to be sufficient for activation
of tcpP, but only under permissive (i.e., AKI) conditions. Un-
der nonpermissive conditions the mutation is critical and the
affinity of AphB for the tcpP promoter is not great enough for
induction. Without production of TcpP the regulatory cascade
is not activated, and no expression of CT occurs.

When one examines how the AKI conditions might work,
one natural assumption regarding the shaking phase is that it
could function by increasing oxygen availability. In preliminary
experiments (unpublished data) we explored this and other
possibilities. When we replaced air with nitrogen or helium in
the shaking culture phase, we found that CT synthesis was not
reduced as expected if oxygen or even another component of
air was acting as an inducer. We then investigated whether
mechanical motion without aeration induced expression of CT,
but expression did not occur. Subsequently, we explored

whether an increase in the surface area of the exposed culture
stimulated production of CT and observed stimulation under
these conditions.

In this paper we describe experiments which demonstrated
that, in the El Tor vibrios, CT synthesis is induced in single-
phase still cultures if the surface area of the exposed culture is
increased. These results partially explain why CT is produced
under AKI conditions. To determine the effect of these new
conditions on the CT genetic regulatory cascade, we examined
the transcription of tcpP, toxT, ctxA, and tcpA at 1-h time
intervals by primer extension. The patterns of expression of
these genes were found to closely resemble those observed
under in vivo conditions (18, 19).

MATERIALS AND METHODS

Strain and cultures. V. cholerae El Tor strain E7946 was used in this study.
This strain was maintained at �70°C in Luria-Bertani medium containing 20%
glycerol. For cultures the strain was plated onto Luria-Bertani agar directly from
the frozen glycerol stock. After overnight growth at 37°C under an air atmo-
sphere, a suspension of bacteria in saline solution (0.9% NaCl), adjusted to an
optical density at 600 nm (OD600) of 1.0, was produced. Two microliters of this
suspension per 10 ml of medium was used to start each liquid culture, which was
incubated at 37°C. All bacterial suspensions were fresh and used within 10 min
after preparation. The medium used for all cultures was AKI (1.5% Bacto-
Peptone [Difco], 0.4% yeast extract, 0.5% NaCl) without sodium bicarbonate
(11, 20).

Growth under different atmospheres. Nitrogen, helium, and air atmospheres
were used for cultures. In all cases the cultures were grown in vials or Erlenmeyer
flasks fitted with gas-tight rubber caps (catalog no. DX3043C A [Daigger & Co.
Inc., Linconshire, Ill.] or catalog no. Z10145-1 [Aldrich Chemical Co., St. Louis,
Mo.]). The air initially present in vials and flasks was replaced by another
atmosphere by repetitive displacement. This was done by passing two needles
through the cap, one for filling and the other for emptying. Filling was done by
using a small latex balloon that contained the gas being assayed (50 to 200 ml),
which was connected via a syringe to the filling needle. After repetitive displace-
ment the filling needle and balloon were left in situ. The low positive pressure
exerted by the balloon ensured that there was constant replenishment of gas and
guarded against the potential entry of external air in the event of minor leaks.
The purity of the nitrogen and helium used (Praxair Technology, Inc., Danbury,
Conn.) was 99.999%. The initial tests to determine the effects of the variable
volumes on CT expression were performed in vials. For these tests 15-ml cultures
were first grown under the typical AKI conditions. Screw-cap vials (19 by 70 mm)
were filled to the top with medium and then inoculated. Following inoculation
the vials were incubated under still conditions for 4 h. After this, 200-, 400-, 600-,
800-, or 1,600-�l aliquots of the growing cultures were transferred to 7.5-ml vials
(15 by 60 mm). The atmosphere in the vials was then quickly replaced (with air
or nitrogen), and the vials were incubated under still conditions for 3 h. In the
experiments in which there was a constant exposed surface there was no pre-
growth under AKI conditions, and cultures were started directly in 125-ml Er-
lenmeyer flasks (single-phase cultures). For these single-phase cultures a con-
stant volume (3 ml) of preinoculated medium was used. After the preinoculated
medium was placed in the flasks, the atmosphere was replaced with air, nitrogen,
or helium. Once the atmosphere was replaced, the flasks were incubated under
still conditions for 3, 4, 5, 6, or 7 h.

To obtain an improved appreciation of the culture conditions, we estimated
surface areas, depths, and volume-to-surface ratios. For the 7.5-ml vials the
calculated exposed surface area was 1.54 cm2. In these vials the 1.6-ml cultures
were approximately 1 cm deep, while the 0.2-ml cultures were approximately 1.25
mm deep. The estimated volume-to-surface-area ratios for the 1.6-ml cultures
were approximately 1 ml/cm2, while the estimated volume-to-surface-area ratios
for the 0.2-ml cultures were 0.13 ml/cm2. In the 125-ml flasks the calculated
exposed culture surface area was 26 cm2, the depth of the cultures (3 ml) was 1.2
mm, and the volume-to-surface-area ratio was 0.12 ml/cm2.

RNA isolation, primer extension analysis, and DNA sequencing. Total RNA
was isolated with the TRIZOL reagent from GIBCO-BRL (Bethesda, Md.). The
concentrations of RNA were adjusted to the same value by using the OD260 and
were verified by visual estimation of the intensity of the 16S and 23S RNA bands
in ethidium bromide-stained UV-illuminated agarose gels. In general, duplicate
cultures were prepared for each sample time, and the bacterial cell pellets from

FIG. 1. Schematic representation of the genetic regulatory cascade
controlling CT expression. From top to bottom the diagram shows
activation of tcpP by AphAB, basal repression of toxT by H-NS, acti-
vation of toxT by TcpP-TcpH and ToxR-ToxS with displacement of
H-NS, activation of tcpA and ctxA by ToxT, and synthesis of TcpA and
CT. Different patterns indicate the various regulators. RNAP, RNA
polymerase. Small arrows beneath boxes indicate promoters, as well as
the direction of transcription. A wavy thick line indicates mRNA and
thus indicates transcriptional activation. Additional potential basal
repression of tcpA and ctxA by H-NS (24, 33) is not shown.
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these duplicate cultures were pooled before isolation of RNA. However, for the
shorter times (3 and 4 h) pooling of pellets from up to five replicate cultures was
necessary to obtain sufficient amounts of RNA. To ensure that conditions were
as similar as possible for replicate cultures, the preparation of inocula, the
inoculation time, the incubation period, and the point at which cultures were
harvested were all done with prearranged time delays. In addition, the OD600 of
each replicate culture was verified to ensure that the values were within the
expected range.

Primer extension reactions were performed by using the C. therm. polymerase
for reverse transcription (Roche Diagnostics, Indianapolis, Ind.) according to the
manufacturer’s instructions. The following primers were used: tcpP oligo (GCA
TAA TAG ACT TGA TTA GTG CAT TC), toxT oligo (5� CCA ATC ATT GCG
TTC TAC TCT GAA G 3�), tcpA oligo (5� CGA GTA ATG TCA TAC CCT
CTT GAC 3�), and ctxA oligo (5� CTG CCC GAT ATA ACT TAT CAT CAT
TTG C 3�).

For DNA sequencing reactions a ThermoSequenase kit (Amersham Life Sci-
ences Corp., Cleveland, Ohio) was used with [�-32P]ATP (Amersham Interna-
tional) as the substrate for end labeling.

Enzyme-linked immunosorbent assay. The GM1 enzyme-linked immunosor-
bent assay (28) was used for semiquantitative determination of CT in culture
supernatants; whole CT (Calbiochem, Inc., Darmstadt, Germany) at a concen-
tration of 1 �g/ml was used as a standard. Monoclonal antibody LT39 directed
towards the B subunit of CT (29), kindly provided by A.-M. Svennerholm (Göte-
borg University, Göteborg, Sweden), was used for detection.

RESULTS AND DISCUSSION

In preliminary experiments (unpublished data) aimed at dis-
criminating between the various potential factors that could
induce expression of CT in AKI cultures, we discovered that
the exposed surfaces of cultures were a key stimulatory factor
under AKI conditions. Following up on these results, we found
that in still cultures and when the size of the container was
constant, the production of CT increased as the volume of the
culture was reduced under air (Fig. 2A), nitrogen (Fig. 2B),
and helium (data not shown) atmospheres. Expression under
anaerobic atmospheres indicates that the shaking phase of
AKI cultures induces production primarily because it involves
an increase in the relative culture surface area and not because
of increased aeration.

How these conditions induce expression of CT is not clear,
but it is possible that vibrios are somehow able to sense a
relative increase in the gas-liquid interphase. It could be that
the increase in the exposed culture surface area simply pro-
motes the loss of some volatile metabolite that inhibits induc-
tion of CT production. Devising practical ways to determine if
vibrios can respond to gas-liquid (or analogous) interphases
and analyses to detect and characterize volatile metabolites are
experiments that remain to be done.

Progressively reducing the culture volume in vials that were
a constant size had a dual effect because as the levels of CT
increased, the bacterial densities of cultures also increased
(Fig. 2). To estimate the contribution of the progressively
larger numbers of bacteria to the concentrations of CT, [CT]/
optical density ratios were calculated. The results (Fig. 2) dem-
onstrated that the [CT]/optical density ratios increased contin-
ually and therefore that there was induction of CT production
in response to the reduction in culture volume.

Based on the results described above, a constant volume of
3 ml in a 125-ml flask was used for subsequent experiments.
These proportions were approximately equivalent to those of
the 200-�l cultures in the 7.5-ml vials. Single-phase still cul-
tures were then incubated under air, nitrogen, and helium
atmospheres, and CT expression was monitored at 1-h inter-

vals. Under the three atmospheres increases in CT occurred in
a time-related or growth-associated manner (Fig. 3), just as
they did under other culture conditions. The expression of CT
in these time course experiments may also be attributed to
induction because as the growth curve progressed, the [CT]/
OD600 ratios also increased (data not shown).

The use of single-phase still cultures to induce expression of
CT may represent a step forward for gene expression studies of
V. cholerae El Tor because this system is simpler than the
biphasic AKI system. Moreover, as discussed below, the gene
expression patterns suggest that this type of culture may have
more potential to mimic the in vivo situation.

Under our culture conditions expression under a helium or
nitrogen atmosphere was higher than expression under an air
atmosphere. To profit from this effect and at the same time
avoid potential contributions of the used atmosphere, we used

FIG. 2. Decreasing the culture volume in vials that are the same
size induces expression of CT. (A) Expression under air; (B) expres-
sion under nitrogen. In both panels volume is plotted on the x axis, and
both the CT concentration (in micrograms per milliliter) and OD630
are plotted on the left y axis. On the right y axis the [CT]/optical density
(OD) ratio is plotted. The values above the open bars correspond to
the OD630s of cultures. The OD630s were obtained with a microtiter
plate reader (200 �l/well).
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the inert gas helium for subsequent analyses. We also reasoned
that an atmosphere lacking oxygen would be more similar to
the microaerophilic intestinal milieu and therefore that the
data obtained could eventually be more useful for comparisons
with in vivo results.

To determine how the classical strains responded to these
culture conditions, the O395 strain was grown under the opti-
mal stimulating conditions and under a helium atmosphere.
The time course CT expression pattern for the O395 strain was
practically the same as that for the El Tor E7946 strain, al-
though the CT concentrations were approximately threefold
higher (data not shown). These results suggest that there was
an equivalent response of the genetic regulatory cascade.
Therefore, our culture system may provide the opportunity to
compare side by side and under exactly the same growth con-
ditions the gene expression patterns of the classical and El Tor
strains.

To survey how the regulatory molecular cascade controlling
CT expression in El Tor strain E7946 was affected by the new
conditions, we analyzed the patterns of expression of tcpP,
tcpA, toxT, and ctxA by the primer extension method. In these
experiments the transcriptional start point (TSP) was also de-
termined. The TSP for the tcpP gene in El Tor strains has been
mapped, and our data coincided with the previously reported
site (23). Our TSPs for tcpA and ctxA also coincided with the
previously proposed El Tor TSPs (21, 25, 31). However, the
TSP for the toxT gene from El Tor strains has not been re-
ported, and our TSP did not coincide with a previously pro-
posed TSP for the classical O395 strain (7); our TSP was
located 42 bases upstream (Fig. 4). This was not an additional
TSP because close inspection of the region where the classical
TSP was expected revealed no detectable bands at any of the
sample times (data not shown). The DNA sequence upstream
from our TSP was found to be identical to the classical se-
quence. Therefore, the TSP identified does not appear to be
the result of a new promoter generated by mutation, at least
not in the near vicinity. We are currently experimentally re-
viewing the TSPs for classical and El Tor strains under various
in vitro growth conditions.

In agreement with the observed induction of CT (Fig. 2 and
3) and as proposed by the regulatory cascade model (Fig. 1),
we detected expression of tcpP under our conditions. Tran-
scription of tcpP took place early in the culture and at h 3 (Fig.
5A), but the expression was ephemeral, so that at subsequent
times the tcpP message became undetectable (Fig. 5A). Repeat
experiments with alternate primers and/or overexposure of
film to reveal potential weak signals (data not shown) sug-
gested that this result was not due to technical reasons but to
true suppression of tcpP expression. Induction of tcpP may
have started almost exactly at 3 h because sampling at 2.5 h did
not result in a detectable signal. Therefore, tcpP transcription
appeared to take place in the form of a single pulse that lasted
about 1 h.

The expression of toxT is positively affected by TcpP (Fig. 1),
and therefore, it was important to determine how the ephem-
eral expression of tcpP affected toxT transcription. In addition,
the pattern of expression of toxT was of interest because we
have previously found that under AKI conditions toxT is ex-
pressed in a transient manner and only during an approxi-
mately 2-h time window (20). In the present experiments toxT

FIG. 3. Time course of expression of CT with a large exposed
culture surface when different atmospheres were used. (A) Expression
under air; (B) expression under nitrogen; (C) expression under helium.
A constant volume of 3 ml in a 125-ml flask was used in all cases.
Individual cultures were used for each of the sample times. The incu-
bation time is plotted on the x axis. The concentration of CT (in
micrograms per milliliter) is plotted on the right y axis. The OD600 of
the culture is plotted on the left y axis.
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was not expressed transiently but was expressed continuously
and from the earliest time sampled (Fig. 5B). This pattern of
expression was also found under in vivo conditions; under
these conditions toxT transcription was estimated to start at h
3 and to be continuous after this (19). In brief, unlike expres-
sion of toxT under the AKI conditions, expression of toxT
under our conditions was continuous instead of transient, and
the expression pattern closely resembled the in vivo expression
pattern.

The continuous expression of toxT, despite the ephemeral
transcription of tcpP, is an intriguing observation given that
activation of toxT is thought to depend on the TcpP protein. To
explain continuous expression of toxT in the apparent absence
of TcpP, direct induction of toxT by ToxR could be postulated.
However, this possibility seems improbable because ToxR ap-
pears to act by providing the promoter recognition function for
a productive interaction of TcpP with the RNA polymerase
rather than by directly inducing toxT (15, 16). One alternative
explanation is that the regulatory cascade is primed by the
transient presence of TcpP and that an additional regulator(s)
is responsible for the continuous expression of toxT. It is also
possible that after priming by TcpP the H-NS protein, which
normally represses toxT (24) (Fig. 1), no longer binds to the
promoter region and that this causes constitutive transcription
of toxT. Whatever the conditions responsible for continuous
expression of toxT, the presence of ToxR seems to be essential
because ToxR-negative mutants are highly defective for toxT
expression (3). The hypothesis that ToxR is crucial for the
expression of toxT is also supported by the in vivo observation
that a double �tcpPH �toxR mutant was incapable of inducing
tcpA (18), most likely because in the absence of ToxR no ToxT
was produced. A theoretical scenario in which the constant
presence of TcpP (unlike ToxR) is not strictly necessary for
induction of toxT is consistent with the observation that a
�tcpPH mutant was able to induce (in vivo) both ctxA and tcpA
(18). This scenario presupposes the presence of ToxT in the
cell and hence provides evidence of TcpPH-independent in-
duction of the toxT gene, most likely mediated by ToxR. It
seems possible that in the absence of continuous synthesis of
TcpP, constant expression of toxT can occur.

The regulator ToxT directly activates the ctxAB operon (Fig.
1). To monitor this effect, we examined transcription of ctxA.
Expression of ctxA was found to start at h 4 and to be essen-
tially constant after this, although the level of expression at the
starting point was higher (Fig. 5C). Under AKI conditions
expression of ctxA was similar except that transcription started

1 h later and when the cultures were in the shaking phase (20).
When the pattern obtained under in vivo conditions was com-
pared with our ctxA expression pattern, the patterns coincided
totally in terms of timing because in the mouse model expres-
sion of ctxA also occurred at h 4 of growth (18).

Expression of tcpA was found to occur synchronously with
expression of ctxA and with a basically identical pattern, in-
cluding higher expression at the initial time of induction (Fig.
5D). Very similar expression patterns for ctxA and tcpA would
be in full agreement with the proposal that ToxT directly
activates both genes (Fig. 1). As for ctxA, there was a 1-h
disparity in the time of expression of tcpA when the data were
compared with the data obtained under AKI conditions. When
the data were compared with the data obtained under in vivo
conditions, the expression pattern of tcpA also coincided; how-
ever, the similarities could be more limited in this case because
in vivo transcription of tcpA was bimodal, with a weak expres-
sion peak at h 1 and a much stronger peak at h 4 (18). The
latter peak exactly coincided with our tcpA induction time, but
we could not test for expression of this gene at 1 h due to the
low bacterial densities at this point.

When we compared the expression patterns of ctxA, tcpA,
and toxT under our conditions, transcription of ctxA and tcpA
occurred about 1 h later than transcription of toxT (Fig. 5).
Analogous delays have been observed under AKI conditions
(20) and in the in vivo model (18, 19). Our culture procedure
is new; therefore, the persistent occurrence of a delay suggests
that this could be an obligatory step common to the three
systems. Perhaps in every case and soon after synthesis, ToxT
is mainly quiescent, and activation of the protein is required
for induction of its target genes. This hypothesis could be
supported by the observation that the activity of ToxT can be
modulated by environmental signals (27).

We believe that our culture system could help identify the
natural external stimuli that induce (or suppress) expression of
CT, as well as other virulence factors, in V. cholerae. This may
be true because except for the potential absence of the early
(1-h) peak of expression of tcpA, the El Tor in vivo temporal
expression patterns and our expression patterns basically co-
incided perfectly. It is therefore possible that our system fur-
nishes signals that, at least to some extent, successfully mimic
the in vivo situation. This may have been partly due to the fact
that we used anaerobic atmospheres, which presumably are
conditions that are similar to in vivo conditions. Although air
allowed expression of CT, we noticed that the toxin levels were
lower, and this suggests that the conditions were unfavorable.

FIG. 4. TSPs for classical and El Tor toxT genes. Two TSPs are shown: the TSP mapped in this work for El Tor V. cholerae strain E7946 (TSPet)
and the previously reported (7) TSP for classical V. cholerae strain O395 (TSPcl). The TSPs for strains E7946 and O395 are enclosed in boxes, as
are the proposed �10 and �35 transcriptional signals for the strain O395 TSP (7).
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A positive effect of low-oxygen conditions would agree with the
nature of AKI conditions because cultures are grown first in
tubes, and this creates a microaerophilic environment, espe-
cially after dissolved oxygen is depleted by bacterial growth.
These similarities could explain why both systems successfully
induce CT production.

Obviously, until fully perfected, in vitro systems will neces-
sarily lack stimuli present in the in vivo models. However, to
obtain partial yet potentially highly relevant responses, our
method and variations of this method could offer alternatives
for studying gene expression in V. cholerae. In this respect, it
may be important that shallow standing cultures rather than
shaking cultures lead to differential expression of at least 45
proteins in Mycobacterium bovis (5). For V. cholerae gene ex-
pression studies and to better imitate the bacterial surround-
ings during infection, our in vitro conditions could be com-
bined with in vivo stimuli, such as intestinal fluid (26).
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