INFECTION AND IMMUNITY, July 2004, p. 3961-3967
0019-9567/04/$08.00+0 DOI: 10.1128/IAL.72.7.3961-3967.2004

Vol. 72, No. 7

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Effect of Anaerobiosis on Expression of Virulence Factors in
Vibrio cholerae

H. H. Krishnan,f Amalendu Ghosh, Kalidas Paul, and Rukhsana Chowdhury*
Biophysics Division, Indian Institute of Chemical Biology, Calcutta 700 032, India

Received 16 February 2004/Returned for modification 1 April 2004/Accepted 3 April 2004

In Vibrio cholerae, the transmembrane DNA binding proteins, ToxR and TcpP, activate expression of the
regulatory gene foxT in response to specific environmental signals. The resulting enhanced level of ToxT leads
to a coordinated increase in the production of a subset of virulence factors, including cholera toxin (CT) and
toxin-coregulated pilus (TCP). The effect of anaerobiosis on expression of the V. cholerae virulence regulatory
cascade was examined. The expression of the major regulatory genes, fcpP, toxR, and foxT, in anaerobically
grown V. cholerae was comparable to that in cells grown under aerobic conditions, and no significant difference
in the ToxT-dependent expression of fcp4 was detected when aerobic and anaerobic cultures were compared.
However, in spite of the presence of functional ToxT, ctx4B expression was drastically reduced, and practically
no CT was detected in cells grown under anaerobic conditions. In a V. cholerae hns mutant, however, high levels
of ctxAB expression occurred even under anaerobic conditions. Also, deletion of the H-NS binding site from the
ctxAB promoter eliminated anaerobic repression of ctxAB expression. These results suggest that H-NS directly
represses ctxAB expression under anaerobic growth conditions. It has been reported that in the first stage of
infection of infant mice by V. cholerae, tcpA is expressed but ctxAB expression is shut off (S. H. Lee, D. L. Hava,
M. K. Waldor, and A. Camilli, Cell 99: 625-634, 1999). This pattern is similar to the pattern in anaerobic
cultures of V. cholerae. Under all other in vitro conditions, ctxAB and fcpA are known to be coordinately

expressed.

Vibrio cholerae, a gram-negative, noninvasive enteric bacte-
rium, is the causative agent of the diarrheal disease cholera
(15). For successful infection, V. cholerae must colonize the
intestinal epithelium and secrete cholera toxin (CT), a potent
enterotoxin that causes the severe fluid loss characteristic of
the disease. A toxin-coregulated pilus (TCP), coordinately ex-
pressed with CT, is thought to be the major colonization factor
of V. cholerae, and mutants deficient in TCP are greatly atten-
uated for virulence both in animal models and in human vol-
unteers (13, 30). A subset of virulence factors, including CT
and TCP, is coordinately regulated by the hierarchical expres-
sion of regulatory proteins comprising the ToxR regulon (7).
At the top of the hierarchy are ToxR and TcpP (11), which are
inner membrane proteins with cytoplasmic DNA binding do-
mains that act synergistically to promote transcription of the
toxT gene. ToxT, in turn, activates transcription of several
virulence genes, including ctx4B and tcpA, which code for CT
and TcpA, the major subunit of TCP, respectively (6).

A common theme in bacterial pathogenesis is a sensory
transduction mechanism that allows coordinated expression of
virulence factors in response to the external environment of
the bacteria. Pathogenic bacteria are known to exploit physical
and chemical parameters that distinguish the host from the
external environment as signals for the expression of virulence
determinants (23). Thus, in most pathogens, environmental
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conditions characteristic of the host physiological sites of in-
fection activate central regulators of virulence determinants
(9). Paradoxically, the intestinal environment may be pre-
sumed to have parameters similar to those of the nonpermis-
sive conditions for induction of the ToxR regulon of V. chol-
erae. In vitro, the ToxR regulon is maximally expressed in cells
grown at 30°C in media with a starting pH of 6.6 and an
osmolarity equivalent to 66 mM NacCl. In the intestinal lumen,
the temperature is 37°C, the pH is alkaline, and the osmolarity
is thought to be equivalent to 300 mM NaCl or higher, condi-
tions that repress expression of ToxR-activated virulence fac-
tors in vitro (reviewed in references 19 and 29). Furthermore,
bile, a major constituent of the small intestine, represses ex-
pression of virulence factors (10, 27). Critical differences have
been found in the requirements of virulence regulatory pro-
teins for expression of the ctxAB and tcpA genes between
growth of V. cholerae in vitro and growth of V. cholerae in the
infant mice intestine (22). The mechanism of activation of the
ToxR regulon and the mechanism of environmental modula-
tion of the regulatory processes in vivo are unknown. It is likely
that the concerted functioning of regulatory systems respond-
ing to different environmental conditions encountered at dif-
ferent stages of infection may fine-tune expression of virulence
genes for successful infection. It is generally presumed that the
oxygen concentration in the intestine is low, and recently tran-
scriptome analysis of V. cholerae grown in vivo has revealed
that several genes involved in anaerobic respiration are
strongly induced during intraintestinal growth (2, 31). There is
some evidence that enteric pathogens have adapted so that
they express virulence factors in response to low oxygen con-
centrations; notably, this occurs in Salmonella, in which a low
level of oxygen stimulates bacterial invasion from the gastro-
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intestinal tract (21). In Escherichia coli, anaerobic growth has
been shown to modulate expression of flagellar genes and
lipopolysaccharide production (20). It is in this context that in
the present report we describe experiments in which we inves-
tigated the effect of anaerobiosis on expression of virulence
factors in V. cholerae.

MATERIALS AND METHODS

Bacterial strains and plasmids. V. cholerae O1 strains 0395, O395H29 (hns),
and O395F32 (fnr) were used in the present study. The strains were grown in
Luria-Bertani (LB) medium containing 1% tryptone (Difco), 0.5% yeast extract
(Difco), and 0.5% NaCl and were stored at —70°C in 20% (vol/vol) glycerol. The
suicide vector pGP704, used for site-directed mutagenesis, was maintained in E.
coli strain SM10 X pir (24). Plasmids pGS810 and pGS814 contained the anaer-
obiosis-activated melR promoter and anaerobiosis-repressed promoter of the
ndh gene, respectively, fused to a reporter lacZ gene in plasmid pBR322 (8).
Plasmids pKDctx335 and pKDctx75 were constructed by cloning 335- and 75-bp
fragments of the ctxAB promoter in plasmid pKK?232.8 (Pharmacia) immediately
upstream of the promoterless cat gene. Plasmids were introduced into E. coli
cells by transformation and into V. cholerae by triparental conjugation with E. coli
strain MM294(pRK2013) as a donor of mobilization factors. Ampicillin (100 g
ml~") and streptomycin (100 wg ml~') were used when appropriate. Tetracycline
was used at a concentration of 15 wg ml~! for E. coli and at a concentration of
5 pg ml~! for V. cholerae.

Growth conditions. V. cholerae strains from glycerol stock cultures stored at
—70°C were streaked on LB agar plates and incubated overnight at 37°C. A
loopful of cells from a plate was inoculated into 5 ml of LB medium and grown
overnight (14 to 16 h) at 37°C with shaking. Cultures were diluted 1:200 in 5 ml
of LB medium in 18-mm-diameter 15-cm-long culture tubes and were grown with
vigorous shaking for aerobic growth. Anaerobic conditions were achieved either
by using an anaerobic-atmosphere-generating system (Oxoid) or by using 10-
mm-diameter 4-cm-long screw-cap tubes that were filled to the brim, sealed with
tape, and incubated without shaking. In some experiments diluted LB medium
containing 0.5% tryptone, 0.25% yeast extract, and 0.5% NaCl was used for
aerobic growth. For assays for virulence factors, V. cholerae was grown in LB
medium (pH 6.6) at 30°C (24) under aerobic or anaerobic conditions.

Construction of V. cholerae hns and fnr mutants. A 180-bp fragment spanning
nucleotides 60 to 240 from the 5’ end of the sns open reading frame and a 279-bp
internal fragment of the fnr gene were PCR amplified by using appropriate
primers. The primers were designed based on the Ans and fnr gene sequences
obtained from the V. cholerae genome sequence database (12). The PCR-am-
plified internal fragments of the hns and fir genes were cloned at the EcoRV site
of the suicide vector pGP704 (Ap") and were transformed into a \ pir lysogen of
E. coli SM10 (24). Ampicillin-resistant transformants containing the recombi-
nant plasmid were selected and conjugally transferred to V. cholerae strain 0395
(Sm"). Transconjugants resistant to both ampicillin and streptomycin were se-
lected. Southern blot analysis was used to confirm that integration had occurred
at an appropriate position within the chromosomal hns or fnr gene. The V.
cholerae hns and fnr mutant strains containing the suicide vector pGP704 inserted
into the chromosomal gene were designated O395H29 and O395F32, respec-
tively.

RNA isolation and RT-PCR. For isolation of RNA, V. cholerae strains 0395
and O395H29 were grown to a density of about 0.6 A4 unit (~6 X 10% CFU
ml~") in LB medium (pH 6.6) at 30°C under aerobic or anaerobic conditions.
Total RNA was extracted and purified by using guanidium isothiocyanate (1).
The RNA was treated with RNase-free DNase I (1 U/ug; amplification grade;
Invitrogen) in the presence of an RNase inhibitor (RNasin; Gibco-BRL), and
reverse transcription (RT)-PCR was performed by using a single-tube RT-PCR
kit (Gibco-BRL). Two hundred nanograms of DNase-treated RNA was used in
all reactions. Amplification was performed for 25 to 35 cycles (94°C for 30 s, 55°C
for 30 s, and 72°C for 1 min, followed by a 7-min extension at 72°C) for tcpP-,
toxR-, toxT-, ctxAB-, and tcpA-specific primers, and 25 amplification cycles were
used for 16S rRNA. Genomic DNA was used as a positive control, and RNA that
had been treated with DNase but not reverse transcribed was used as a negative
control. Fifteen microliters of each PCR product was electrophoresed on a 1.5%
agarose gel with ethidium bromide, and the gels were analyzed by using a Gel
Doc 1000 system (Bio-Rad Laboratories). PCR products were normalized ac-
cording to the amount of 16S rRNA detected in the same cDNA sample. Each
set of experiments was performed at least three times.

Assays for B-galactosidase and CAT activities. B-Galactosidase activity in
permeabilized cells was assayed by measuring the hydrolysis of o-nitrophenyl
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galactopyranoside. Chloramphenicol acetyltransferase (CAT) activity in soni-
cated cell lysates was measured by using a Quan-T-CAT kit (Amersham) as
recommended by the manufacturer. The results presented below are averages of
at least three independent experiments.

GM1-ganglioside-dependent enzyme-linked immunosorbent assay for CT. CT
production in culture supernatants or sonicated cell pellets was determined by
performing GM1-dependent enzyme-linked immunosorbent assays with poly-
clonal rabbit serum directed against purified CT. Anti-rabbit immunoglobulin G
conjugated with horseradish peroxidase (Jackson Laboratories) was used as the
secondary antibody. Dilutions of CT of known concentrations (Sigma) were used
to estimate the amounts of CT in the samples. The amount of CT was expressed
as the amount of toxin produced per milliliter of culture at a cell density corre-
sponding to 0.6 A4 unit.

Ligated rabbit ileal loop model. Expression from anaerobiosis-regulated pro-
moters during in vivo growth of V. cholerae was assayed by using the ligated
rabbit ileal loop model (5). The fluid that accumulated in each loop was sepa-
rately collected and measured, after which the loops were slit open and scraped.
The fluid and scrapings were centrifuged (8,000 X g, 5 min) to collect the
bacteria, washed twice with normal saline, and finally resuspended in saline. The
bacterial count in each suspension was determined by plating the suspension on
thiosulfate-citrate-bile salt-sucrose agar plates containing appropriate antibiotics
when necessary, and the B-galactosidase activity in a measured amount of cells
grown in vivo was determined. At least two loops in the same animal were
inoculated with each bacterial strain, and each strain was tested in at least three
individual animals.

RESULTS

Growth of V. cholerae under anaerobic conditions. V. chol-
erae strain O395 was grown in LB medium under aerobic or
anaerobic conditions, and at regular intervals the optical den-
sity of the culture and the number of CFU were measured.
Under anaerobic conditions the culture attained a maximum
density of about 0.6 A4, unit, corresponding to about 6x 10°
CFU ml~ !, in 4 to 5 h before the stationary phase was reached
(Fig. 1). When the strain was grown in the same medium under
aerobic conditions, the cell density reached about 6 X 10° CFU
ml ™' in 2.5 h, and the maximum density, about 5 X 10° to 6 X
10° CFU ml ™!, was reached in 6 to 7 h. Thus, the growth rate
of V. cholerae in LB medium under aerobic conditions was
much higher than the growth rate under anaerobic conditions.
To obtain comparable growth rates for aerobic and anaerobic
cultures, the growth of V. cholerae in dilute LB medium was
monitored. When V. cholerae was grown in 1:1 diluted LB
medium under aerobic conditions, the growth rate was com-
parable to the growth rate in LB medium under anaerobic
conditions (Fig. 1).

CT production is reduced in V. cholerae grown with a low
oxygen concentration. To examine if the oxygen concentration
has any effect on the virulence of V. cholerae, production of
CT, the major virulence factor of the organism, was estimated
by using cells grown aerobically or anaerobically to an optical
density of 0.6 in LB medium (pH 6.6) at 30°C. Although under
aerobic conditions V. cholerae produced 0.8 to 1 wg of CT ml ™'
in culture supernatants, very little CT (<0.1 pg ml™') was
detected in culture supernatants of cells grown under anaero-
bic conditions (Fig. 2). To examine if the decrease in CT
production was due to a lower growth rate of V. cholerae in LB
medium under anaerobic conditions (Fig. 1) or to anaerobiosis
per se, cells were grown to an optical density of 0.6 in (i) LB
medium with aeration for 2 to 2.5 h (Fig. 1), (ii) dilute LB
medium with aeration for 4.5 to 5 h (Fig. 1), or (iii) LB medium
under anaerobic conditions for 4.5 to 5 h (Fig. 1). Thus, com-
parisons could be made between cultures grown aerobically
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FIG. 1. Growth of V. cholerae O395 under aerobic conditions in LB
medium (O) and dilute LB medium (A) and under anaerobic condi-
tions in LB medium ([J). dil., dilute; ae, aerobic; an, anaerobic.

and anaerobically to similar cell densities (i) at the same
growth rate (dilute LB medium under aerobic conditions for
4.5 to 5 h versus LB medium under anaerobic conditions for
4.5 to 5 h) or (ii) at different growth rates (LB medium under
aerobic conditions for 2 to 2.5 h versus LB medium under
anaerobic conditions for 4.5 to 5 h). When V. cholerae was
grown under aerobic conditions in LB medium and in dilute
LB medium to an optical density of 0.6, the cultures produced
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FIG. 2. CT production in aerobic and anaerobic cultures. V. chol-
erae strains 0395 and O395H29 (hns) were grown to an optical density
of 0.6 in LB medium (pH 6.6) at 30°C or in LB medium (pH 8.6) at
37°C under aerobic conditions (diagonally cross-hatched bars) or un-
der anaerobic conditions (horizontally cross-hatched bars), and the CT
concentrations in culture supernatants (S) or sonicated cell pellets
(P) were estimated.

EFFECT OF ANAEROBIOSIS ON V. CHOLERAE VIRULENCE 3963

a b cd ab ¢ ab c

FIG. 3. Effect of anaerobiosis on ctxAB and tcpA gene expression.
RT-PCR was performed with RNA isolated from V. cholerae strain
0395 (lanes a and b) or strain O395H29 (lanes ¢ and d) grown under
aerobic conditions (lanes a and c¢) or anaerobic conditions (lanes b and
d) to an optical density of 0.6 in order to estimate levels of ctxAB (A),
tcpA (B), or 16S rRNA (C). DNase-treated RNA samples that had not
been reverse transcribed were used as negative controls (D).

similar amounts of CT (0.8 to 1 pg of CT ml "), but practically
no CT was detected in V. cholerae cultures grown in LB me-
dium under anaerobic conditions. These results indicate that
anaerobiosis, and not a decrease in the growth rate, drastically
reduces CT production in V. cholerae cells. Since there was no
difference in CT production between cultures grown to an
optical density of 0.6 in LB medium and cultures grown to an
optical density of 0.6 in dilute LB medium, in subsequent
experiments aerobic cultures were grown in LB medium for 2
to 2.5 h.

In order to examine if anaerobic growth affects secretion of
CT, the amounts of CT in sonicated cell pellets from cultures
grown under aerobic and anaerobic conditions were also esti-
mated, and in both cases almost no CT was detected in the cell
lysates (Fig. 2). Since the pH of the growth medium is known
to affect CT production (24), we confirmed that the anaerobic
growth conditions did not have any effect on the pH of the
culture.

Expression of ctxAB but not expression of tcpA is reduced
during anaerobic growth. To examine if the inhibition of CT
production in anaerobically grown cells is at the level of tran-
scription, RNA was isolated from cultures grown to an optical
density of 0.6 in LB medium (pH 6.6) at 30°C under aerobic
and anaerobic conditions, and the amount of ctxA4B-specific
mRNA in each sample was estimated by RT-PCR. 16S rRNA
production was used as an internal control (Fig. 3C). Analysis
of the results obtained indicated that although high levels of
ctxAB-specific mRNA were produced in cells grown with aer-
ation (Fig. 3A, lane a), the amount of ctxAB mRNA was dras-
tically reduced in anaerobic cultures (Fig. 3A, lane b).

Environmental modulation of the fcpA gene is thought to
follow the same pattern as environmental modulation of ctx4B,
with both genes under the coordinated regulation of ToxT
(30). In view of the fact that ctxAB gene expression was signif-
icantly reduced in anaerobic cultures of V. cholerae, tcpA ex-
pression was examined in the cells and compared to the tcpA
expression in cells grown with aeration. RT-PCR analysis in-
dicated that there was not a significant difference in the
amounts of tcpA-specific transcript in cells grown under aero-
bic conditions and cells grown under anaerobic conditions
(Fig. 3B, lanes a and b). Thus, contrary to expectations, al-
though ctxAB gene expression was drastically reduced in an-
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FIG. 4. Expression of toxT, toxR, and tcpP in aerobic and anaerobic
cultures of V. cholerae. RT-PCR was performed with RNA isolated
from strain O395 grown under aerobic conditions (lanes a) or anaer-

obic conditions (lanes b) in order to estimate levels of toxT (A), toxR
(B), tepP (C), or 16S rRNA (D).

aerobic cultures of V. cholerae, the expression of the tcpA4 gene
was similar to that in cells grown with aeration.

Expression of virulence regulatory genes. Expression of the
ctxAB and tcpA genes is positively regulated by ToxT, and toxT
gene expression is controlled by the synergistically acting ToxR
and TcpP proteins (6, 7, 11). RT-PCR analysis indicated that
the levels of expression of the foxR and fcpP genes in cells
grown in LB medium to an optical density of 0.6 under aerobic
and anaerobic conditions were comparable (Fig. 4B and C),
although an increase in toxT expression was detected in the
anaerobic cultures (Fig. 4A). The increased expression of toxT
in anaerobic cultures may have been due to the anaerobiosis-
activated transcriptional regulator ArcA that has recently been
shown to activate toxT expression (28).

FNR has no role in anaerobic repression of ctxAB expres-
sion. The global anaerobiosis response regulator FNR acti-
vates expression of a set of genes required for anaerobic res-
piration and represses genes involved in aerobic respiration (8)
To examine if FNR has any role in the anaerobic repression of
ctxAB expression, a V. cholerae O395 fnr mutant strain, strain
0O395F32, was constructed. Appropriate expression from the
FNR-activated promoter in the reporter plasmid pGS810 and
the FNR-repressed promoter in pGS814 (8) in strain O395F32
confirmed the loss of functional FNR in this strain (Table 1).
CT production was next measured in the fnr mutant strain
0395F2 and the parent strain O395. Under aerobic conditions
both strains produced 0.8 to 1 ng of CT per ml at an optical

TABLE 1. B-Galactosidase activity in V. cholerae O395 carrying
plasmid pGS810 or pGS814

B-Galactosidase activity in strains grown:

V. cholerae strain In vitro )
Aerobic Anaerobic In vivo
conditions conditions

0395 8 5 5.6

0395/pGS814 1,993 + 135 809 = 37 440 = 31

0395/pGS810 271 =9 1,667 = 143 1,080 = 206

0395F32/pGS814 1,603 = 102 1,756 = 127 ND?

“ V. cholerae strains were grown aerobically or anaerobically in LB medium at
37°C (in vitro) or in ligated rabbit ileal loops (in vivo), bacterial counts were
determined, and the B- galactosidase activity per 5 X 108 CFU was measured.
The results (means * standard deviations for three independent experiments)
are expressed in Miller units.

> ND, not done.
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density of 0.6 (data not shown). Similar to wild-type strain
0395, fnr mutant strain O395F32 did not produce detectable
CT in culture supernatants or sonicated cell pellets under
anaerobic conditions, indicating that FNR has no role in the
anaerobic repression of CT production in V. cholerae.

Role of H-NS in anaerobic repression of ctxAB expression. It
has been reported that the histone-like protein H-NS can si-
lence ctxAB expression (25, 32). Indeed, the V. cholerae 0395
hns mutant strain O395H29 constructed in this study showed
high levels of ctxAB expression even under normally repressive
conditions (LB medium, pH 8.6, 37°C) (Fig. 2). Furthermore,
strain O395H29 grown anaerobically to an optical density of
0.6 in LB medium (pH 6.6) at 30°C produced about 0.8 pg of
CT ml™! in culture supernatants, although practically no CT
was detected in anaerobic cultures of wild-type strain O395
under identical conditions (Fig. 2). RT-PCR analysis indicated
that there was a statistically significant (P = 0.001) difference
in the relative intensities of PCR products corresponding to
cxAB mRNA obtained from anaerobic cultures of strains
0395 and O395H29. After normalization according to the
amount of 16S rRNA present in each RNA population, the
amount of c¢ctxAB mRNA in anaerobic cultures of strain
0O395H29 was at least 10-fold higher than the amount in an-
aerobic cultures of parental strain O395 (Fig. 3A, lanes b and
d). The ctxAB expression in anaerobic cultures of strain
0395H29 was comparable to that in aerobically grown strain
03095 cultures (Fig. 3A, lanes a and d). Thus, repression of CT
production under anaerobic conditions was completely elimi-
nated in the V. cholerae hns mutant.

A region on the ctxAB promoter between approximately
position —400 and position —70 with respect to the transcrip-
tion start site was demonstrated to contain H-NS binding sites
by Yu and DiRita (32), who used plasmids carrying various
amounts of the ctx4AB upstream region fused to a reporter
gene. To determine if anaerobic repression of ctx4AB expres-
sion is due to a direct effect of H-NS on ctx4B, the H-NS
binding region was deleted from the ctx4B promoter, and
expression from the promoter was assayed under anaerobic
conditions. Reporter plasmids carrying the ctxAB promoter
either up to position —335 (pKDctx335) or up to position —75
(pKDctx75), fused to a promoterless cat gene in plasmid
pKK232.8, were constructed. Thus, H-NS binding sites were
present in the ctx4AB promoter in plasmid pKDctx335 but ab-
sent from the ctxAB promoter in plasmid pKDctx75. Both
plasmids were conjugally transferred to V. cholerae 0395, and
the CAT activities in transconjugants grown under anaerobic
conditions were assayed. Very little CAT activity was detected
in anaerobic cultures of O395 carrying plasmid pKDctx335,
although an approximately fivefold increase in CAT activity
was detected in cells carrying plasmid pKDctx75 (Table 2).
Cells carrying pKDctx335 and cells carrying pKDctx75 pro-
duced comparable amounts of CAT under aerobic conditions.
Thus, deletion of H-NS binding sites from the ctx4B promoter
caused derepression of ctx4AB under anaerobic conditions.

Although significant expression of tcpA occurred in anaero-
bic cultures of V. cholerae O395, there was a small but consis-
tent increase in tcpA expression in Ans mutant strain O395H9
(Fig. 3B, lanes b and d), suggesting that H-NS also represses
tcpA expression in anaerobic cultures; however, the extent of
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TABLE 2. CAT activities in aerobic and anaerobic cultures of V.
cholerae 0395 containing ctxAB promoters fused to the reporter
cat gene

CAT activity in V. cholerae O395°

Plasmid

Aerobic Anaerobic
conditions conditions
pKK32.8 11 9
pKDctx335 365 + 31 52+3
pKDctx75 273 = 57 246 *+ 33

¢ V. cholerae strains with plasmids were grown in LB medium (pH 6.6) at 30°C
under aerobic or anaerobic conditions to an optical density of 0.6, and the CAT
activity in sonicated cell pelets was measured. The results (means = standard devi-
ations for three independent experiments) are expressed in milliunits per 4 unit.

repression was very small compared to the extent of H-NS-
dependent repression of ctxAB expression.

Expression from anaerobiosis-regulated promoters in V.
cholerae in vitro and in vivo. Plasmids pGS810 and pGS814
contain the anaerobiosis-activated melR promoter and the
anaerobiosis-repressed promoter of the ndh gene, respectively,
fused to a reporter lacZ gene (8). Expression of B-galactosi-
dase from the melR promoter in plasmid pGS810 has been
reported to increase about four- to fivefold under anaerobic
conditions in E. coli compared to the expression in cells grown
under aerobic conditions. On the other hand, B-galactosidase
expression from the ndh promoter in plasmid pGS814 de-
creases about fourfold in anaerobically grown E. coli cells (8).
Plasmids pGS810 and pGS814 were conjugally transferred to
V. cholerae 0395, and the transconjugants were grown in LB
medium under aerobic and anaerobic conditions. Under both
anaerobic growth conditions employed in this study (see Ma-
terials and Methods), the B-galactosidase expression in cells
carrying plasmid pGS810 was about sixfold higher than that in
cells grown under aerobic conditions (Table 1). Furthermore,
the B-galactosidase expression in pGS814-carrying cells under
anaerobic conditions was about 2.5-fold lower than that in cells
grown under aerobic conditions (Table 1). Thus, the growth
conditions used in this study are sufficient for appropriate and
full induction of anaerobiosis-responsive genes.

To determine if the intraintestinal environment is anaerobic,
V. cholerae carrying plasmid pGS810 or pGS814 was also
grown in rabbit intestines, and B-galactosidase expression was
examined in cells ex vivo. The B-galactosidase expression from
the anaerobiosis-repressed promoter in plasmid pGS814 in
cells grown in the rabbit intestines was more than fourfold
lower than the expression in cells grown in vitro under aerobic
conditions (Table 1). Also, the approximately twofold-lower
level of expression of B-galactosidase in cells carrying plasmid
pGS814 than in cells carrying plasmid pGS810 was comparable
to the results obtained with cells grown in vitro under anaer-
obic conditions (Table 1). These results indicate that the oxy-
gen concentration in the intestinal lumen is low enough to
activate expression of anaerobically induced genes. The rele-
vance of this observation to the pathophysiology of infection is
discussed below.

DISCUSSION

Expression of the major virulence factors of V. cholerae is
controlled by a cascade of regulatory proteins. The transmem-
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brane, DNA binding proteins ToxR and TcpP act synergisti-
cally to enhance transcription of the foxT gene. ToxT, the
second regulator in the hierarchy, is believed to coordinately
activate transcription of the genes coding for CT, the coloni-
zation factor TcpA, and other virulence determinants (7, 16).
The virulence regulatory cascade in V. cholerae is influenced by
several environmental signals, which exert their effects at dif-
ferent levels of the cascade. Under nonpermissive conditions
of temperature and pH, transcription of the fcpP gene is re-
pressed, which leads to downregulation of the entire virulence
regulon (18). Bile affects the cascade at a later stage by mod-
ulating the transcriptional activity of ToxT, which leads to a
decrease in the expression of both ctx4B and tcpA (10, 27). We
examined the effect of growth in the presence of a low oxygen
concentration on V. cholerae virulence and found an additional
level of complexity governing the expression of virulence fac-
tors. Under anaerobic conditions, the transcriptional regula-
tors ToxR, TcpP, and ToxT are produced and TcpA is synthe-
sized, but expression of ctxAB is repressed. This pattern of
expression of the virulence regulon is different from the pat-
tern of expression under all other in vitro conditions in which
tcpA and ctxAB are coordinately expressed (16, 19, 29).

FNR is a transcriptional regulator that controls the expres-
sion of a large number of anoxia-responsive genes. To inves-
tigate whether FNR has a role in the anaerobic repression of
c¢txAB, a V. cholerae fnr mutant was constructed. ctx4B expres-
sion in the frnr mutant was repressed under anaerobic condi-
tions like it was in the wild-type strain, suggesting that FNR has
no role in the anaerobic repression of ctxAB expression. We
next considered the possibility that the histone-like nucleoid-
associated protein H-NS, which has been implicated in the
silencing of a large number of diverse bacterial genes (14), may
be involved in the repression of ctx4AB under anaerobic condi-
tions. It has previously been demonstrated that H-NS can bind
to and repress expression from the ctx4B promoter (32). Even
in the absence of the activator protein ToxT, high levels of CT
were synthesized in a V. cholerae hns mutant under nonper-
missive conditions of temperature and pH (25). To investigate
whether H-NS is also involved in the repression of ctxAB under
ananerobic conditions, a V. cholerae hns mutant was con-
structed, and ctx4B expression was examined in anaerobic cul-
tures of this mutant. The anaerobic repression of ctx4B ex-
pression was completely eliminated in the V. cholerae hns
mutant (Fig. 2 and 3), suggesting that H-NS has a role in
anaerobic silencing of c¢tx4B. To examine if H-NS directly
represses ctxAB expression, H-NS binding sites on the ctxAB
promoter (32) were deleted, and expression from the promoter
was assayed under anaerobic conditions (Table 2). Anaerobic
repression was not observed when H-NS binding sites were
deleted from the ctxAB promoter, suggesting that H-NS has a
direct repressive effect on ctx4B under anaerobic conditions. It
is well documented that H-NS binding to DNA is topology
dependent, and the repressive nucleoprotein complexes
formed by oligomerization of H-NS on DNA can be disrupted
only by local supercoiling changes acting in combination with
positively acting protein factors (17, 20, 21). Since anaerobiosis
is known to alter DNA topology (4, 26), it may be postulated
that during anaerobic growth the topology of the AT-rich
ctxAB promoter region may be favorable for the assembly of a
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repressive H-NS oligomeric complex, resulting in repression of
ctxAB expression.

Numerous studies have demonstrated that ToxT coordi-
nately controls ctxAB and tcpA expression in response to the
temperature, osmolarity, and pH of the growth medium (19,
24, 29, 30). The coordinated expression of ctx4AB and tcpA
appears to be lost in cells grown under anaerobic conditions
since in these cells, although expression of ctxAB is drastically
reduced, the fcpA gene is optimally expressed. This effect may
be due to the subtle but important differences in the require-
ments for expression from the tcpA4 and ctxAB promoters (32).
First, although H-NS represses expression from ctx4B and
tcpA promoters, a stronger repressing effect of H-NS on cx4B
than on fcpA has been reported (32). Second, ToxT is required
to achieve maximal levels of activation of the fcpA4 promoter
even in the absence of H-NS, while ToxT is not required for
ctxAB expression in the absence of H-NS (32). It has recently
been shown that the global anaerobiosis response regulator
ArcAB activates toxT expression under anaerobic conditions
(28). It may be postulated that the combined effects of the
lower affinity of H-NS for the tcpA4 promoter and the increased
level of ToxT, which competes with H-NS for binding to the
tcpA promoter, may account for fcpA expression in anaerobic
cultures of V. cholerae.

An elegant study on the temporal control of virulence gene
expression in vivo demonstrated that in the early stages of
infection of infant mice by V. cholerae, although expression of
toxT was normal and tcpA was expressed, no ctxAB expression
was detected (22). Thus, the pattern of virulence gene expres-
sion in the early stages of infection was similar to that observed
during in vitro growth of V. cholerae under anaerobic condi-
tions. Under all other in vitro environmental conditions that
have been examined, ToxT production is accompanied by co-
ordinated expression of ctxAB and tcpA (16, 19). It was dem-
onstrated in this study, as well as in recent transcriptome anal-
yses of V. cholerae grown in human and rabbit intestines, that
anaerobiosis is a major stress condition experienced by V.
cholerae in the gastrointestinal tract (2, 31). In this context, it
is attractive to hypothesize that the anaerobic environment in
the intestine allows tcpA to be expressed while it selectively
represses expression of ctx4B in the early stage of infection.
The mechanism by which ctxAB repression is counteracted at
later stages of infection is still obscure. However, the observa-
tion that ctx4B is expressed in bacteria that have colonized the
intestine and the observation that early induction of fcpA is
required for colonization and ctx4B expression (22) suggest
that a signal(s) received subsequent to colonization may be
important for induction of ctxAB expression. Also, contact with
the intestinal epithelium might be important for activation of
ctxAB expression under intestinal conditions. The relevance of
the temporal control of ctxAB and fcpA expression to the
pathophysiology of infection remains to be elucidated.

Examination of the virulence regulatory process in V. chol-
erae has revealed that temperature, pH, and osmolarity condi-
tions presumed to resemble intestinal conditions closely are
nonpermissive for expression of the virulence regulon in vitro
(24). There is evidence that the model proposed for heat
shock-mediated regulation of virulence based on in vitro stud-
ies could not be extrapolated to the in vivo situation (3). Nev-
ertheless, in spite of recent developments, methodological lim-
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itations still require that detailed genetic analysis of the
virulence regulatory process be carried out in vitro, emphasiz-
ing the necessity of identifying environmental conditions for
these studies that are physiologically relevant and provide au-
thentic information similar to that obtained from in vivo stud-
ies. We demonstrate that virulence regulation during anaero-
bic growth of V. cholerae resembles events that occur in vivo, at
least in the early stages of infection, more closely than regu-
lation under the other in vitro conditions studied resembles the
in vivo situation.
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