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A Vibrio cholerae arcA mutant was constructed and used to examine the role of the global anaerobiosis
response regulator ArcA in the expression of virulence factors in this important human pathogen. In V.
cholerae, expression of the major virulence factors cholera toxin (CT) and toxin-coregulated pilus (TCP) is
regulated by the transcriptional activator ToxT. toxT expression, in turn, is controlled by the transmembrane
DNA binding proteins ToxR and TcpP. In the V. cholerae arcA mutant, although ToxR and TcpP were
unaffected, Northern blot and reverse transcription-PCR analyses indicated that the expression of toxT was
significantly decreased with concomitant reduction in the expression of CT and TCP. CT and TCP expression
was completely restored in the V. cholerae arcA mutant strain by expressing a cloned foxT gene in the mutant.
These results suggest that ArcA functions as a positive regulator of foxT expression under both aerobic and
anaerobic conditions, although as expected, the effect was more pronounced during anaerobic growth. This was
reflected in a reduction of virulence of the V. cholerae arcA mutant strain in the infant mouse cholera model.

Vibrio cholerae, a gram-negative noninvasive enteric bacte-
rium, is the causative agent of the diarrheal disease cholera
(22). Cholera remains a major cause of human mortality, not
only in the developing countries, where it exists almost in
endemic form, but also in certain developed countries, where it
frequently assumes epidemic proportions. For successful infec-
tion of their human host, V. cholerae cells must colonize the
intestine and produce copious amounts of cholera toxin (CT),
a potent enterotoxin that causes the severe watery diarrhea
characteristic of the disease. A toxin-coregulated pilus (TCP)
coordinately expressed with CT greatly enhances colonization
of the intestinal epithelium by the bacterium (16, 42). Addi-
tional factors include other potential toxins, accessory coloni-
zation factors, outer membrane proteins, hemolysins, and
hemagglutinins, all of which may contribute to the virulence of
this important human pathogen.

Expression of a subset of the virulence factors of V. cholerae
is coordinately controlled by a regulatory cascade in which the
inner membrane DNA binding proteins, ToxR and TcpP, con-
trol the expression of ToxT, a transcriptional activator that
directly regulates the expression of several virulence genes,
including those encoding CT and TcpA, the major subunit of
TCP (9, 24). Expression of the virulence factors of this regulon,
known, mainly for historical reasons, as the ToxR regulon, is
coordinately regulated and strongly influenced by environmen-
tal signals. A number of parameters, including temperature,
osmolarity, pH, amino acids, and bile, are known to modulate
expression of the ToxR regulon, and these environmental sig-
nals exert their effects at different levels of the regulatory
cascade (38).
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The conditions that control virulence gene expression in
pathogens also stimulate global regulatory changes in many
genes. A feature of the formidable adaptation strategy of
pathogens for optimal survival in their hosts is the integration
of virulence gene expression with regulatory circuits that re-
spond to environmental conditions, typically those resembling
the in vivo sites of infection (11). In Salmonella, Shigella, Yer-
sinia, Bordetella, and many other pathogens, general bacterial
signal transduction and stress response regulatory circuits re-
sponding to osmolarity, iron concentration, inorganic-ion con-
centrations, nutrient availability, and many other cues are in-
tegrated into the virulence regulon, usually involving specific
adaptor molecules (7, 13, 29, 41). Low oxygen concentration is
a characteristic feature of the physiological sites of infection of
many mammalian pathogens. Indeed, anaerobiosis has been
shown to affect the production of virulence factors in several
bacterial pathogens, and Salmonella mutants defective in an-
aerobic respiration are impaired in the ability to replicate in
host cells (6). Bacterial adaptation to growth under oxygen
deprivation involves several global regulatory systems, like
FNR and ArcA/ArcB (2, 30, 34). The central regulators of
each of these systems control the expression of a large number
of genes whose products are mainly involved in adaptation to
anaerobiosis. In addition, FNR functions as a regulator of
virulence genes in several pathogens. Expression of the major
outer membrane protein antigen in Neisseria gonorrhoeae and
a phospholipase virulence factor in Yersinia enterocolitica have
been reported to be dependent on FNR (17, 35). Although
ArcA has been shown to control resistance to reactive oxygen
and nitrogen species in Salmonella, it is not directly involved in
virulence regulation (28). The present study describes experi-
ments to examine the role of ArcA in the expression of the
virulence factors of V. cholerae. The results obtained suggest
that ArcA positively modulates the expression of foxT, the
transcriptional activator of the genes encoding CT and TcpA,



5584 SENGUPTA ET AL.

INFECT. IMMUN.

TABLE 1. Bacterial strains and plasmids used in the study

Strain or plasmid Description Source or reference

Strain

V. cholerae 0395 Sm* Laboratory collection

V. cholerae O395d2 0395 arcA::pGP704 Sm" Ap" This study

E. coli SM10 thi thr leu tonA lacY supE recA::RP4-2-Tc::Mu Km 31

E. coli MM294 endA hsdR pro supF J. J. Mekalanos
Plasmids

pBluescript KS Cloning vector; Ap" Stratagene

pNS1 pBluescript KS derivative with 1.2-kb fragment carrying V. cholerae arcA gene This study

pMT5 V. cholerae toxT cloned in plasmid pMMB66HE 10

pMT5-tet pMTS carrying fet gene from plasmid pBR322. This study

pKEK162 pUCI118 carrying foxT gene 36

pKEK162-tet pKEK162 carrying tet gene from plasmid pBR322 This study

and increases V. cholerae virulence in an experimental animal
model.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. The V. cholerae and E. coli
strains were maintained at —70°C in Luria-Bertani (LB) medium containing 20%
(volivol) glycerol. Ampicillin (100 ug ml~") and streptomycin (150 pg ml™")
were used where appropriate. Tetracycline was used at a concentration of 15 pg
ml ™! for Escherichia coli and 5 pg ml~! for V. cholerae. The plasmid pBluescript
KS was used as a cloning vector, and the suicide vector pGP704 was used for
site-directed mutagenesis (31). All plasmids were maintained and amplified in E.
coli DH5a except pGP704 and its derivatives, which were maintained in E. coli
SM10 \ pir. Plasmids were introduced into E. coli cells by transformation and
into V. cholerae by triparental mating using E. coli MM294(pRK 2013) as a donor
of mobilization factors. V. cholerae cells were grown with aeration either in LB
medium, pH 6.6, at 30°C or in LB medium, pH 8.6, at 37°C. For anaerobic
growth, overnight cultures were diluted 1:100 in 3 ml of LB contained in 10-mm-
diameter 4-cm-long screw-cap tubes filled to the brim and incubated without
shaking.

Cloning of V. cholerae arcA gene and construction of arc4A mutant. A sequence
from the V. cholerae genome sequence database (15) identified by a BLAST
search as encoding an ArcA homolog provided the basis for the design of the
oligonucleotide primers 5'-CTGACAAGCGAATACTCTCA-3" and 5'-ACGC
AAAGCAGTGATAAAA-3', which were used to amplify the chromosomal arcA
gene from V. cholerae strain O395. The 1.2-kb PCR fragment was cloned at the
EcoRV site of the plasmid pBluescript KS to give the plasmid pNS1 (Table 1).
An internal 100-bp fragment corresponding to nucleotides 70 to 173 from the 5’
end of the open reading frame (ORF) was amplified using appropriate primers.
The fragment was cloned at the EcoRV site of the suicide vector pGP704(Ap")
and transformed into a X pir lysogen of E. coli SM10. Ampicillin-resistant trans-
formants containing the recombinant plasmid were selected and conjugally trans-
ferred to V. cholerae strain 0395 (Sm"). Transconjugants resistant to both am-
picillin and streptomycin were selected. Southern blot analysis was used to
confirm that integration had occurred at an appropriate position within the
chromosomal arcA gene.

RNA isolation and RT-PCR. For isolation of RNA, cells were grown to the late
logarithmic phase in LB medium (pH 6.6) at 30°C, conditions optimum for
expression of the ToxR regulon (31). Total RNA was extracted and purified
using guanidinium isothiocyanate (1). The RNA was treated with RNase-free
DNase I (amplification grade; Gibco-BRL), and reverse transcription (RT)-PCR
was performed using a single-tube RT-PCR kit (Gibco-BRL) in the presence of
an RNase inhibitor (RNasin; Gibco-BRL). Two hundred nanograms of DNase-
treated RNA was used in all reactions. Amplification was 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 ctxAB-, tcpA-, toxT-, toxR-, and tcpP-specific primers, and 25 cycles
were used for 16S rRNA. Genomic DNA served as a positive control, and
DNase-treated RNA that had not been reverse transcribed was used as a nega-
tive control. Primers for RT-PCR, corresponding to internal regions of the
ORFs, were designed based on the V. cholerae genome sequence (15). Twenty-
microliter aliquots removed at 25, 30, and 35 cycles of each PCR were electro-
phoresed on 1% agarose gels with ethidium bromide, and the gels were analyzed

using a Gel Doc 1000 system (Bio-Rad Laboratories, Richmond, Calif.). The
PCR products were normalized according to the amount of 16S rRNA detected
in the same cDNA sample. Each set of experiments was repeated at least three
times. Comparisons of relative intensities of PCR products obtained from wild-
type V. cholerae and arcA mutant strains were made using the two-sample ¢ test.

Northern blot analysis. RNA samples (15 to 20 g per well) were electropho-
resed on 1% agarose- 2.1 M formaldehyde- mopholinepropanesulfonic acid
gels, blotted onto nylon membranes using 20X SSC (1X SSCis 0.15 M NaCl plus
0.015 M sodium citrate), and hybridized with labeled probes as described else-
where (12).

GM1- lioside-dependent enzyme-linked immunosorbent assays for assay
of CT. CT production was assayed in culture supernatants by GM1-linked im-
munosorbent assays using polyclonal rabbit serum directed against purified CT.
Anti-rabbit immunoglobulin G conjugated with horseradish peroxidase (Jackson
Laboratory, Bar Harbor, Maine) was used as a secondary antibody. Dilutions of
CT in known concentrations (Sigma) were used to estimate the amounts of CT
in the samples, expressed as the amount of toxin per unit of optical density at 600
nm of the culture.

LDy, assays. Fifty-percent lethal doses (LDs,s) were determined in 5- to
7-day-old infant mice by oral challenge with various doses of viable bacteria. The
mice were taken from their mothers at least 6 h before infection. The V. cholerae
strains were grown in LB medium, pH 6.5, at 30°C to the late logarithmic phase
and diluted as required in 0.15 M NaCl containing blue food coloring; 100 pl of
various doses of inoculum was delivered orally to the infant mice. Four or more
mice were used per dose, and survival was determined at 24 h. LDsgs represent-
ing the means of three independent experiments were calculated.

RESULTS

Cloning of the arcA gene from V. cholerae and construction
of an arcA mutant. A search of the V. cholerae genome se-
quence using the BLAST algorithm revealed the presence of
an ORF with 88.2% identity and 94.1% similarity to the E. coli
arcA gene. The E. coli arcA gene is reported to be flanked by
creD and yjjY, which encode a colicin E2 tolerance protein and
a protein of unknown function, respectively (3). arcB, encoding
the sensor component of the ArcA-ArcB two-component sys-
tem, is located at an unlinked locus in the E. coli genome (19).
Examination of the arcA locus in the publicly available V.
cholerae strain N16961 genome sequence revealed that the
arcB gene was located immediately downstream of arcA in the
opposite orientation (15). A hypothetical ORF was present
upstream of the arcA gene. Thus, the genomic organization of
arcA in V. cholerae is different from that in E. coli. The arcA
gene from V. cholerae strain 0395 was PCR amplified as a
1.2-kb fragment and cloned into the plasmid pBluescript KS to
give the plasmid pNS1 (Table 1). The nucleotide sequence of
the cloned fragment was determined, and both the gene se-
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quence and the genomic organization were found to be iden-
tical to that of strain N16961 in the V. cholerae genome se-
quence database.

A site-directed insertion mutation in the V. cholerae arcA
gene was constructed by chromosomal integration of the mo-
bilizable suicide plasmid pGP704 containing an internal 100-bp
fragment of the cloned arcA gene, thereby disrupting the ORF.
Cointegrate Sm" Ap’ transconjugants containing no plasmid
were selected, and Southern blot analysis was used to confirm
that the mobilized plasmid had integrated at the appropriate
site in the arcA gene. The V. cholerae arcA mutant was desig-
nated strain O395d2. Even though the convergent orientation
of the downstream arcB gene makes it unlikely that arc4 in-
sertion mutation could be polar, plasmid pNS1 containing the
entire arcA structural gene was introduced into the V. cholerae
arcA mutant strain to test if the cloned arc4 gene could com-
plement the phenotypes of strain 0395d2 described below.

Characterization of the V. cholerae arcA mutant. The V.
cholerae arcA mutant strain O395d2 produced the same
smooth colony morphology as the parental strain, 0395, al-
though the mutant colonies were smaller than those of the wild
type. Since the arcA gene product is a central regulator of
multiple genes involved in anaerobic respiration (18), the
growth of V. cholerae strain 0395d2 was examined under aer-
obic and anaerobic conditions and compared to that of the
parental strain, O395. No significant difference was observed
between the growth curves of the mutant and wild-type strains
grown in LB or minimal medium under aerobic or anaerobic
conditions. It has recently been reported that arcA mutation
has no effect on the anaerobic growth of Salmonella enterica
serovar Enteritidis (28).

Since mutations in the E. coli arcA gene result in sensitivity
to the dye toluidine blue (18), the V. cholerae arcA mutant
strain O395d2 was examined for toluidine blue sensitivity. The
MIC of toluidine blue decreased from 2 pg ml~"' for the wild-
type V. cholerae strain 0395 to 0.15 to 0.2 pg ml~! for the arcA
mutant strain 0395d2. Thus, similar to E. coli, mutation in
arcA renders V. cholerae cells ~10 times more sensitive to
toluidine blue.

CT production is reduced in the V. cholerae arcA mutant. To
examine if ArcA has any role in the virulence of V. cholerae,
production of CT, the major virulence factor of the organism,
was examined in the arcA mutant strain O395d2. When grown
in LB medium (pH 6.6) at 30°C, conditions optimum for CT
production (31), although the parental strain produced ~10 g
of CT per ml of culture supernatant per unit of optical density
at 600 nm, only ~1 pg could be detected in culture superna-
tants of the arcA mutant strain. Thus, CT production in strain
039542 was reduced by ~90% compared to that in the paren-
tal strain, O395, when the strains were grown under conditions
optimum for CT production (Fig. 1). When grown under non-
permissive conditions (LB medium [pH 8.6]; 37°C), only
~20% of the amount of CT produced under permissive con-
ditions was detected in the wild-type strain, O395. Under these
conditions, a further decrease in CT was observed in the arcA
mutant strain 0395d2, suggesting that ArcA contributes to the
residual CT production under nonpermissive conditions (Fig. 1).

Complementation of the V. cholerae arcA mutant strain
039542 with plasmid pNS1 carrying the full-length arcA gene
could restore CT to wild-type levels, indicating that the muta-
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FIG. 1. CT production in V. cholerae wild-type and arcA mutant
strains. V. cholerae 0395 and strain O395d2 containing the plasmid
pBR328 or pNS1 were grown in LB medium, pH 6.6 or 8.6, to the
stationary phase. CT was measured in culture supernatants corre-
sponding to 10° CFU and expressed as percentages of the amount
obtained in culture supernatants of strain O395 grown in LB medium,
pH 6.6, at 30°C. The data represent the averages of five independent
experiments. The error bars indicate the standard errors of the mean.

tion in arcA was indeed responsible for reduced CT production
in strain 0395d2 (Fig. 1).

Transcriptional repression of ctxAB and tcpA genes in the V.
cholerae arcA mutant. To examine if the inhibition of CT pro-
duction in the V. cholerae arcA mutant strain 0395d2 was at
the level of transcription, RNA was isolated from parent and
mutant strains and Northern blot analysis was carried out using
a 1.9-kb HindIII-Xbal fragment of the plasmid pCVD15 (21),
carrying the ctxAB gene, as a probe. The amount of ctxAB-
specific mRNA in strain O395d2 was considerably less than
that in strain O395 (Fig. 2A). Hybridization to 16S rRNA was
used as a control for equal loading (Fig. 2C). The amounts of
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FIG. 2. Northern blot analysis. V. cholerae 0395 (lanes a) and
0395d2 (lanes b) were grown in LB medium (pH 6.6) at 30°C; RNAs
were isolated, and Northern blots were prepared and probed with
[**P]dCTP-labeled fragments of the ctxAB (A), tepA (B), or 16S TRNA
(C) gene. Fifteen micrograms of RNA was loaded per well.
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FIG. 3. Expression of ctxAB and tcpA in V. cholerae wild-type and arcA mutant strains. (A) RT-PCR was performed with RNAs isolated from
strains O395 (lanes a), 0395d2 (lanes b), and 0395d2 carrying the plasmid pNS1 (lanes c) for estimation of ctxAB mRNA (I), tcpA mRNA (1II),
and 16S rRNA (III). DNase-treated RNA samples that had not been reverse transcribed were used as negative controls (IV). Lane M, 100-bp DNA
ladder. (B) Densitometric analysis of the ctxAB- and tcpA-specific RT-PCR products from strains O395 (open bars), O395d2 (horizontally hatched
bars), and 0O395d2 carrying plasmid pNS1(diagonally hatched bars) after normalization according to the amount of RT-PCR product correspond-
ing to 16S rRNA detected in the same cDNA sample. The results represent the averages of three independent experiments. The error bars indicate

standard errors of the mean.

ctxAB-specific mRNA in strains O395 and 0395d2 were also
estimated by RT-PCR. 16S rRNA production was used as an
internal control. Analysis of the results obtained indicated a
statistically significant (P = 0.001) difference in the relative
intensities of PCR products corresponding to ctxAB mRNA
obtained from wild-type and arcA mutant strains. After nor-
malization according to the amounts of 16S rRNA present in
each RNA population, the amount of ctxAB-specific mRNA in
V. cholerae 0395 was about fourfold higher than that in strain
039542 (Fig. 3A, group I, lanes a and b, and B).

Since ctxAB gene expression is coordinately regulated with
expression of the tcpA gene (42), transcription of fcpA was also
examined in the V. cholerae arcA mutant. Both Northern blot
analysis (Fig. 2B, lanes a and b) and RT-PCR (Fig. 3A, group
II, lanes a and b, and B) indicated that the amount of fcpA-
specific transcript was reduced two- to threefold in the arcA
mutant strain O395d2 compared to that in the parental strain,
0395. The difference was statistically significant (P = 0.001).
Thus, a mutation in the arcA gene represses the expression of
the two major virulence genes of the ToxR regulon, though the
repression was more pronounced for cex4B. Complementation
of the arcA mutant strain O395d2 with the plasmid pNS1
carrying the full-length V. cholerae arcA gene could restore CT
production to wild-type levels (Fig. 1). RT-PCR analysis indi-
cated that expression of both ctx4AB and tcpA increased to
wild-type levels in V. cholerae O395d2 carrying the plasmid
pNS1 (Fig. 3). These results suggest that repression of ctx4B
and fcpA expression in the arcA mutant was indeed attributable
to disruption of the arcA coding sequence and was not due to
an unrecognized secondary mutation.

toxT expression is repressed in the V. cholerae arcA mutant.
Expression of the ctx4B and tcpA genes is coordinately regu-
lated by the transcriptional activator ToxT (9). Since expres-
sion of both ctxAB and tcpA was reduced in the V. cholerae
arcA mutant, toxT expression was examined in the mutant

strain 0395d2. Strains 0395 and 0395d2 were grown to mid-
logarithmic phase under inducing conditions, RNAs were iso-
lated, and toxT-specific transcripts were estimated by RT-PCR.
toxT expression was found to be fivefold lower in strain O395d2
than in the parental strain, 0395 (Fig. 4A). Thus, ArcA stim-
ulates the expression of toxT in V. cholerae. Introduction of the
full-length arcA gene in the plasmid pNS1 into the mutant
039542 restores the foxT transcripts to wild-type levels (Fig.
4A, lanes c to e).

To examine if the reduction in CT production in the V.
cholerae arcA mutant was indeed due to repression of foxT
expression, plasmids pMT5-tet and pKEK162-tet containing
the V. cholerae toxT gene (Table 1) (10, 36) were introduced
into the arcA mutant strain 0395d2, as well as the wild-type
strain 0395, and CT was examined in these cells under opti-
mum ToxR-inducing conditions. CT production was restored
to wild-type levels in strain O395d2 bearing the plasmid pMT5-
tet or pKEK162-tet, although the plasmids had almost no effect
on CT production in the wild-type strain (Fig. 5). These results
indicated that ArcA does not directly affect expression of
ctxAB or tcpA but most likely acts upstream of ToxT.

Since the proportion of active phosphorylated ArcA is
known to increase during anaerobic growth of an organism (18,
20), the expression of foxT was also examined in anaerobically
grown V. cholerae cells. V. cholerae strain 0395 was grown
under aerobic and anaerobic conditions to a density corre-
sponding to 0.5 A4y, units, RNA was extracted, and the amount
of toxT-specific mRNA was estimated by RT-PCR. A fourfold
increase in toxT mRNA was observed in the anerobically grown
V. cholerae cells compared to that in cells grown with aeration
(Fig. 4B, lanes a and b). In strain 0395d2, the level of toxT
mRNA was not appreciably altered between aerobic and an-
aerobic growth conditions (P = 0.2) (Fig. 4B, lanes c and d),
indicating that the low levels of toxT mRNA produced in the



VoL. 71, 2003

abc de a

ROLE OF ArcA IN V. CHOLERAE VIRULENCE 5587

a bc d a b

FIG. 4. Effects of arcA mutation on toxT, toxR, and tcpP gene expression. (A) RT-PCR was performed for 30 (lanes a and b) and 35 (lanes c,
d, and e) cycles with RNA isolated from V. cholerae strains 0395 (lanes a and c¢), 0395d2 (lanes b and d), and O395d2 carrying plasmid pNS1 (lane
e) for estimation of foxT mRNA. (B) RT-PCR was performed for 25 cycles with RNA isolated from strain 0395 grown under aerobic (lane a) or
anaerobic (lane b) conditions and for 35 cycles with RNA from aerobically (lane c) or anaerobically (lane d) grown strain 0395d2 for estimation
of toxT mRNA. (C) RT-PCR was performed for 25 (lanes a and b) and 30 (lanes ¢ and d) cycles with RNAs isolated from strains 0395 (lanes a
and c¢) and 0395d2 (lanes b and d) for estimation of tcpP mRNA. (D) RT-PCR was performed for 30 cycles with RNAs isolated from strains 0395

(lane a) and 0395d2 (lane b) for estimation of foxR mRNA.

arcA mutant were, as expected, not dependent on the oxygen
concentration.

ArcA has no effect on foxR and tcpP expression. Expression
of toxT requires the transmembrane DNA binding proteins
ToxR and TcpP, which act synergistically to activate transcrip-
tion from the toxT promoter (8, 14). Since toxT expression was
reduced in the V. cholerae arcA mutant, expression of ToxR
and TcpP was examined in this strain. Expression of both tcpP
and foxR in the V. cholerae arcA mutant strain 0395d2 was
found to be comparable to that in the parental strain, 0395
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FIG. 5. Complementation of CT production in the V. cholerae arcA
mutant by ToxT. Strains 0395 and 0395d2 with or without the plasmid
pMT5-tet or the plasmid pKEK162-tet were grown to stationary phase
in LB medium (pH 6.6) at 30°C, and CT was measured in the culture
supernatants corresponding to 10° CFU and expressed as percentages
of the amount obtained in culture supernatants of strain O395 grown
in LB (pH 6.6) at 30°C. The error bars indicate standard errors of the
mean.

(Fig. 4C and D). ToxR, in addition to its role in the virulence
cascade, regulates the production of OmpU and OmpT, the
major outer membrane porins of V. cholerae. While OmpU is
positively regulated by ToxR, OmpT expression is apparently
under the negative regulation of ToxR (31). Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis analysis of outer
membrane proteins indicated that the OmpU-OmpT profile in
the V. cholerae arcA mutant was similar to that in the wild-type
strain O395 (data not shown).

LD, assays in infant mouse cholera model. In view of the
fact that mutation in the arcA gene of V. cholerae reduces
expression of the major virulence genes, the effect of the arc4
mutation on the virulence of V. cholerae was examined in vivo
using the infant mouse cholera model. Five-day-old mice were
infected with V. cholerae strain 0395, the arcA mutant strain
0395d2, and strain O395d2 carrying the plasmid pNS1, and the
LDs,s were determined. The LD, for strain 0395d2 was >3
X 108, while that for strain 0395 was <2 X 10°. Thus, the V.
cholerae arcA mutant was ~100 times less virulent than the
parental wild-type strain, O395, in the infant mouse cholera
model. When strain 0395d2 was complemented with the plas-
mid pNS1, the LDy, of the strain decreased to <2.5 X 10°,
which was comparable to that of the parental strain.

DISCUSSION

The major virulence genes of V. cholerae are carried within
two horizontally acquired mobile genetic elements, CTX¢ and
VPI, which are the genomes of filamentous bacteriophages
(23, 44). Similar to many pathogens that have acquired viru-
lence genes on accessory genetic elements by horizontal trans-
fer, in V. cholerae, several genes from the ancestral genome
that have functions in normal bacterial physiology have been
coopted to control the expression of the virulence genes of the
pathogenicity islands. Virulence gene regulators that are not
exclusively associated with the pathogenicity island and that
probably participate in additional regulatory networks include
the transmembrane proteins ToxR and ToxS (8), the cytoplas-
mic proteins AphA and AphB (25, 39), the heat shock proteins
DnaK and o*? (4, 33), and VarA, a member of the two-com-
ponent family of response regulators (45), all of which activate
the expression of virulence factors in V. cholerae. In addition,
the expression of the virulence factors is negatively regulated
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by the cyclic AMP-cyclic AMP receptor protein complex (37)
and the histone-like nucleoid-associated protein H-NS (32). In
this study, we present evidence that another protein with global
effects, ArcA, which controls the expression of a large number
of anoxia-responsive genes, exerts a positive regulatory effect
on the ToxR virulence regulon of V. cholerae. The V. cholerae
arcA gene was cloned, and an internal fragment was used to
construct a site-directed insertion mutation in the arc4 gene of
the wild-type strain, O395. The V. cholerae arcA mutant exhib-
ited a dye-sensitive phenotype characteristic of E. coli arcA
mutants. Furthermore, mutation in the arc4 gene had signifi-
cant effects on the expression of the major virulence genes of
V. cholerae. Expression of both ctxAB and tcpA was reduced,
and a significant decrease in the expression of the foxT gene
was observed (Fig. 2 to 4). Since these defects could be com-
plemented by the cloned arcA gene, the phenotypes were di-
rectly attributable to ArcA. Moreover, expression of foxT from
an inducible promoter completely restored CT to wild-type
levels in the V. cholerae arcA mutant strain (Fig. 5). This
indicates that ArcA most likely acts upstream of foxT expres-
sion. Since neither the ToxR nor the TcpP protein, which act
synergistically to activate foxT expression, was affected in the V.
cholerae arcA mutant, it may be assumed that ArcA controls
toxT expression.

ArcA-ArcB is a two-component signal transduction system
which facilitates adaptation to anoxia (30). In response to the
redox state of the cell, the ArcB kinase phosphorylates ArcA,
and the concentration of phosphorylated ArcA (ArcA-P) is
predicted to increase progressively during the transition from
aerobic to anaerobic growth and to reach peak levels in anoxic
cells (18, 20, 26). The Arc system appears to be active over a
broad range of intracellular redox conditions, and significant
levels of ArcA-P have been detected even in vigorously aerated
cells (20). Indeed it has recently been demonstrated that ArcA
is important for resistance to reactive nitrogen and oxygen
intermediates in S. enterica serovar Enteritidis, even under
aerobic conditions (28). The ArcA-P present during aerobic
growth of V. cholerae may be responsible for the ~5-fold-
higher toxT expression observed in aerobically grown wild-type
cells than in the arcA mutant (Fig. 4A). If ArcA-P is indeed a
transcriptional activator of the foxT gene, a further increase in
toxT transcription would be expected in cells grown anaerobi-
cally, in view of the fact that the ArcA-P concentration in the
oxygen-deprived cells should be higher than that in cells grown
under oxygen-rich conditions. Indeed, RT-PCR analysis with
RNA isolated from wild-type V. cholerae cells grown under
aerobic or anaerobic conditions indicated that foxT expression
was ~4-fold higher in the anaerobically grown cells (Fig. 4B,
lanes a and b). In the arc4A mutant strain 0395d2, however,
since only ArcA-independent expression of toxT occurred, no
difference was observed between toxT expression levels in cells
grown under aerobic and anaerobic conditions (Fig. 4B, lanes
c and d). Taken together, these results indicate that ArcA
positively influences the expression of the foxT gene in V.
cholerae and that the effect is more pronounced under anaer-
obic conditions. The intestinal environment is assumed to be
anaerobic, and indeed, we have found significant induction of
genes known to be upregulated by anaerobiosis (melR) during
intraintestinal growth of V. cholerae using the infant mouse
cholera model (unpublished observation). It was therefore in-
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teresting to examine the virulence of the V. cholerae arcA
mutant strain in vivo. The results obtained suggest that the V.
cholerae arcA mutant is moderately attenuated for virulence:
the LD, of the mutant is ~100-fold higher than that of the
wild-type strain. This result was not unexpected in view of the
fact that toxT expression, though reduced, was not abolished in
the arcA mutant (Fig. 4).

Since ArcAB controls the expression of many anoxia-in-
duced genes, it is difficult to explain why no growth impairment
of the V. cholerae arcA mutant was observed under anaerobic
conditions. The complete genome sequence of V. cholerae (15)
reveals that the organism has several global regulatory systems
known to respond to molecular oxygen, of which FNR and
ArcAB are thought to be of particular importance in relation
to cellular adaptation to anaerobic growth conditions. In E.
coli, there is partial overlap between the FNR- and ArcA-
regulated genes, so that many genes required for anaerobic
growth may be controlled by either FNR or ArcA (2, 18, 34).
In V. cholerae, since ArcA is not required for anaerobic growth,
it is attractive to hypothesize that the overlap between the
FNR and ArcAB regulons is more extensive, so that genes
essential for anaerobic growth are not solely controlled by any
one regulator. Such a strategy may be expected to contribute to
the evolutionary success of a pathogen that has to survive
under anaerobic conditions within the host body. It may be
mentioned in this context that ArcA is not essential for anaer-
obic growth of S. enterica (28).

Bacteria possess numerous two-component signal transduc-
tion systems which facilitate adaptation to environmental con-
ditions (40). In pathogens, virulence genes have coopted spe-
cific bacterial signal transduction systems that respond to
environmental cues characteristic of the host system to ensure
optimal virulence gene expression at the proper time during
infection (11). However, the roles of two-component systems
in the regulation of pathogenicity in V. cholerae have not been
studied in detail. The vieSAB operon, with similarity to sensor-
regulator systems, was expressed during in vivo growth of V.
cholerae (27) and is required for CT production in vitro (43).
Signature-tagged mutagenesis to screen for mutations affecting
colonization in the infant mouse cholera model identified two
phosphotransferases that are involved in modulating the ex-
pression of the ToxR regulon (5). More recently, var4, a mem-
ber of the gacA family of two-component response regulators,
has been shown to affect the ToxR regulon (45). The environ-
mental cues responsible for the activation of these systems
have not been elucidated. The Arc system is the first well-
defined two-component system shown to modulate virulence
expression in V. cholerae, although it is still not clear whether
ArcA directly interacts with the foxT promoter. It is becoming
increasingly clear that a complex interplay between global
stress response regulators encoded within the ancestral ge-
nome and virulence genes encoded within pathogenicity is-
lands imposes complex but subtle regulations at multiple levels
of the virulence cascade in V. cholerae.
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