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Bacteria possess signal transduction pathways capable of sensing and responding to a wide variety of signals. The Cpx envelope
stress response, composed of the sensor histidine kinase CpxA and the response regulator CpxR, senses and mediates adaptation
to insults to the bacterial envelope. The Cpx response has been implicated in the regulation of a number of envelope-localized
virulence determinants across bacterial species. Here, we show that activation of the Cpx pathway in Vibrio cholerae El Tor
strain C6706 leads to a decrease in expression of the major virulence factors in this organism, cholera toxin (CT) and the toxin-
coregulated pilus (TCP). Our results indicate that this occurs through the repression of production of the ToxT regulator and an
additional upstream transcription factor, TcpP. The effect of the Cpx response on CT and TCP expression is mostly abrogated in
a cyclic AMP receptor protein (CRP) mutant, although expression of the crp gene is unaltered. Since TcpP production is con-
trolled by CRP, our data suggest a model whereby the Cpx response affects CRP function, which leads to diminished TcpP, ToxT,
CT, and TCP production.

Vibrio cholerae, a curved Gram-negative bacterium, is the caus-
ative agent of the waterborne disease cholera. More than 200

V. cholerae serogroups have been identified, of which the O1 se-
rogroup has been associated with the pandemic spread of cholera
(1). Furthermore, the O1 serogroup is classified into two biotypes,
classical and El Tor; the latter is responsible for the seventh ongo-
ing cholera pandemic (2). Recent cholera outbreaks in Haiti,
Cameroon, and Zimbabwe (3–5) suggest an increase in the inci-
dence of cholera (6).

V. cholerae colonizes the human small intestine, where it pro-
duces its main virulence factors, toxin coregulated pilus (TCP)
and cholera toxin (CT). TCP, a type IV pilus, enables small intes-
tine colonization and the establishment of microcolonies (7–9).
CT is produced and secreted in a folded state from the periplasm
across the outer membrane (OM) by the type II secretion system
(T2SS) (10). This AB5-type ribosylating enterotoxin (11) leads to
the secretion of Cl� and water from intestinal epithelial cells,
which is the hallmark of the watery diarrhea associated with V.
cholerae (12, 13). Virulence gene expression in V. cholerae is con-
trolled by a regulatory cascade known as the ToxR regulon (14–
17). Two membrane-bound DNA binding proteins, TcpP and
ToxR, are critical for coordinated expression of the master viru-
lence regulator, ToxT, in response to different environmental
stimuli (i.e., temperature and pH) (18–22). ToxT directly acti-
vates the expression of the genes responsible for the biosynthesis
of CT and TCP (16, 23). In addition, tcpPH promoter activation is
positively regulated by two cytoplasmic regulators, AphA and
AphB, and negatively regulated by cyclic AMP (cAMP) receptor
protein (CRP) and by quorum sensing via HapR, a LuxR homolog
that represses aphA transcription (24–29). Finally, an additional
regulator, TsrA, modulates the expression of CT, TCP, and an-
other envelope-localized virulence factor, the type VI secretion
system (T6SS) in V. cholerae (30). The T6SS plays an important
role in cytotoxicity toward amoebae and mammalian macro-
phages (31), as well as inter- and intrabacterial interactions, by
conferring toxicity toward other bacteria (32, 33).

Bacterial pathogens utilize envelope-localized signal transduc-
tion systems to sense and modulate expression of genes in re-

sponse to environmental signals. The Cpx envelope stress re-
sponse is controlled by a two-component regulatory system
(TCS), which is composed of the sensor histidine kinase CpxA and
the cytoplasmic response regulator CpxR (34). CpxA is an inner
membrane (IM) protein that autophosphorylates upon detecting
an inducing cue via its periplasmic sensing domain and then be-
comes a phosphodonor to its response regulator, CpxR, at a con-
served aspartate phosphorylation site (34, 35). CpxR phosphory-
lation leads to upregulation and downregulation of multiple genes
by direct binding of CpxR to DNA (35). Additionally, the Cpx
pathway regulates and is regulated by a periplasmic protein, CpxP,
which reduces CpxA autokinase activity (36, 37). The Cpx system
senses bacterial cell envelope stress, such as misfolded proteins,
and regulates the expression of diverse genes involved in main-
taining cell envelope homeostasis (38).

In many Gram-negative pathogens, the Cpx pathway regulates
virulence gene expression (for a recent review, see reference 38).
For example, the Cpx pathway regulates the expression of a num-
ber of virulence determinants in enteropathogenic Escherichia coli
(EPEC) (type III secretion system [T3SS], bundle-forming pili
[BFP], and motility), uropathogenic E. coli (UPEC) (P pilus), Yer-
sinia pseudotuberculosis (T3SS), Legionella pneumophila (type IV
secretion system [T4SS]), Shigella sonnei (virulence regulators and
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T3SS), Salmonella enterica serovar Typhimurium (invasion fac-
tors), and Haemophilus ducreyi (flp-tad and lspB-lspA2 operons,
dsrA, ncaA, and hgbA) (39–51).

Studies on the human pathogen V. cholerae have shown that
the activation of the Cpx pathway in V. cholerae N16961 is re-
quired to mediate cellular responses to perturbations in the cell
envelope and also to stresses related to salinity (52). Recently, we
found that activation of the Cpx response in the V. cholerae El Tor
strain C6706, which is closely related to the V. cholerae N16961
strain (53), leads to changes in the expression of genes involved in
iron acquisition under virulence-inducing conditions (54). Addi-
tionally, we and others found that the Cpx pathway regulates
genes involved in antimicrobial resistance (54, 55). Finally, our
microarray analysis also suggested that the Cpx pathway positively
regulates the expression of the toxR gene (54), which encodes an
important virulence factor regulator in V. cholerae (56).

In the current study, we characterized the effect of the activa-
tion of the Cpx response on different envelope-localized virulence
factors in the V. cholerae El Tor strain C6706. We confirmed that
the Cpx pathway positively regulates the expression of the tran-
scriptional regulator ToxR. Furthermore, we found that the Cpx
pathway regulates the expression of one of the major outer mem-
brane (OM) porins in V. cholerae, OmpT, in a ToxR-independent
manner. Our results indicate that activation of the Cpx pathway
negatively regulates the expression of virulence determinants such
as CT and TCP at the transcriptional level. We show that activa-
tion of the Cpx pathway leads to downregulation of tcpP and toxT
expression, primarily through changes in CRP-mediated gene
regulation. Overall, our work suggests that the Cpx response in V.
cholerae El Tor C6706 negatively regulates CT and TCP expression
through the downregulation of the tcpPH promoter and via al-
tered function of the catabolite activator protein.

MATERIALS AND METHODS
Growth conditions. Bacteria were grown in Luria-Bertani (LB) broth
with the appropriate antibiotics at 37°C with aeration unless otherwise
noted and stored at �80°C in LB broth containing 20% glycerol. For V.
cholerae in vitro virulence induction, AKI conditions were used as previ-
ously described (57). Briefly, cultures grown overnight in LB broth were
inoculated into AKI medium at a 1:10,000 dilution. After 6 h of static
growth at 37°C, the culture was transferred to a 125-ml flask and shaken
(225 rpm) at 37°C for 16 h. Antibiotics (all from Sigma) were used at the
following concentrations in selective media: ampicillin (Amp), 100 �g/
ml; kanamycin (Kan), 50 �g/ml; and streptomycin (Sm), 100 �g/ml. L-
Arabinose (Sigma) was added to growth media to a concentration of 0.1%
for CpxR induction experiments.

In-frame deletions and plasmid construction. All strains and plas-
mids used in this study are listed in Table 1. All primers used in this study
are listed in Table S1 in the supplemental material. A streptomycin-resis-
tant variant of V. cholerae El Tor C6706 was used as the parental strain to
create all of the V. cholerae strains used in this study. In-frame deletion of
toxR was performed as described by Metcalf et al. (59). Briefly, in-frame
deletion mutants were constructed by an overlap extension PCR method.
The first PCRs were performed using the primers F1 and R1 (see Table
S1), which flank the upstream region of toxR, and F2 and R2 (see Table
S1), which flank the downstream region of the toxR gene. The second PCR
was performed using as a template the PCR products F1-R1 and F2-R2 for
the toxR knockout construct. Amplified DNA was cut with BamHI and
NotI and band purified using the GeneJET gel extraction kit (Thermo
Scientific) by following the manufacturer’s instructions. These DNA frag-
ments were cloned into the BamHI and NotI restriction sites of the suicide
vector pWM91 (59) and transformed into E. coli strain DH5�-�pir. E. coli

strain SM10�pir then was used as the donor to mobilize the plasmid into
V. cholerae El Tor C6706 via conjugation for the selection of recombinants
carrying the toxR deletion mutation. V. cholerae El Tor C6706 ompU,
ompT, ompR, and cpxR mutants used in this study were originated from a
transposon insertion library (60).

To construct toxR-lux, ctxA-lux, tcpA-lux, tcpP-lux, and toxT-lux re-
porter plasmids, the promoter regions of toxR, ctxA, tcpA, tcpP, and toxT
were amplified by PCR using primers listed in Table S1 in the supplemen-
tal material and cloned between the EcoRI and BamHI sites of the pJW15
vector (39). The resulting plasmids were designated pN4, pN5, pN7, pN9,
and pN10.

RNA analyses. We used quantitative reverse transcription-PCR (qRT-
PCR) to validate the effect of cpxR overproduction on toxR and toxS gene
expression as previously described (54). For analysis of the Cpx regulation
of virulence factors, wild-type V. cholerae El Tor C6706, the cpxR trans-
poson insertion mutant, and strain C6706 carrying the overexpression
plasmid pCpxR were evaluated using two independent RNA preparations.
Total RNA was extracted from cultures under AKI conditions (as ex-
plained above). After the static growth at 37°C, cultures were transferred
to shaking growth conditions, and 0.1% arabinose was added to induce
the overproduction of cpxR. When cultures reached an optical density at
600 nm (OD600) of �0.8, 1 ml of culture was harvested and resuspended
in 1 ml of TRIzol reagent (Ambion), and total RNA was extracted as
previously described (54). For each target gene, specific primers (see Table
S1 in the supplemental material) were designed to amplify nucleotide
fragments of �100 bp. qRT-PCR was performed using a 7500 Fast real-
time PCR system (Applied Biosystems) as previously described (54). As
described in reference 54, the gyrA gene was used as the endogenous con-
trol for comparison, since it was unaffected by CpxR overexpression.

Luminescence assay. The luminescence activity produced by the vec-
tor control (pJW15) and the toxR-lux, ctxA-lux, tcpA-lux, tcpP-lux, and
toxT-lux reporter plasmids in wild-type V. cholerae El Tor C6706 carrying
pCpxR were performed under AKI medium (57). Briefly, cultures grown
overnight in LB were subcultured under AKI conditions (described
above). After 6 h of static growth, 198 �l of culture was transferred to a
96-well microtiter plate, induced with 0.1% arabinose, and returned to
37°C with agitation. The OD600 and the luminescence counts per second
(CPS) were read every hour for up to 4 h postinduction. For time course
luminescence assay analysis, following 6 h of static growth at 37°C, cul-
tures were transferred to shaking growth conditions (125-ml flask) and
induced with 0.1% arabinose to overexpress cpxR. Every 2 h, 200 �l of
sample was collected, and the OD600 and CPS were read for a period of 16
h postinduction. Measurements were done using a Wallac 1420 multilabel
plate reader (Perkin-Elmer).

Detection of OM profile. OM samples were collected by subculturing
V. cholerae strains under AKI conditions as described above. After trans-
ference and induction of the strains carrying the pCpxR or pBAD24 plas-
mid with 0.1% arabinose, cells were harvested in volumes normalized by
the OD600 when cultures reached an OD600 of �0.8. OM samples were
collected and extracted as previously described (61). OM preparations
were electrophoresed on an SDS–10% PAGE, followed by staining with
Coomassie blue for visualization.

Western blot analysis. Expression of CT, TCP, and T2SS was mea-
sured by Western blotting against the Ctx-B subunits TcpA, EpsL, and
EpsG, respectively. Briefly, whole-cell lysates and supernatant were col-
lected by subculturing V. cholerae strains under AKI conditions as de-
scribed above. The strains carrying the pCpxR or pBAD24 plasmid were
induced right after the transference to the flask with 0.1% arabinose to
induce the overproduction of cpxR, and then samples were collected after
16 h of incubation at 37°C. For time course Western blot experiments,
every 2 h, a 1-ml equivalent of sample was collected for a period of 16 h
postinduction. The expression of the T6SS was measured by Western
blotting against the Hcp protein. Briefly, whole-cell lysates and superna-
tant were collected by subculturing V. cholerae O37 serogroup strain V52
(1:100) in LB broth for 1.5 h at 37°C before being induced with 0.1%
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arabinose, followed by an additional incubation at 37°C until they reached
an OD600 of �0.65, when samples were collected. For all Western blot
analyses, supernatants were filtered through 0.22-�m low-protein-bind-
ing polyvinylidene fluoride (PVDF) syringe filters (Millipore) and con-
centrated with 20% trichloroacetic acid (TCA). Whole-cell lysates and
supernatant were electrophoresed on SDS-PAGE (10 or 12%) gels and
transferred to nitrocellulose membranes as previously described (62). The
blots were incubated with a 1:5,000 dilution of anti-CtxB, a 1:100,000
dilution of anti-TcpA, a 1:10,000 dilution of anti-CpxREC, a 1:100,000
dilution of anti-EpsG, a 1:20,000 dilution of anti-EpsL, a 1:500 dilution of
anti-Hcp (63), and a 1:25,000 dilution of anti-rabbit immunoglobulin
G-alkaline phosphatase conjugates (Sigma). Blots were developed as pre-
viously described (40).

GM1-ELISA. CT production was determined by a GM1-based en-
zyme-linked immunosorbent assay (ELISA) as described previously (64),

using V. cholerae El Tor C6706 strains carrying either pBAD24 or pCpxR
culture supernatants under AKI conditions (described above). GM1-
ELISA was performed using a 1:2,000 dilution of anti-CtxB and a 1:2,000
dilution of anti-rabbit immunoglobulin G-alkaline phosphatase conju-
gates (Santa Cruz Biotechnology). A CT standard curve was generated to
estimate the amount of CT in the supernatant samples. The color intensity
was measured as the OD405 in a Bio-Rad xMark microplate spectropho-
tometer (Bio-Rad).

Bacterial killing assay. To assess the effect of Cpx activation on the
expression of T6SS components, the susceptibility of Escherichia coli
MG1655R to T6SS-mediated killing by the predator strain V. cholerae O37
serogroup V52 was assessed as described previously (32). Briefly, predator
and prey strains were grown as lawns on LB plates plus selective antibiotics
and resuspended in LB broth. Prey and predator were mixed at a 1:10
ratio and spotted onto predried LB agar plates in the absence or presence

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Description Source or reference

Strains
C6706 V. cholerae El Tor biotype strain C6706; Smr J. Mekalanos (Harvard Medical

School)
V52 V. cholerae O37 serogroup strain; �hapA �rtxA �hlyA; Smr 31
V52�vasK V52 mutant lacking vasK gene, carrying pBAD24 plasmid; Smr Ampr 31
NA24 V52 carrying pBAD24 plasmid; Smr Ampr This study
NA3 V52 carrying pCpxR plasmid; Smr Ampr This study
NA45 C6706 carrying pBAD24 plasmid; Smr Ampr 54
NA44 C6706 carrying pCpxR plasmid; Smr Ampr 54
NA335 C6706 mutant lacking toxR gene; Smr This study
NA111 NA44 carrying pJW15 plasmid; Smr Ampr Kanr This study
NA70 NA44 carrying pN3 plasmid; Smr Ampr Kanr This study
NA102 NA44 carrying pN4 plasmid; Smr Ampr Kanr This study
NA103 NA44 carrying pN5 plasmid; Smr Ampr Kanr This study
NA107 NA44 carrying pN7 plasmid; Smr Ampr Kanr This study
NA115 NA44 carrying pN9 plasmid; Smr Ampr Kanr This study
NA109 NA44 carrying pN10 plasmid; Smr Ampr Kanr This study
NA339 NA335 carrying pBAD24 plasmid; Smr Ampr This study
NA343 NA335 carrying pCpxR plasmid; Smr Ampr This study
EC16554 Derivative of C6706 strain carrying TnFGL3 insertion in the cpxR gene (VC2692); Smr Kanr 60
EC18098 Derivative of strain C6706 carrying TnFGL3 insertion in the ompU gene (VC0633); Smr Kanr 60
EC4591 Derivative of strain C6706 carrying TnFGL3 insertion in the ompT gene (VC1854); Smr Kanr 60
EC10705 Derivative of strain C6706 carrying TnFGL3 insertion in the ompR gene (VC2714); Smr Kanr 60
EC14253 Derivative of strain C6706 carrying TnFGL3 insertion in the crp gene (VC2614); Smr Kanr 60
NA242 EC10705 carrying pCpxR plasmid; Smr Kanr Ampr This study
NA410 EC14253 carrying pBAD24 plasmid; Smr Kanr Ampr This study
NA409 EC14253 carrying pCpxR plasmid; Smr Kanr Ampr This study
Escherichia coli

MG1655R
F� �� ilvG-rfb-50 rph-1, carrying pBAD24 plasmid; Rifr Ampr T. L. Raivio (University of

Alberta)
Escherichia coli

DH5� �pir
fhuA2 �(argF-lacZ)U169 phoA glnV44 	80 �(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17 Daniel Provenzano (University

of Texas at Brownsville)
Escherichia coli

SM10�pir
thi-1 thr leu tonA lacY supE recA::RP4-2-Tc::Mu pir; Kmr J. Mekalanos (Harvard Medical

School)

Plasmids
pBAD24 pBAD vector, pBR322 ori, araC; Ampr 58
pCpxR pBAD24 carrying cpxR of Vibrio cholerae C6706; Ampr 54
pJW15 pNLP10 with p15 ori reporter vector; Kanr 39
pN3 cpxP promoter cloned into luxCDABE reporter vector pJW15; Kanr 54
pN4 toxR promoter cloned into luxCDABE reporter vector pJW15; Kanr This study
pN5 ctxA promoter cloned into luxCDABE reporter vector pJW15; Kanr This study
pN7 tcpA promoter cloned into luxCDABE reporter vector pJW15; Kanr This study
pN9 tcpP promoter cloned into luxCDABE reporter vector pJW15; Kanr This study
pN10 toxT promoter cloned into luxCDABE reporter vector pJW15; Kanr This study
pWM91 oriR6K mobRP4 lacI ptac tnp mini-Tn10Km; Kanr Ampr 59
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of 0.1% arabinose to induce the Cpx pathway. After an incubation of 4 h
at 37°C, each spot was harvested, serially diluted, and spotted onto LB
plates plus selective antibiotics and then incubated overnight at 37°C.
Surviving prey (CFU/ml) were enumerated.

Motility analysis. Two microliters of overnight cultures of V. cholerae
El Tor C6706 and V. cholerae O37 serogroup strain V52, which carry
either pBAD24 or pCpxR plasmids, was inoculated onto 0.3% LB agar
plates in the absence or presence of 0.1% arabinose to induce the over-
production of CpxR. The diameter of the swim zones was recorded after
16 h of growing with the appropriate antibiotics. All of the inoculations
were made in triplicate.

RESULTS
The Cpx response positively regulates the toxRS operon. We
previously demonstrated that activation of the Cpx pathway in V.
cholerae El Tor strain C6706 leads to an increase in expression of
the toxS (VC0983) and toxR (VC0984) genes (54). ToxR is a tran-
scriptional regulator located in the inner membrane that contains
an N-terminal domain with strong homology to the OmpR/PhoB
protein family (65). ToxR activity is enhanced by the presence of
the transmembrane protein, ToxS (66). To verify the observed
regulation of toxS and toxR transcription by the Cpx pathway, we
performed a qRT-PCR analysis and observed an increase in ex-
pression of both genes when the Cpx response was activated by
means of CpxR overexpression (Fig. 1A). For this experiment and
all those in which the Cpx pathway was activated, we used a pre-
viously constructed CpxR overexpression vector (pCpxR) in V.
cholerae (54). We have shown that this method of Cpx pathway
activation recapitulates induction of the Cpx response using en-
velope stress signals (54). Although we have not uncovered any
cases where CpxR overexpression results in regulation of “false”
target genes yet, we note that since this is not a natural activation
of the Cpx response, it is possible that induction of the intact Cpx
signaling pathway by exogenous inducers leads to different effects
on gene expression than those observed here. We are currently
investigating the impact of newly identified Cpx-inducing signals
on the V. cholerae virulence regulon.

To study the temporal regulation of toxR transcription by the

Cpx response, we constructed transcriptional fusions of the pro-
moter region of toxR with the light-producing luxCDABE operon
located on previously described reporter plasmid pJW15 (39). We
used this reporter to measure expression of toxR when the Cpx
pathway is activated. A cpxP-lux reporter was utilized as a positive
control for the induction of the Cpx pathway using the same back-
ground strain and conditions. The cpxP-lux reporter was induced
strongly by Cpx response activation, producing increased lumi-
nescence within the first hour after stimulation of CpxR overex-
pression from an arabinose-inducible promoter on the pBAD24
plasmid (Fig. 1B). As previously reported (67, 68), the activity of
the toxR-lux reporter was mostly constant throughout growth un-
der AKI conditions (Fig. 1B). When CpxR expression was in-
duced, luminescence produced by the toxR-lux reporter increased
steadily over 2 h to a level approximately twice that observed un-
der noninduced conditions (Fig. 1B). After 2 h, toxR-lux tran-
scription remained at high levels throughout the experiment (Fig.
1B). Although toxR expression generally is considered to be con-
stitutive (69), our data suggest that CpxR, an envelope stress tran-
scriptional regulator, positively regulates the expression of the
toxRS operon. The delay in induction of toxR expression relative
to that of the strongly regulated cpxP-lux reporter gene upon
CpxR overexpression suggests that this effect is indirect (Fig. 1B).

The Cpx pathway regulates OmpT expression. ToxR regu-
lates the expression of two OM proteins in V. cholerae, OmpU and
OmpT, by directly activating the ompU promoter and repressing
the expression of the ompT promoter, which is important for bile
resistance (70–73). In E. coli, the Cpx pathway directly and indi-
rectly regulates the expression of OmpC and OmpF, the major
porin constituents of the OM (74, 75). To test whether the activa-
tion of the Cpx pathway similarly regulates the expression of
OmpU and OmpT in V. cholerae El Tor strain C6706, we exam-
ined the porin content in the OM in the absence and presence of
CpxR overexpression. Wild-type C6706 carrying either the vec-
tor control (pBAD24) or the pCpxR plasmid was grown under
AKI conditions in the presence of arabinose to induce CpxR ex-

FIG 1 Activation of the Cpx pathway regulates ToxR. (A) qRT-PCR analysis of toxS and toxR transcript levels. RNA was isolated from cultures of V. cholerae
C6706, carrying the overexpression plasmid pCpxR, in the absence (noninduced; black bars) or presence of 0.1% arabinose (induced; gray bars) and converted
to cDNA. The cDNA was subjected to qRT-PCR analysis as described in Materials and Methods. (B) Luminescence activity of V. cholerae C6706 carrying the
overexpression plasmid pCpxR, transformed with the vector control (pJW15), cpxP-lux, or toxR-lux reporter. CpxR was overexpressed by adding 0.1% arabinose
(induced). Reporter gene expression was measured as described in Materials and Methods and is reported as CPS corrected for cell density (OD600). Time zero
represents the time when cells were shifted to shaking conditions and induced after the culture first was statically grown for 6 h. The overall averages and standard
deviations resulting from two separate experiments performed in quintuplicate are shown. The asterisks indicate a statistically significant difference between
induced and noninduced treatments for the toxR-lux reporter (P 
 0.0001 by two-way ANOVA with Sidak’s multiple-comparison test).
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pression. When OM preparations were analyzed by SDS-PAGE,
OmpT levels were reduced when cpxR was overexpressed by ad-
dition of the inducer arabinose compared to levels under the non-
inducing conditions or in the vector control (Fig. 2A). The ab-
sence of this band in an ompT transposon insertion mutant
confirmed that the protein diminished by CpxR overexpression
was OmpT (Fig. 2A, compare lanes 4 and 6). No change in the level
of the OmpU porin was observed upon CpxR overexpression (Fig.
2A, compare lanes 3 and 4).

ToxR inhibits ompT expression, and the levels of OmpT in the
OM are elevated in cells lacking ToxR (71, 72). To determine if the
negative regulation of OmpT by CpxR is ToxR dependent, we
examined the porin content in the OM from the wild-type C6706
strain and the toxR isogenic mutant under Cpx-activating condi-
tions (i.e., overexpression of CpxR) and under AKI conditions. As
expected, since ToxR is an ompU activator and ompT repressor
(70, 71), in the toxR mutant there was a decrease in OmpU levels
and an increase in OmpT levels in the OM (Fig. 2B, lanes 1 to 3).
However, when the Cpx pathway was induced in the toxR mutant
by the addition of arabinose to stimulate CpxR overexpression,
OmpT levels still were diminished (Fig. 2B, compare lanes 3 and
4), although they were at higher levels than those observed under
the same conditions in the wild-type strain. These data suggest
that the negative regulation of OmpT by CpxR is mostly ToxR
independent, although we cannot rule out that the positive regu-
lation of ToxR by the Cpx response plays a small part in the inhi-
bition of ompT expression.

In E. coli, the Cpx response controls porin expression by up-
regulating a small inner membrane protein called MzrA that stim-
ulates the EnvZ-OmpR two-component system (75, 76). The re-
sponse regulator OmpR in turn inversely regulates the expression
of the two major OMPs in E. coli, upregulating OmpC production

and inhibiting expression of OmpF (77). To assess if the OmpR
(VC2714) homologue in V. cholerae El Tor C6706 was involved in
the Cpx regulation of OmpT, we compared the porin content in
OMs isolated from wild-type C6706 and an ompR transposon in-
sertion mutant under Cpx-activating conditions. OmpT levels
changed in the ompR transposon insertion mutant upon CpxR
overexpression in a manner identical to that observed in the wild-
type C6706 strain, which suggests that the negative regulation of
OmpT by CpxR also is OmpR independent (see Fig. S1 in the
supplemental material, compare lanes 3 and 4 to 7 and 8).

The V. cholerae Cpx response regulates the expression of CT
and TCP. Since CpxR overexpression resulted in increased levels
of toxR transcription, a major virulence factor regulatory protein
in V. cholerae, we sought to determine whether the Cpx system is
involved in the regulation of virulence factors, as shown previ-
ously in other Gram-negative pathogens (38). We determined the
effect of the activation of the Cpx pathway on the expression of
cholera toxin and TCP, the two major virulence factors in V. chol-
erae El Tor strain C6706, in the presence of the pCpxR overexpres-
sion plasmid or the pBAD24 vector control and grown under AKI
conditions (57). Production of CT was measured by Western blot-
ting using antibodies directed against the Ctx-B subunit. As
shown in Fig. 3A, secretion of cholera toxin was abolished upon
the overexpression of CpxR in V. cholerae El Tor C6706 compared
to that of the vector and uninduced controls (compare lanes 3, 4,

FIG 2 Activation of the Cpx pathway downregulates OmpT expression. (A)
Outer membrane (OM) protein profiles of V. cholerae C6706 carrying either
pBAD24 (lane 1 and 2) or pCpxR (lane 3 and 4), ompU (lane 5), and ompT
(lane 6). (B) OM protein profiles of the following deletion strains: a toxR
mutant carrying either pBAD24 (lanes 1 and 2) or pCpxR (lanes 3 and 4), and
ompU (lane 5) and ompT (lane 6) mutants. All strains were grown under AKI
conditions at 37°C as described in Materials and Methods. OM proteins were
resolved by 10% SDS-PAGE, followed by staining with Coomassie blue. The
Cpx pathway was activated by inducing CpxR overexpression with 0.1% ara-
binose. Samples were collected from each strain at least three times; one rep-
resentative SDS-PAGE is shown.

FIG 3 Cholera toxin and TCP are reduced when the Cpx response is activated.
Cell pellets (P) and supernatants (S) were collected from V. cholerae El Tor
C6706 grown in LB (lane 1) or AKI medium (lanes 2 to 6) as described in
Materials and Methods. Subcultures were grown for 6 h statically at 37°C
before the addition of 0.1% arabinose to induce CpxR overexpression, fol-
lowed by an additional 16 h of incubation at 37°C. Samples were analyzed by
Western blotting against TcpA, CpxR, and CtxB (A) or ELISA (B). NSB, non-
specific band.
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and 5 to lane 6). To confirm the reduced levels of cholera toxin in
the supernatant upon activation of the Cpx pathway, levels of
cholera toxin in the culture medium of cells grown in the presence
and absence of arabinose also were assessed using an ELISA. In
agreement with the Western blot analysis (Fig. 3A), the results
showed that the Cpx pathway has a large effect on cholera toxin
production (Fig. 3B).

In V. cholerae, the type II secretion system (T2SS) is required
for extracellular secretion of several proteins, including cholera
toxin (78, 79). To test if the observed reduction of cholera toxin in
the supernatant when the Cpx pathway was activated was due to a
downregulation of the T2SS by the Cpx pathway, we measured the
expression of EpsL and EpsG, both components of the T2SS in V.
cholerae (80, 81). We determined that the activation of the Cpx
pathway does not have any effect on the expression of the T2SS.
No differences in the expression of EpsL and EpsG were observed
in samples collected from the CpxR overexpression strain com-
pared to the vector control strain (see Fig. S2 in the supplemental
material).

To analyze TCP protein levels upon activation of the Cpx path-
way, we examined the expression of TCP by measuring the expres-
sion of TcpA, the major subunit of TCP, in whole-cell lysates from
cells grown under AKI conditions, which are favorable for TCP
expression in V. cholerae (57) (see Materials and Methods). TcpA
expression was reduced in wild-type C6706 carrying the pCpxR
vector in the presence of arabinose compared to the uninduced
sample and the vector control (Fig. 3A, compare lanes 3, 4, and 5
to lane 6), showing a trend similar to that seen with the expression
of Ctx-B (Fig. 3A). These results suggest that the Cpx pathway
negatively regulates expression of CT and the TCP in V. cholerae El
Tor strain C6706.

To investigate if the Cpx pathway also plays a role in regulating
the expression of other V. cholerae envelope-localized virulence
factors, we determined if overexpression of CpxR had an effect on
T6SS in V. cholerae O37 serogroup strain V52, which constitu-
tively expresses an active T6SS (31). We also examined motility in
V. cholerae El Tor strains C6706 and V52. Using Western blotting
and a T6SS-mediated bacterial killing assay as previously de-
scribed (32), we found that CpxR overexpression did not alter the
synthesis and secretion of the hemolysin-coregulated protein
(Hcp), the major T6SS component (see Fig. S3A in the supple-
mental material). These results suggest that the Cpx envelope
stress response is not involved in regulating the biogenesis of the
T6SS in V. cholerae V52, which is consistent with a previous study
that showed that the elaboration and assembly of the T6SS is a
dynamic process that occurs in the bacterial cytosol (82). We did
notice that CpxR overexpression resulted in a 100-fold decrease in
the ability of V. cholerae V52 to kill E. coli, however (see Fig. S3B),
suggesting that the Cpx response somehow regulates the activity
of the T6SS. In contrast to the case for E. coli (41), activation of the
Cpx pathway did not impact motility in the V. cholerae strain El
Tor C6706 or V52 (see Fig. S4).

Transcription of both ctxA and tcpA is inhibited by the Cpx
pathway. To determine if the negative regulation of CT and the
TCP by CpxR occurred at the transcriptional level, we con-
structed ctxA-lux and tcpA-lux transcriptional reporter genes
using the previously described reporter plasmid pJW15 (39).
We used these reporters to measure ctxA and tcpA transcription
when the Cpx pathway was activated by overexpressing CpxR
under conditions shown to maximize CT production (57). As

previously reported (68), expression of ctxA was detected after
the AKI medium cultures were switched from static to shaking
growth conditions (aerobic) and increased linearly over 6 h of
growth (Fig. 4A). Consistent with these results, cholera toxin
was detectable in the supernatants of cultures grown in AKI
medium 6 h after the cultures were switched to aerating con-
ditions and increased over 16 h of growth (Fig. 4B). Expression
of ctxA was dramatically diminished when the Cpx pathway
was activated, where the luminescence resulting from the ctxA-
lux reporter decreased over time (Fig. 4A) and there was no
detectable cholera toxin in the supernatant (Fig. 4B). Similarly,
tcpA-lux expression was significantly lower in V. cholerae El Tor
C6706 carrying the pCpxR overexpression plasmid in the pres-
ence of arabinose (Fig. 4C). Consistent with this finding, we ob-
served a decrease in TcpA protein levels in the cell pellets of cul-
tures when the Cpx pathway was activated (Fig. 4D). These
findings suggest that the Cpx-mediated negative regulation of CT
and TCP occurs at the transcriptional level.

The Cpx pathway downregulates transcription of multiple
regulators of virulence. It is probable that the negative regulation
of CT and TCP by the Cpx pathway is indirect, because a consen-
sus CpxR binding site is not found in the promoter regions of the
ctx or tcp gene by the Virtual Footprint tool (http://prodoric.tu-bs
.de/vfp/) (83). Thus, we examined known regulators of CT and
TCP in order to determine whether the Cpx pathway inhibits vir-
ulence factor production indirectly. Cholera toxin and TCP ex-
pression are controlled by a hierarchical regulatory system known
as the ToxR regulon. ToxR, in conjunction with another inner
membrane regulator, TcpP, positively controls the expression of
the master virulence regulator ToxT (for a review, see reference
56). We were unable to assess whether the Cpx-mediated CT and
TCP downregulation we observed occurs through ToxR, since
those virulence factors were not detectable in a toxR mutant (data
not shown).

To determine if CpxR affected the direct regulator of CT and
TCP expression, ToxT, in V. cholerae El Tor strain C6706, we
constructed a toxT-lux luminescent reporter gene as previously
described (39). Expression of toxT was repressed upon activation
of the Cpx pathway. The luminescence of the toxT-lux reporter
decreased over time after the addition of the inducer arabinose to
stimulate CpxR overproduction (Fig. 5A). Because toxT regula-
tion is dependent on the expression of upstream regulators in the
ToxR virulence cascade (15, 84), we also measured the expression
of tcpP upon CpxR overexpression in the same fashion. The ex-
pression of the transcriptional regulator TcpP also was repressed
when the Cpx pathway was activated under AKI conditions in a
fashion similar to that of toxT (Fig. 5B). Thus, our data suggest
that the Cpx response inhibits toxT transcription through its neg-
ative effect on transcription from the tcpPH promoter.

The tcpPH operon is positively regulated by direct binding of
the LysR type transcription factor AphB, in conjunction with the
AphA protein, to its promoter region (24, 25, 28). To determine if
Cpx regulation of aphA and/or aphB transcription is involved in
the negative effect of the Cpx response on tcpPH, we used qRT-
PCR to measure the expression of these genes when the Cpx re-
sponse was activated by CpxR overexpression (Fig. 6A). We ob-
served that while expression of the accessory regulator AphA was
unaffected by Cpx pathway activation, there was a 2-fold decrease
in the expression of aphB when cpxR was overexpressed (Fig. 6A).
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These data suggest that the Cpx response affects the expression of
regulators upstream of the ToxR virulence cascade.

In both classical and El Tor V. cholerae strains it has been dem-
onstrated that CRP has a negative effect on expression of CT and
TCP, and this appears to be due to its ability to repress expression
of the tcpPH operon (26, 27). Accordingly, we sought to determine
if CRP could be involved in the inhibition of CT and TCP produc-
tion by the Cpx response. To do this, we examined CT and TCP
production in a crp transposon insertion mutant when the Cpx
pathway was activated (Fig. 7). As previously reported (85), in the
absence of CRP, levels of both CT and TCP were elevated (Fig. 7).
While activation of the Cpx response by CpxR overexpression in
the absence of CRP resulted in a small decrease in TCP and CT

levels, the magnitude of this change obviously was smaller than
that seen in a wild-type C6706 strain background (Fig. 7). These
data suggest that Cpx-mediated inhibition of CT and TCP pro-
duction is, in large part, dependent on CRP.

Negative regulation of virulence by CpxR overexpression is
not a pleiotropic phenotype. All of our studies examining Cpx
regulation involved overexpression of the regulator CpxR. Al-
though we have previously published that this condition accu-
rately recapitulates activation of the Cpx response by envelope
stress signals sensed via CpxA (54), we wanted to confirm that the
negative effect of the Cpx response on virulence factor production
was not an artificial effect of CpxR overexpression. Accordingly,
we examined the transcript levels of virulence-related genes in the

FIG 4 Activation of the Cpx pathway reduces ctxA and tcpA expression at the transcriptional level. Luminescence activity of V. cholerae C6706 carrying the
overexpression plasmid pCpxR, transformed with either the vector control (pJW15) or ctxA-lux (A) and tcpA-lux (C) reporters. Reporter gene expression was
measured as described in Materials and Methods and is reported as CPS corrected for cell density (OD600). The overall averages and standard deviations resulting
from two separate experiments performed in triplicate are shown. Pellet (P) and supernatant (S) samples were collected from V. cholerae C6706 carrying the
overexpression plasmid pCpxR and grown under AKI conditions as described in Materials and Methods. Samples were analyzed by Western blotting against CtxB
(B) and TcpA (D). CpxR was overexpressed by adding 0.1% arabinose (induced). Time zero represents the time when cells were shifted to shaking conditions
after cultures first were grown statically for 6 h under AKI conditions. The asterisks indicate a statistically significant difference between induced and noninduced
treatments for the ctxA-lux and tcpA-lux reporters (P values by two-way ANOVA with Sidak’s multiple-comparison test: *, 0.01 to 0.05; **, 0.001 to 0.01; ***,
0.0001 to 0.001; ****, 
0.0001).

FIG 5 Cpx pathway regulates expression of major virulence factor regulators. Luminescence activity of V. cholerae El Tor C6706 carrying the overexpression
plasmid pCpxR and transformed with either the vector control (pJW15) or toxT-lux (A) and tcpP-lux (B) reporters. Reporter gene expression was measured as
described in Materials and Methods and is reported as CPS corrected for cell density (OD600). The overall averages and standard deviations resulting from two
separate experiments performed in triplicate are shown. The asterisks indicate a statistically significant difference between induced and noninduced treatments
for the toxT-lux and tcpP-lux reporters (P value by two-way ANOVA with Sidak’s multiple-comparison test: *, 0.01 to 0.05; **, 0.001 to 0.01; ***, 0.0001 to 0.001;
****, 
0.0001).
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wild-type C6706 strain and the cpxR transposon insertion mutant
under AKI virulence-inducing conditions. In spite of the fact that
we did not detect CpxR protein by Western blotting under the
same conditions used here (Fig. 1), there was an increase in the
expression of ctxB, tcpA, and tcpP in the cpxR transposon insertion
mutant and a decrease in the toxR transcript level in the same
background (Fig. 6B), consistent with our finding that CpxR over-
expression leads to inhibition of transcription of all of these genes.
We conclude that some basal level of CpxR must be present in V.
cholerae under these conditions that exerts a negative effect on
expression of the virulence cascade. One strong possibility is that
we are unable to detect basal levels of CpxR with our antiserum,
which was raised against an E. coli MBP-CpxR fusion protein of
which the CpxR portion is only 60% identical to that of V. chol-
erae. These data support our finding that the Cpx response nega-
tively regulates virulence through the ToxT regulatory cascade,
even in the absence of ectopic overexpression of CpxR.

DISCUSSION

Several studies have proposed that the Cpx pathway plays an im-
portant role in bacterial pathogenesis by regulating, positively and

negatively, envelope-localized virulence factors (38). Based on
these studies, we hypothesized that the Cpx pathway also regulates
envelope-localized virulence factors in V. cholerae. In support of
this hypothesis, we recently reported that the Cpx response regu-
lates the expression of the toxRS operon (54). Expression of the
toxRS operon has been considered to be constitutively active in LB
broth or under virulence-inducing conditions (69, 86). However,
we confirm here via qRT-PCR and luminescent reporter gene as-
says that activation of the Cpx response leads to upregulated tran-
scription from the toxRS promoter (Fig. 1). The mechanism by
which the Cpx response regulates the expression of the toxRS
operon remains unclear; however, this regulation appears to be
independent of the growth conditions (it occurs in both LB and
AKI conditions) (data not shown). In addition, we think that this
regulation is indirect, since there was a delay in the induction of
toxR expression when the Cpx response is activated, and there is
not a putative CpxR binding site in the promoter region of toxR.

Previous studies on E. coli have reported that the Cpx pathway
regulates the expression of OM proteins (74), and some of its
regulon members are required for their proper assembly (87).
Since we found that CpxR positively regulates the expression of
toxR, which regulates the expression of the two major OM porins
in V. cholerae (70–72), we assessed whether the activation of the
Cpx pathway also impacted OmpU and OmpT levels. We found
that activation of the Cpx pathway leads to a decrease in the ex-
pression of the OmpT porin. A decrease in OmpT protein levels
was detected in OM preparations when CpxR was overexpressed
(Fig. 2). Similarly, a recent microarray study showed that activa-
tion of the Cpx response in the V. cholerae El Tor strain N16961,
which is closely related to the V. cholerae El Tor strain C6706 used
in this study (53), also resulted in downregulation of ompT ex-
pression (55). Although ToxR negatively regulates the production
of OmpT (71, 72) and we found that the Cpx pathway activates the
expression of the toxRS operon, the negative regulation of ompT
expression by the Cpx pathway appears to be ToxR independent
(Fig. 2B). The expression of OmpT also is regulated by CRP (71,
88), whose activity was found to be regulated by the Cpx response
in this study (see below). Thus, the possibility remains that the
Cpx response turns off OmpT production via a stimulatory effect
on CRP rather than through direct regulation, since we did not

FIG 6 Cpx pathway regulates transcript levels of virulence factors and regulators.
qRT-PCR analysis of aphA, aphB, crp, ctxB, tcpA, tcpP, and toxR transcript levels.
RNA was isolated from cultures of wild-type V. cholerae C6706 carrying the
overexpression plasmid pCpxR, in the absence (noninduced; black bars) or
presence of 0.1% arabinose (induced; gray bars) (A), and of V. cholerae C6706
strain (black bars) and the cpxR transposon insertion mutant (gray bars) and
converted to cDNA (B). The cDNA was subjected to qRT-PCR analysis as
described in Materials and Methods. The asterisks indicate a statistically sig-
nificant difference between induced and noninduced treatments (A) or be-
tween the wild-type and cpxR mutant strains (B) (P value by two-way ANOVA
with Sidak’s multiple-comparison test: *, 0.01 to 0.05; **, 0.001 to 0.01; ***,
0.0001 to 0.001; ****, 
0.0001).

FIG 7 Cpx-mediated inhibition of CT and TCP production is diminished in
the absence of cAMP receptor protein (CRP). Cell pellets (P) and supernatants
(S) were collected from wild-type V. cholerae C6706 and crp strains grown in
AKI medium as described in Materials and Methods. Subcultures were grown
for 6 h statically at 37°C before the addition of 0.1% arabinose to induce CpxR
overexpression, followed by an additional 16 h of incubation at 37°C. Samples
were analyzed by Western blotting using antibodies directed against TcpA and
CtxB. The numbers below each lane indicate the intensity of either the TcpA or
the CtxB band in each sample relative to the wild-type strain.
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find a putative CpxR binding site in the promoter region of ompT.
At this point we cannot distinguish between these possibilities.
Thus, regulation of OMP expression appears to be conserved be-
tween relatively diverse enteric pathogens, although it occurs via
different regulatory circuitries. We previously showed that the
Cpx pathway also regulates the expression of another important
OMP, TolC (54). Together, these observations suggest an impor-
tant role for the Cpx response in the trafficking of toxic compo-
nents across the OM in V. cholerae El Tor strain C6706.

Our analyses showed that the activation of the Cpx response
led to a decrease in the expression of some of the major virulence
factors in V. cholerae, CT and TCP (Fig. 3A). Most likely, this
negative regulation is at the transcriptional level, since we found a
decrease in the expression of transcriptional reporters for both the
ctxA and tcpA genes when the Cpx response was activated (Fig. 4).
This observation is in apparent contradiction to our finding that
when cpxR is overexpressed in V. cholerae El Tor strain C6706, it
upregulates the expression of the virulence regulator ToxR (54),
an activator of ctxA and tcpA expression (16, 56). In this regard, a
recent study showed for the first time that ToxR can negatively
regulate the production of CT and TCP in response to cyclic di-
peptides (CDPs) (89). Bacterial production of cyclo(Phe-Pro)
leads to ToxR-mediated activation of the LysR transcription factor
LeuO, which in turn represses CT production (89). At this point,
we cannot say whether Cpx-mediated activation of ToxR produc-
tion is involved in the inhibition of CT and TCP via CDPs or some
other mechanism (Fig. 8). A future goal of this work will be to
examine this question by determining if ToxR-dependent regula-
tion of leuO expression is altered when the Cpx response is in-
duced. Interestingly, CDPs have been shown to accumulate in a
growth-dependent manner in V. cholerae, specifically at stationary
phase (90), where the Cpx response also is enhanced in E. coli (91).

CT, TCP, and other virulence-associated genes are controlled
by a regulatory network known as the ToxR regulon (15, 84), in
which the primary direct transcriptional regulator of virulence

gene expression is the ToxT protein (for a review, see reference
69). We found that activation of the Cpx response downregulates
the expression of toxT (Fig. 5). This suggests that the negative
regulation of CT and TCP by the Cpx response is due indirectly to
a decrease in toxT expression. In support of this model, we found
that CpxR negatively regulates the transcription of additional
genes in the virulence regulatory hierarchy, upstream of toxT, in-
cluding the transmembrane response regulator TcpP (Fig. 5). We
suspect that this is also indirect, since we were not able to identify
a potential CpxR binding site in the tcpPH promoter region. We
note that although CpxR overexpression resulted in diminished
expression of several virulence regulators, their temporal pattern
of expression was not altered (Fig. 5). This observation would be
consistent with a dampening effect of the Cpx response at the top
of the virulence hierarchy that nonetheless does not alter other
activating inputs. The tcpPH locus is controlled by environmental
signals (i.e., temperature and pH) and the transcriptional regula-
tors AphA, AphB, and CRP (22, 24–27). AphA and AphB interact
and bind directly upstream of the tcpPH operon to activate tran-
scription (24, 25, 28). CRP binds to DNA sequences that overlap
the AphA and AphB binding site and is thought to repress tcpPH
transcription, perhaps partly by interfering with AphA/B-medi-
ated activation (26). It has been proposed that CRP-mediated re-
pression of CT and TCP expression, which occurs in both classical
and El Tor biotype strains of V. cholerae (27), is mediated by its
negative effect on AphA and AphB activity (26). We found here
that the inhibition of CT and TCP expression was greatly reduced
(although not abolished) in the crp mutant upon activation of the
Cpx response, suggesting that the negative regulation of tcpPH
expression by the Cpx response is modulated mainly by the regu-
lation of CRP (Fig. 8). The fact that a small decrease in CT and
TCP production still was observed upon CpxR overexpression in
the crp mutant suggests that additional Cpx-regulated inputs in-
dependent of Crp also are at play.

At present, we cannot say exactly how the Cpx response regu-

FIG 8 Cpx pathway and virulence factor regulation in V. cholerae. Activation of the Cpx response leads to downregulation of some virulence factors, CT and
TCP, in V. cholerae at the transcriptional level. This negative regulation of CT and TPC by the Cpx response is mediated mainly by changing the activity of the
negative regulator of the tcpPH promoter, CRP. Therefore, this leads to a reduction of the expression of tcpP and the downstream regulator of the ToxR regulatory
cascade, ToxT. In addition, CpxR may regulate CT and TCP through the regulation of the virulence regulators ToxR and AphB. Finally, activation of the Cpx
response mediated changes in the outer membrane (OM) composition by repressing the expression of the OM porin OmpT in a ToxR-independent manner. IM,
inner membrane.
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lates CRP. In our previous microarray study (54), crp was not
found to be part of the Cpx regulon, and we confirmed here that
overexpression of CpxR has no effect on crp transcript levels (Fig.
6A). These data indicate that the Cpx response stimulates CRP
activity posttranscriptionally. We do not know how this occurs.
One possibility is that a Cpx-regulated sRNA affects the transla-
tion or stability of the CRP-encoding mRNA. In this regard, we
have shown that the Cpx response controls several known sRNAs
in E. coli (92); however, it is not known whether this is true in V.
cholerae, and no sRNAs have been described to date that regulate
CRP expression. An alternative explanation is that the Cpx re-
sponse alters the expression of sugar transporters that in turn af-
fect levels of cAMP and CRP function. In support of this model, it
has been demonstrated that mutation of cpxR in E. coli leads to
changes in the expression of the CRP-regulated sRNA gene cyaR in
a manner that is dependent on the Cpx-regulated glucose per-
mease PtsG (92). We previously found that activation of the Cpx
response impacted sugar transporters in V. cholerae as well, in-
cluding the genes involved in galactose uptake (VC1325, VC1327,
and VC1328) and utilization (VC1594, VC1595, and VC1596)
(54). Based on these data, a plausible model is that the Cpx
response negatively regulates CT and TCP expression indi-
rectly by changing the activity of CRP in V. cholerae El Tor strain
C6706, which in turn results in alterations in expression of activa-
tor proteins found at the top of the virulence regulatory hierarchy
(Fig. 8).

In contrast to our results, Taylor and collaborators (55) re-
cently reported that activation of the Cpx response had no impact
on the expression of virulence factors (i.e., CT and TCP) in V.
cholerae O1 El Tor strain N16961. At this point, we do not know
the reason for this discrepancy, but it could be related to strain
differences. For example, it is known that in V. cholerae O1 El Tor
strain N16961 there is a frameshift mutation in the hapR gene
(93); therefore, the quorum-sensing circuitry involved in the reg-
ulation of virulence factors is not intact in this strain. We also
observed differences in the members of the Cpx regulon identified
by Taylor and colleagues (55) compared to our study (54), further
supporting the supposition that important Cpx-related regulatory
network differences exist between V. cholerae El Tor strains C6706
and N16961.

The impact of the Cpx response on virulence gene regulation
raises the question of when the Cpx pathway is important in the
life cycle of V. cholerae. It was previously reported that there is an
absence of intestinal growth defects of cpx mutants (i.e., cpxR,
cpxA, cpxP, and cpxA*) using the suckling mouse model of V.
cholerae (52). In spite of this, cpxP expression is induced in the
small intestine of the mouse (94), and some Cpx regulon members
(54) are enriched in transcriptome data sets described for V. chol-
erae isolated from human volunteers, human stool, and vomitus
samples and from animal models (i.e., rabbit intestinal loop
model and mice) (17, 95–99). In addition, several studies have
suggested that expression of virulence factors (e.g., CT and TCP)
is reduced during late infection (17, 89, 96–99). We speculate that
the Cpx pathway plays a role in the adaptation of V. cholerae dur-
ing late infection. This may be required for the negative regulation
of virulence factors during the transition between the host and the
environment. The limitation of nutrients such as iron during late
infection (17, 94, 96) possibly triggers the activation of the Cpx
response in V. cholerae (54).

Collectively, the findings presented in our study support the

conclusion that the Cpx pathway in V. cholerae El Tor C6706 is
involved in virulence gene regulation. In general, it is likely that
the activation of the Cpx response downregulates envelope ap-
pendages in order to decrease unessential envelope protein traffic
under envelope stress conditions (100). In pathogens, this may be
an adaptive function associated with exit from the host. Taken
together, our findings suggest that CpxR negatively regulates the
two major virulence determinants of V. cholerae, CT and TCP,
from the top of the ToxR regulatory cascade, in large part through
regulating the activity of CRP, which impacts the expression of
tcpPH and the downstream regulator toxT in V. cholerae El Tor
C6706.
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