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The second messenger cyclic di-GMP
(c-di-GMP) regulates numerous

phenotypes in response to environmental
stimuli to enable bacteria to transition
between different lifestyles. Here we dis-
cuss our recent findings that the human
pathogen Vibrio cholerae recognizes 2
host-specific signals, bile and bicarbonate,
to regulate intracellular c-di-GMP. We
have demonstrated that bile acids increase
intracellular c-di-GMP to promote bio-
film formation. We have also shown that
this bile-mediated increase of intracellular
c-di-GMP is negated by bicarbonate, and
that this interaction is dependent on pH,
suggesting that V. cholerae uses these 2
environmental cues to sense and adapt to
its relative location in the small intestine.
Increased intracellular c-di-GMP by bile
is attributed to increased c-di-GMP syn-
thesis by 3 diguanylate cyclases (DGCs)
and decreased expression of one phospho-
diesterase (PDE) in the presence of bile.
The molecular mechanisms by which bile
controls the activity of the 3 DGCs and
the regulators of bile-mediated transcrip-
tional repression of the PDE are not yet
known. Moreover, the impact of varying
concentrations of bile and bicarbonate at
different locations within the small intes-
tine and the response of V. cholerae to
these cues remains unclear. The native
microbiome and pharmaceuticals, such as
omeprazole, can impact bile and pH
within the small intestine, suggesting
these are potential unappreciated factors
that may alter V. cholerae pathogenesis.

Discussion

To survive and thrive in diverse and
perpetually changing environments,

bacteria employ numerous strategies to
sense and adapt to their surroundings.
One such system is the second messenger
30,50-cyclic diguanylic acid (c-di-GMP)
signaling network. Similar to other cyclic
nucleotide second messenger systems such
as cGMP or cAMP, the intracellular bac-
teria-specific second messenger c-di-GMP
is produced in response to external signals
and enables rapid signal transduction to
facilitate regulatory responses to changing
environmental conditions. First described
in 1987 by Benziman et al.,1 c-di-GMP
has since been shown to be utilized by
over 85% of known bacteria.2 Synthesis of
c-di-GMP is performed by diguanylate
cyclases (DGC) containing conserved
GGDEF domains and hydrolyzed by c-di-
GMP specific phosphodiesterases (PDE)
containing conserved EAL or HD-GYP
domains. C-di-GMP has been shown to
regulate numerous phenotypes in bacteria,
including motility, biofilm formation, vir-
ulence, and lifecycle progression (for a
comprehensive review of c-di-GMP regu-
lation, please refer to3).

Bacteria use c-di-GMP signaling to
mediate the transition between different
lifestyles. High intracellular c-di-GMP
promotes a sessile lifestyle where biofilm
formation is preferred whereas low intra-
cellular c-di-GMP promotes a motile, vir-
ulent lifestyle. To optimize lifestyle to
different growth environments, enzymes
involved in c-di-GMP turnover sense spe-
cific environmental cues to modulate
intracellular c-di-GMP. There are several
examples of environmental cues altering c-
di-GMP turnover in various bacteria. It
has been shown that amino acids alter
intracellular c-di-GMP concentrations of
Pseudomonas aeruginosa.4 In Escherichia
coli, zinc inhibits the c-di-GMP synthesis
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of the DGC YdeH5 while oxygen modu-
lates the c-di-GMP turnover of a DGC/
PDE complex.6 And in photosynthetic
cyanobacteria, light conditions can alter
intracellular c-di-GMP concentrations7;
for example, in Rhodopseudomonas palust-
ris blue light can indirectly affect the c-di-
GMP hydrolysis of the PDE PapA.8

One bacterial model system used to
study c-di-GMP signaling is Vibrio chol-
erae. In marine environments, V. cholerae
preferentially forms biofilms on chitinous
surfaces.9-11 However, upon ingestion
into a human host V. cholerae becomes the
causative agent of the human diarrheal
disease cholera. C-di-GMP regulates
numerous phenotypes important for V.
cholerae virulence. Specifically, c-di-GMP
increases biofilm formation in V. chol-
erae12 while inhibiting motility and viru-
lence regulators.13-15 Furthermore, it has
been shown that c-di-GMP turnover
enzymes are differentially regulated in the

human host.15 Based on these phenotypes,
it has been proposed that c-di-GMP is ele-
vated in marine environments to promote
biofilm formation and repressed in the
host to promote motility and virulence.
Therefore, we recently published a study
examining the role of human specific sig-
nals in the regulation of c-di-GMP in
V. cholerae.16

One human-specific cue that bacteria
encounter in the human digestive tract is
bile. Bile, composed of bile acids, salts,
cholesterol, phospholipids, and the pig-
ment biliverdin, is a heterogeneous mix-
ture produced in the liver and secreted
into the proximal small intestine
(Fig. 1).17 The purpose of bile acids is to
solubilize fats in order to aid digestion.
Bile has been shown to have potent anti-
microbial activities in vitro, leading to the
conclusion that one role of bile is to con-
trol microbial flora in the intestine. In
bacteria, bile can cause membrane

damage, oxidative stress, alter protein con-
formation, and disrupt iron and calcium
homeostasis.17

The relationship between bacteria and
bile is complex. Bacteria induce numerous
physiological changes to adapt to the stress
induced by bile. While the lipopolysachar-
ide grants some protection against bile in
gram-negative bacteria, efflux pumps are
important for bile resistance.17 Addition-
ally, it has been demonstrated in Bifido-
bacteria that bile induces changes in
membrane properties and lipid composi-
tion.18 Outer-membrane porin composi-
tion can also influence bile tolerance, and
bacteria can alter their OM porin compo-
sition in response to bile.19-21 Bacteria
also express bile salt hydrolases which
deconjugate host bile acids; numerous
bacteria associated with the native host
microbiota express these enzymes that
lead to secondary bile acid formation and
produce significant changes in the host

Figure 1. Proposed model of the role of bile and bicarbonate in c-di-GMP regulation and V. cholerae infection. In the digestive tract, bile (green arrow) is
secreted from the gall bladder into the duodenum, while bicarbonate (red arrows) is secreted from the stomach, pancreas, and intestinal epithelium. In
the lumen where bile is most concentrated, the intracellular c-di-GMP of V. cholerae is elevated by increased c-di-GMP synthesis of the 3 DGCs, VC1067,
VC1372, and VC1376, and reduced transcription of one PDE, VC1295. In contrast, bicarbonate is more concentrated in the mucus-bicarbonate barrier lin-
ing the intestinal epithelium leading to increased pH. This suppresses the activities of the 3 DGCs and increases expression of VC1295, resulting in
decreased intracellular c-di-GMP of V. cholerae adjacent to intestinal epithelial cells.
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bile acid pool.22 Not surprisingly, disrup-
tions in the host microbiota can alter bile
acid composition.23

We sought to examine if bile regulates
c-di-GMP in V. cholerae. Based on the
prevailing model that c-di-GMP levels are
suppressed in the host, we hypothesized
that bile would reduce intracellular c-di-
GMP in V. cholerae. To our surprise, we
found that either bovine bile (BV) or syn-
thetic human bile (SHB) increased
intracellular c-di-GMP 3–10 fold in
V. cholerae. As SHB consists solely of 6
purified bile acids, we concluded that the
bile acid component of bile increases the
intracellular c-di-GMP concentration of
V. cholerae. It is not known if other com-
ponents of bile can also increase c-di-
GMP, and likewise if specific bile acids
are able to increase intracellular c-di-
GMP, or if this effect is additive and non-
specific to individual bile acids. This
observation that bile acids increase intra-
cellular c-di-GMP in V. cholerae suggests
that c-di-GMP regulation of V. cholerae in
the human host is more complex than pre-
viously appreciated, and that phenotypes
controlled by high c-di-GMP may have a
selective advantage within the small
intestine.

Increased c-di-GMP in V. cholerae
represses virulence factor expression.14,15

Why then would bile, an environmental
cue signaling habitation in the small intes-
tine, increase c-di-GMP? Bile-induced c-
di-GMP could serve numerous functions
during V. cholerae pathogenesis. We found
that bile-induced c-di-GMP production
stimulated increased biofilm formation on
a surface and autoaggregation in liquid,
which could protect cells from stresses
associated with the small intestine such as
bile, acid stress, antimicrobial peptides, or
host IgA. In support of this idea, rice
water stools from cholera patients contain
V. cholerae aggregates, suggesting autoag-
gregation occurs in vivo during infec-
tion.24 Alternatively, high c-di-GMP
could reduce the expression of virulence
factors such as cholera toxin until the bac-
teria are near the intestinal epithelium
where maximum impact can be achieved.
This model of localized virulence factor
expression in the small intestine has been
previously proposed for both V. cholerae
and Salmonella enterica.25-27

We therefore postulated that other
host-specific signals located more proxi-
mal to the duodenal epithelium would
decrease intracellular c-di-GMP in
V. cholerae, and our prime candidate for
this cue was bicarbonate. Bicarbonate is
secreted into the small intestine from the
stomach, the pancreas (from the sphincter
of Oddi), and directly by intestinal epithe-
lial cells to form the mucus-bicarbonate
barrier, all of which counteract the detri-
mental effects of stomach acid and modu-
late intestinal pH (Fig. 1).28,29 Moreover,
bicarbonate is known to positively activate
V. cholerae virulence gene expression.27

Bicarbonate alone had no effect on intra-
cellular c-di-GMP concentrations in V.
cholerae; however, co-administration of
bicarbonate with SHB quenched the
induction of c-di-GMP caused by bile
acids.

We do not yet know the mechanism by
which bicarbonate overrides bile induc-
tion of c-di-GMP in V. cholerae, but we
observed a similar inhibition with Tris
buffer at pH 8.0 suggesting this effect is
due to changes in pH. We consider 2 pos-
sibilities to explain this finding. One,
bicarbonate and/or pH changes may alter
the chemistry of the bile acids, which neg-
ates the c-di-GMP response of V. cholerae.
In support of this hypothesis, it has been
proposed that conjugated bile acids can
enter the cell and become deprotonated in
the alkaline intracellular environment,
thus reducing intracellular pH.30 The
more alkaline bicarbonate-supplemented
growth media would promote bile acid
deprotonation prior to entering the cell,
preventing intracellular acidification. Sim-
ilarly, pH driven changes in bile structure
could render it unable to bind receptors in
V. cholerae. Alternatively, bicarbonate
and/or pH may alter the activity of bile-
responsive factors in the cell, rendering
them insensitive to bile. In support of this
model, bicarbonate regulates virulence
gene expression through the transcrip-
tional regulator ToxT27; thus it is possible
that bicarbonate regulates the transcrip-
tion or post-transcriptional activities of
DGCs or PDEs.

This seemingly inverse regulation of c-
di-GMP in response to bile and bicar-
bonate leads us to propose the following
model. After ingestion into a human

host, V. cholerae enters the small intestine
where the bacteria encounter high con-
centrations of bile acids and low pH from
stomach acids in the lumen, leading to
increased intracellular c-di-GMP in this
microenvironment (Fig. 1). Elevated
c-di-GMP promotes biofilm formation,
which could grant the cell protection
against various stresses associated with
the intestinal lumen. If V. cholerae is
unable to adhere to the intestinal epithe-
lial cells, it would emerge from the host
in a biofilm state, potentially being more
adapted for environmental survival.
When V. cholerae penetrate the mucus
lining of the small intestine, the bile acid
concentration decreases and the pH
increases, leading to decreased intracellu-
lar c-di-GMP. Decreased c-di-GMP pro-
motes motility and virulence factor
expression, which could allow the cell to
move close to the intestinal epithelial cells
and enable localized cholera toxin secre-
tion. This coordinated control of intra-
cellular c-di-GMP in V. cholerae by 2
distinct host-specific signals enables local-
ized control of virulence in the human
host.

To clarify the mechanism by which bile
and bicarbonate inversely control
c-di-GMP in V. cholerae, we identified the
intracellular effectors leading to high
c-di-GMP in the presence of bile. This
was not an easy task as V. cholerae encodes
60 proteins that are predicted to synthe-
size or degrade c-di-GMP, each of which
can be controlled at the levels of expres-
sion or enzymatic activity. Therefore, we
measured the expression of each of these
60 genes using either gfp or luciferase tran-
scriptional fusion reporters in the presence
and absence of bile. Only one gene, the
PDE VC1295 containing a HD-GYP
domain, showed significant bile-mediated
regulation as it was repressed by bile acid
addition. As this protein is predicted to
degrade c-di-GMP, repression of this gene
would increase c-di-GMP concentrations,
consistent with our observations.

Differential gene expression in the
presence of bile has been previously
reported in V. cholerae, and numerous
mechanisms to modulate transcription in
the presence of bile have been described.
The regulator BreR has been shown to
bind the promoter region of breAB efflux
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system and breR to repress transcription
unless bile is present.31,32 Additionally,
bile induces disulfide bonds in the trans-
membrane transcriptional regulator TcpP,
which subsequently regulates virulence
gene expression.33 And finally, the activity
of the transcriptional regulator ToxR dif-
ferentially regulates the expression of chol-
era toxin and outer membrane proteins in
the presence of bile.21,34,35 It is possible
that one or more of these transcriptional
regulators is responsible for regulating the
expression of VC1295 in the presence of
bile. Consistent with this hypothesis, there
are sites upstream of the VC1295 gene
that resemble the known ToxR binding
site motif.36 We hypothesize that ToxR
represses the expression of VC1295 in the

presence of bile acids, and this repression
is alleviated when bile acids are absent.
Further studies are necessary to determine
what transcriptional regulators are driving
changes in VC1295 expression.

Examining the activity of each of the
60 DGC and PDE enzymes in the pres-
ence and absence of bile acids to deter-
mine bile-mediated regulation required a
bit more manipulation. We reasoned that
a c-di-GMP inducible luminescence tran-
scriptional fusion that we had previously
identified would function as an in vivo
readout of c-di-GMP levels.37 We con-
structed expression vectors of each indi-
vidual DGC encoding gene where
transcription was controlled by the induc-
ible Ptac promoter and translation was

driven by a conserved ribosome binding
site (Fig. 2A). V. cholerae strains harboring
both the DGC expression vector and the
lux reporter were grown in the presence
and absence of bile acids, and we deter-
mined the differences in luminescence.
We found 3 DGCs, VC1067, VC1372,
and VC1376, that increased luminescence
upon ectopic expression in V. cholerae
grown in the presence of bile acids, indi-
cating that these enzymes increased c-di-
GMP synthesis (Fig. 1). This result was
confirmed by quantifying the intracellular
c-di-GMP concentrations of the V. chol-
erae DGC expression strains in the pres-
ence and absence of bile acids.

We also wanted to examine the effect
of bile acids on the c-di-GMP hydrolytic
activity of the V. cholerae PDEs. However,
the baseline luminescence of our reporter
vector was too low to resolve decreases as a
result of PDE over-expression. To over-
come this limitation, we introduced a
third ectopic expression vector containing
the DGC qrgB from V. harveyi. QrgB
constitutively produces c-di-GMP, result-
ing in increased baseline c-di-GMP and
luminescence (Fig. 2B). We were then
able to express each V. cholerae PDE and
measure the reduction of luminescence.
None of the PDE expression strains dem-
onstrated increased luminescence in the
presence of bile acids, suggesting that the
hydrolysis activity of the PDEs was not
decreased by bile. These assays function as
a robust, semi-high throughput system to
measure the activity of every DGC and
PDE in different environmental condi-
tions, and similar approaches can be devel-
oped for other bacteria.

The mechanism by which these 3
DGCs increase c-di-GMP synthesis in the
presence of bile is not yet known. Each of
the bile-responsive DGCs is predicted to
contain trans-membrane domains in the
N-terminus of the protein. As bile acids
are known to interact with and disrupt the
cellular membrane of bacteria, we hypoth-
esize that it the bile-dependent change in
c-di-GMP synthesis is dependent on these
trans-membrane domains. It is possible
that bile-induced alterations in the physi-
cochemical properties of the inner mem-
brane cause changes in DGC activity,
either by direct perturbations of the mem-
brane by bile acids or indirectly by causing

Figure 2. Representation of the high-throughput screen to quantify relative DGC and PDE activity.
(A) To determine DGC activity in response to bile, individual DGCs are expressed from an IPTG-
inducible vector in V. cholerae. Relative c-di-GMP synthesis is determined using a separate reporter
vector containing the lux operon under the control of a c-di-GMP inducible promoter (6:C9-lux).
Luminescence from each strain was measured in the presence and absence of bile. (B) To deter-
mine relative PDE activity, the DGC qrgB is expressed alongside individual PDEs from IPTG-inducible
vectors. The same c-di-GMP lux reporter vector is measured in the presence and absence of bile to
determine relative c-di-GMP hydrolysis.

778 Volume 5 Issue 6Gut Microbes



V. cholerae to modify the lipid topology of
the membrane in response to the stress of
bile acids. Alternatively, the bile-respon-
sive activity of these DGCs could be
dependent on a separate effector protein
capable of sensing bile acids and interact-
ing with these enzymes. This would be
consistent with other studies demonstrat-
ing that c-di-GMP turnover enzymes can
operate in heterogeneous multi-enzyme
complexes.6,8 We found that the bile-
dependent c-di-GMP synthesis of
VC1372 was maintained in E. coli, sug-
gesting that if a separate effector is
involved it is conserved in this related
enteric bacteria.

To verify that these c-di-GMP turn-
over enzymes are responsible for increas-
ing the intracellular c-di-GMP
concentration of V. cholerae grown in the
presence of bile acids, we generated dele-
tion mutants of each of the 3 bile-respon-
sive DGCs as well as the PDE VC1295.
Additionally, we deleted these genes in
combination to determine if these 4
enzymes completely account for the bile-
mediated increased intracellular c-di-
GMP in V. cholerae. These strains were
grown in the presence and absence of
SHB, and intracellular c-di-GMP was
quantified using LC-MS/MS. Individual
mutations of the bile-responsive DGCs
had only a modest effect on intracellular
c-di-GMP when the strains were grown in
bile. Only the quadruple DGC/PDE
mutant had no significant difference in
intracellular c-di-GMP when grown in LB
and LB with SHB, showing that these 4
enzymes together are responsible for
increasing c-di-GMP in the presence of
bile. While the WT strain of V. cholerae
induces biofilm formation on surfaces and
autoaggregation in liquid in response to
bile, this quadruple mutant no longer
increased biofilm in the presence of bile
showing this response is c-di-GMP
dependent.

The fact that 4 c-di-GMP turnover
enzymes are involved in increasing intra-
cellular c-di-GMP and subsequently
increasing biofilm formation in the pres-
ence of bile is evidence that c-di-GMP sig-
naling systems can involve significant
redundancy. This high level of redun-
dancy suggests that this response to bile is
important for the fitness of V. cholerae,

either in the human host or in natural res-
ervoirs. It is possible that the seemingly
redundant response of these 4 c-di-GMP
turnover enzymes to bile is subject to sig-
naling specificity, where c-di-GMP turn-
over of individual enzymes differentially
regulates specific phenotypes; this phe-
nomenon of c-di-GMP signaling specific-
ity has been previously described in V.
cholerae.38 Further investigation is neces-
sary to determine what impact each indi-
vidual enzyme has on c-di-GMP
associated phenotypes in the presence of
bile.

Additionally, c-di-GMP signaling is
widely utilized among bacteria2; thus it is
reasonable to speculate that other intesti-
nal bacteria also modify c-di-GMP in
response to bile acids and bicarbonate. If
indeed the ratio of bile and bicarbonate
function as cues indicating relative loca-
tion within the small intestine, we would
hypothesize that other enteric pathogens,
especially those that colonize the small
intestine such as pathogenic Escherichia
coli, Yersinia, and Salmonella,39 would
similarly utilize this information to mod-
ify c-di-GMP signaling and virulence.
The N-terminal domains of the bile-
responsive DGCs that we identified are
not conserved outside of the Vibrio family.
Therefore, if other enteric pathogens
respond similarly to bile and bicarbonate
they utilize different mechanisms.

Our finding that bile acids and bicar-
bonate modify c-di-GMP signaling in
V. cholerae have important implications as
certain medical conditions such as mal-
nourishment, obstructions in enterohe-
patic circulation, or defective bile re-
absorption can alter intestinal bile,17

which could shift c-di-GMP levels in the
intestinal microbiota and thus the com-
munity structure. Alternatively, modified
bile levels in the host could lead to altered
intracellular c-di-GMP of intestinal
pathogens, leading to increased probabil-
ity or severity of disease. Changes in the
host microbiota are associated with altered
bile acid profiles, providing a potential
unexplored molecular interaction between
the microbiome and V. cholerae.23 Fur-
thermore, numerous drugs alter bile com-
position and abundance; these drugs
could also change c-di-GMP levels of
intestinal bacteria.40 In addition, the role

of pH regulating c-di-GMP in V. cholerae
could have implications for the effects of
medications effecting intestinal pH on
susceptibility to V. cholerae infections. For
example, proton pump inhibitors such as
omeprazole suppress stomach acid secre-
tion and raise intestinal pH; these drugs
could affect the intracellular c-di-GMP of
V. cholerae, making an individual more
susceptible to disease.41 A better under-
standing of the interaction of V. cholerae
with bile and bicarbonate in vivo is needed
to decipher the implications of these fac-
tors on V. cholerae infection.
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