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Indole has been proposed to act as an extracellular signal molecule influencing biofilm formation in a range
of bacteria. For this study, the role of indole in Vibrio cholerae biofilm formation was examined. It was shown
that indole activates genes involved in vibrio polysaccharide (VPS) production, which is essential for V. cholerae
biofilm formation. In addition to activating these genes, it was determined using microarrays that indole
influences the expression of many other genes, including those involved in motility, protozoan grazing resis-
tance, iron utilization, and ion transport. A transposon mutagenesis screen revealed additional components of
the indole-VPS regulatory circuitry. The indole signaling cascade includes the DksA protein along with known
regulators of VPS production, VpsR and CdgA. A working model is presented in which global control of gene
expression by indole is coordinated through o>* and associated transcriptional regulators.

Bacterial cells synthesize myriad small organic molecules to
signal and adapt to environmental, physiological, and popula-
tion structure changes. These molecules include extracellular
signals such as acyl homoserine lactones, butyrolactones, quin-
olones, a furanosyl borate diester, oligopeptides, 3-hydroxy-
palmitic acid methyl ester, and a hydroxyketone and intracel-
lular signals including cyclic nucleotides and ppGpp (25;
reviewed in reference 11). The phenotypic response to signal-
ing compounds often involves traits that are beneficial under
adverse conditions, such as biofilm formation, virulence, mo-
tility, bioluminescence, sporulation, competence, modification
of carbon and energy utilization, and macromolecule biosyn-
thesis.

Indole is a relatively recent addition to the list of signaling
molecules used by bacteria and is produced as a by-product of
the breakdown of tryptophan by the enzyme tryptophanase
(TnaA) (18). Since the expression of the tnaA gene is con-
trolled by catabolite repression, it is transcribed only during
carbon limitation (57). As a result of this regulation, large
quantities of indole are produced during the stationary phase
of growth. Indole has long been known to act as a chemore-
pellent of Escherichia coli (52), but only more recently has
indole also been shown to control the expression of a wide
assortment of genes and phenotypes unrelated to chemotaxis
in many different bacteria. For example, in E. coli indole con-
trols the expression of genes involved in amino acid metabo-
lism (54), plasmid maintenance (13), and quorum sensing (32),
among other functions (14). Additionally, indole may function
as an interspecies signal contributing to biofilm formation in an

* Corresponding author. Mailing address: Marine Biology Research
Division, 4305 Hubbs Hall, 8750 Biological Grade, Scripps Institution
of Oceanography, University of California—San Diego, La Jolla, CA
92037. Phone: (858) 534-5233. Fax: (858) 534-7313. E-mail: dbartlett
@ucsd.edu.

+ Supplemental material for this article may be found at http://jb
.asm.org/.

¥ Published ahead of print on 27 March 2009.

3504

assortment of different bacteria known to carry a copy of the
tryptophanase gene (36). In E. coli specifically, the indole-
driven transcriptional response, which controls subsequent bio-
film formation, is known to be controlled by the quorum-
sensing transcriptional regulator SdiA (32).

It was previously shown that control of biofilm formation by
indole also extends to the etiological agent of the pandemic
disease cholera, Vibrio cholerae. Transposon insertions in the
tryptophanase gene contained within the genomes of two en-
vironmental strains of V. cholerae were shown to result in
diminished biofilm formation by each mutant, and supplemen-
tation of indole in the growth medium was able to complement
the biofilm defect of these strains (38). Due to the reliance of
these strains on the production of Vibrio polysaccharide (VPS)
for biofilm formation, it was theorized that indole was influ-
encing the regulation of VPS production.

The genes encoding the enzymes that catalyze VPS synthesis
are contained within two operons within the V. cholerae ge-
nome (vps-1 and vps-1I predicted operons), and their regula-
tion involves multiple transcriptional activators and repressors.
The main activator of VPS production appears to be the o*-
dependent transcriptional activator VpsR, which is essential
for vps gene expression (58) and is a distant homolog of SdiA
from E. coli. A secondary activator of the vps genes is VpsT,
which is not essential for vps transcription but acts synergisti-
cally with VpsR to activate expression (6). Antagonizing these
activities is the master transcriptional regulator of quorum
sensing in V. cholerae, HapR, which is translated when auto-
inducer molecules accumulate in the extracellular environ-
ment. Since HapR is a repressor of vps expression, it is thought
that quorum sensing acts to downregulate VPS production and
biofilm formation once the cell density increases above a given
threshold (23). Superimposed on these regulatory mechanisms
are proteins with GGDEF and/or EAL domains, which mod-
ulate intracellular levels of the second messenger cyclic digua-
nylic acid (c-di-GMP) (34, 51). c-di-GMP influences the regu-
lators described above and ultimately many genes involved
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with motility, chemotaxis, virulence, and biofilm formation (7).
Thus, the regulation of processes such as biofilm formation is
multifaceted, depending on a variety of extracellular and in-
tracellular signal molecules.

In this study it is shown that extracellular indole is also used
as a signal in V. cholerae and that it influences the expression
of many different types of genes, including those involved in
transport, virulence, biofilm formation, and motility. Evidence
is also provided that indole signaling proceeds through the
RNA polymerase regulatory protein DksA, the VPS regulators
VpsR and VpsT, and the c-di-GMP second messenger system.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. All strains and plasmids used in this
study are listed in Table 1. Wild-type strains SIO and TP of V. cholerae were
isolated from southern California coastal waters. All E. coli and V. cholerae
strains were grown in LB broth (37) supplemented with appropriate antibiotics
at 37°C, except when stated otherwise. Antibiotics used in this study were kana-
mycin ([Km] 50 wg/ml for E. coli and 200 pg/ml for V. cholerae), chloramphenicol
(20 pg/ml for E. coli and 5 ng/ml for V. cholerae), gentamicin ([Gm] 50 pg/ml),
and ampicillin (Ap) and rifampin at a concentration of 100 wg/ml.

V. cholerae mating. E. coli strain S17-1 \pir (46) was used as a donor for all
conjugation experiments with strains of V. cholerae. All strains were grown
overnight to stationary phase at 37°C. V. cholerae cells were subcultured at a
1:100 dilution and grown in LB medium at 22°C until the mid-exponential phase
of growth was reached (optical density at 600 nm [ODy] of ~0.7). E. coli and
V. cholerae (if necessary) were washed of antibiotics by centrifugation (2 min at
13,000 X g) and resuspended in equal amounts of fresh LB medium. One
milliliter of washed E. coli was then added to 4 ml of V. cholerae and briefly
vortexed. This mixture was then vacuum filtered onto a sterile membrane
(0.45-pm pore size; 47-mm diameter), which was placed on top of an LB agar
plate and left overnight at 37°C. Membranes were then transferred to tubes
containing 10 ml of LB medium, and cells were removed by vortexing. Dilutions
were plated onto thiosulfate citrate bile salts sucrose (89 g/liter; Difco) or LB
agar, both supplemented with appropriate antibiotics, and grown at 37°C over-
night.

DNA manipulations. All PCRs were carried out with Expand High-Fidelity
PCR kits (Roche) or Tag polymerase (Invitrogen). PCR purification was carried
out using a MolBio PCR purification kit according to the manufacturer’s spec-
ifications, and DNA sequencing was performed by SeqXcel, Inc. (San Diego,
CA). Qiaprep Spin Miniprep kits (Qiagen) were used for plasmid purifications,
and restriction enzymes were obtained from New England Biolabs, Inc.
(Ipswich, MA).

The method of gene splicing by overlap extension PCR as developed by
Horton (26) was used to engineer in-frame deletions of specific genes within the
V. cholerae genomes. PCR amplicons were designed and subcloned into plasmid
pGPKm as previously described (38). After sequence verification, each plasmid
was electroporated into E. coli S17-1 N\pir and conjugated into the desired V.
cholerae strain (see above). Subsequent screening for plasmid integration events
and in-frame deletion verification was then performed as explained in Mueller et
al. (38).

Transposon mutagenesis library generation, screening, and mutant identifi-
cation. Conjugations transferring plasmid pRL27 (30) into V. cholerae strain
S9149 were carried out as described above. Transposon mutant libraries were
made by arraying recovered exconjugants from the LB agar plates containing 100
pg/ml rifampin and 200 pg/ml Km onto petri dishes with LB medium supple-
mented with 200 pg/ml Km in 49-sample (7 by 7) grid format. After overnight
incubation of these plates at 37°C, each cell patch was replica plated onto one LB
agar plate supplemented with 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside
(X-Gal; 100 pg/ml) and one containing X-Gal (100 pwg/ml) and indole (500 pM).
Each plate was grown at 37°C, and the following day individual patches were
qualitatively assessed for production of blue colonies with and without indole.
Putative mutants altered in lacZ expression were repatched onto LB-X-Gal (100
png/ml) plates with or without indole (500 uM). Mutants displaying phenotypes
different from the parental S9149 strain were preserved at —80°C in LB medium
containing 15% glycerol (vol/vol).

The sequences of flanking DNA surrounding transposon insertions within
these mutant strains were then retrieved using an arbitrary PCR technique first
described by O’Toole et al. (41). PCRs resulting in amplicons of approximately
500 bp were cleaned and sequenced using Sanger’s dideoxy chain termination

EXTRACELLULAR INDOLE REGULATES V. CHOLERAE GENES 3505

TABLE 1. Strains and plasmids used in this study

. . . Source or
Strain or plasmid Relevant genotype or description reference
E. coli strain
S17-1nw recA pro hsdR RP4-2-Tc:Mu-m::Tn7 46
V. cholerae strains
92A1552R Wild-type 92A1552; rugose variant 60
AR2101 92A1552R AtnaA This study
92A15528 Wild-type 92A1552; smooth variant 60
AS2101 92A1552S AtnaA This study
N16961 Wild-type N16961 24
N2101 N16961 AtnaA This study
SIO Wild-type SIO 44
S1101 SIO tnaA:Tn5 Km® 38
S2101 SIO AtnaA 38
$2148 SIO AlacZ This study
S2150 SIO AlacZ AtnaA This study
S4100 SIO rRNA:gfp Gm* This study
S4101 SIO tnaA::Tn5 rRNA::gfp Km" Gm" This study
59149 SIO AlacZ AtnaA AvpsL:lacZ This study
S9170 SIO AlacZ AtnaA AvpsR AvpsL:lacZ This study
S9171 SIO AlacZ AvpsL:lacZ This study
S9185 SIO AlacZ AtnaA ArpoE AvpsL::lacZ This study
S9190 SIO AlacZ AtnaA AcpxA AvpsL::lacZ This study
$9209 SIO AlacZ AtnaA AcpxA ArpoE AvpsL:lacZ  This study
$9211 SIO AlacZ AtnaA Afis AvpsL::lacZ This study
$9213 SIO AlacZ AtnaA AluxO AvpsL::lacZ This study
59216 SIO AlacZ AtnaA VC1376::Tn5 AvpsL:lacZ  This study
$9218 SIO AlacZ AtnaA VC1673::Tn5 AvpsL::lacZ  This study
$9219 SIO AlacZ AtnaA cdgA::Tn5 AvpsL:lacZ This study
$9224 SIO AlacZ AtnaA dksA::TnS AvpsL::lacZ This study
$9225 SIO AlacZ AtnaA VCAO0075::Tn5 AvpsL::lacZ This study
59226 SIO AlacZ AtnaA VC0338::Tn5 AvpsL::lacZ  This study
$9227 SIO AlacZ AtnaA hmpA:TnS5 AvpsL::lacZ This study
$9228 SIO AlacZ AtnaA VC0143::Tn5 AvpsL::lacZ  This study
59229 SIO AlacZ AtnaA VC1731::Tn5 AvpsL:lacZ  This study
$9230 SIO AlacZ AtnaA AdksA AvpsL:lacZ This study
TP Wild-type TP 44
T1101 TP tnaA:Tn5 Km" 38
T1137 TP vgrG-1::Tn5 Km"® 38
T1144 TP VCA0109::Tn5 Km"® 38
Plasmids
pCC12 pRS415 vpsL promoter, Ap” 12
pFLcm pFL122L containing cat gene from pBSL181 38
pFLcdgA pFLcm, cdgA operon, Cm" This study
pGPKm pGP704sac28 containing the Km" gene 38
pGPcpxA AcpxA in pGPKm This study
pGPfis Afis in pPGPKm This study
pGPlacZ AlacZ in pGPKm This study
pGPluxO AluxO in pGPKm This study
pGPrpoE ArpoE in pGPKm This study
pGPtnaA AtnaA in pGPKm This study
pGPvpsL::lacZ  AvpsL:lacZ in pGPKm This study
pGPvpsR AvpsR in pGPKm This study
pRL27 Tn5-RI27 oriR6K, Km" 30
pMCM11 pGP704::mTn7-GFP, Gm" Ap* 7
pUX-BF13 oriR6K helper plasmid, mob-oriT, provides 4

the Tn7 transposition function in trans; Ap"

method (45). Recovered sequence data were analyzed by performing BLAST
analysis (1) against the V. cholerae strain N16961 genomic sequence (24).

Crystal violet quantification of biofilm formation. Strains were initially
streaked onto LB agar and allowed to grow overnight at 37°C. Biological repli-
cates originating from three unique colonies for each strain were inoculated into
5-ml liquid cultures of LB medium and grown for ~16 h. Five microliters of each
culture was then inoculated into 5 ml of fresh LB medium and grown overnight
at 37°C with moderate shaking. Biofilms formed by each strain were then quan-
tified by a method described by O’Toole et al. (41). For each culture, 50 pl of
crystal violet (0.1%, wt/vol) was then added to allow for staining of the adherent
cells. The medium was then washed from each tube and replaced with 5 ml of
95% ethanol (vol/vol), and the ODs, values of individual replicates were re-
corded. Pairwise comparisons of the data of each sample were then analyzed for
significance using a Student’s ¢ test (a = 0.05).

Auto-aggregation assay. Strains were grown as above to obtain three biological
replicates. After overnight growth in 5 ml of LB medium, each sample was
allowed to settle for at least 1 h. Once the flocculent particles within each culture
had settled to the bottom of each tube, 200 wl was removed from the top portion
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of each culture, and the ODyy, of this sample was read using a Spectramax M2
microplate reader (Molecular Devices).

Miller assays for B-galactosidase activity. A protocol similar to that as de-
scribed by Miller (37) was used to assay for alterations in lacZ expression. In
brief, three biological replicates of each strain were grown overnight in LB broth
and subcultured at 1:1,000 in fresh LB medium (with or without 500 pM indole
from 1 M stock in methanol) and grown for an additional 20 h, at which point the
ODg was measured. One-milliliter aliquots were then removed from each of
these cultures, and cells were centrifuged (2 min at 13,000 X g) and resuspended
in 500 pl of CPRG lysis buffer (250 mM Tris, pH 7.4, 2.5 mM EDTA, 0.25%
Igepal [vol/vol]). For samples where the indole concentration was estimated, the
supernatant of each was retained for later analysis. Cells were then lysed by
freezing at —20°C for 30 min and subsequently thawing at room temperature.
One hundred microliters of lysate was then added to 900 pl of Z buffer (0.06 M
Na,HPO, - 7H,0, 0.04 M NaH,PO, - H,O, 0.01 M KCl, 0.85 M B-mercapto-
ethanol), and B-galactosidase activity was assayed as outlined previously (37).
Control experiments performed with cells grown in the presence of LB medium
supplemented with methanol (0.05%, vol/vol), which is the indole solvent, dem-
onstrated no appreciable change in vpsL::lacZ expression (data not shown).

For the coculture experiment, three biological replicates of each strain were grown
overnight in LB medium from single colonies and subcultured together in fresh LB
medium at a 1:5,000 dilution. Cultures were grown for 48 h, and ratios of each strain
were monitored throughout using plating experiments. For all cell combinations, the
Miller units calculated were normalized to the percentage of S9149 cells in the total
OD, as represented by the percentage of S9149 colony counts obtained for each
two-strain culture. In this manner, the calculated B-galactosidase activity was not
reflective of all of the cells harvested but only of those producing LacZ.

For the conditioned medium experiment, biological replicates of S9149 (with-
out indole) and S9171 (with indole) were grown overnight in 11 ml of LB
medium at 37°C. One-milliliter aliquots were removed from each tube for later
use in inoculating new cultures. The remaining 10 ml of each culture was cen-
trifuged to pellet the cells (10 min at 3,640 X g), and the resulting supernatants
were filter sterilized through 0.22-pwm-pore-size membranes. To 3.8 ml of each of
these conditioned supernatants, 200 pl of 20X YT medium (100 g/liter yeast
extract and 200 g/liter tryptone) was added. At this point, each biological repli-
cate of S9149 was inoculated at a 1:1,000 dilution into fresh LB medium, con-
ditioned medium lacking indole, and conditioned medium with indole. After 24 h
of growth, Miller assays were performed as described above.

Indole concentration measurements. The concentration of indole in the su-
pernatants of cell cultures was measured by mixing 250 wl of supernatant with
250 pl of trichloroacetic acid (20% wt/vol). After incubation on ice for 15 min,
each sample was centrifuged to remove precipitated proteins (10 min at 13,000 X g).
This supernatant was then added to 500 pl of Kovac’s reagent (Sigma-Aldrich
Co.) and vortexed, and the ODs,; was measured for 200 pl of the top layer. A
standard curve of known indole concentrations was recorded and used to esti-
mate the amount of indole in each sample.

RNA isolation and transcription analysis using whole-genome transcription
profiling. V. cholerae strains were initially grown on LB agar plates at 37°C
overnight. Individual colonies from each plate were inoculated into 5 ml of LB
medium and grown overnight at 37°C. Two colonies for each strain were picked
and subcultured as biological replicates at a 1:1,000 dilution in fresh LB medium
(with or without 350 uM indole) and grown for 20 h at 37°C with moderate
shaking. Two separate 1-ml samples from each culture were harvested as tech-
nical replicates, and RNA was isolated as described previously (59).

The microarrays used in this study representing the open reading frames
present in the V. cholerae genome were composed of 70-mer oligonucleotides
and were printed at the University of California, Santa Cruz. Whole-genome
expression analysis was performed using a common reference RNA, which was
a 1:1 mixture of total RNA isolated from wild-type cells grown in LB medium
and wild-type cells grown in LB medium supplemented with indole. cDNA
synthesis, microarray hybridization, and scanning were performed as described
previously (7). Signal ratios were normalized with LOWESS print-tip normal-
ization using the Bioconductor packages (21) in the R environment. The signif-
icance analysis of microarrays method (53) was used to determine differentially
regulated genes using =1.5-fold differences in gene expression and =1% false
discovery rate as cutoff values.

For meta-analysis of microarray experiments, a x> test was used to evaluate
statistically significant differences between over- and underexpressed genes in
previously published expression data sets and the results obtained in these
current experiments. Data sets were downloaded from the supplemental tables of
published reports (Table 4), and genes were grouped together if they demon-
strated a significant upregulation or significant downregulation under the treat-
ment conditions. The resulting gene sets from each report were then individually
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compared to the sets of differentially regulated genes found in the study to
determine the overlap between the two data sets. From this, a two-by-two x2 test
was performed, and significance was assessed as having a P value of =0.01.

GFP tagging of V. cholerae strains and CLSM. Triparental conjugations for
inserting the green fluorescent protein (GFP) gene into the V. cholerae chromo-
some were performed as described previously (7). Biofilm formation by GFP-
expressing strains within coverglass chambers (Nalge Nunc International) was
assessed using confocal laser scanning microscopy (CLSM). Biological replicates
for each strain were inoculated from stationary phase cultures into chambers
containing fresh LB medium (with or without 500 pM indole) at a final concen-
tration of 10° cells/ml. Static growth was allowed to proceed for 6 h at 37°C, at
which point medium was removed from the chambers, and attached cells were
washed twice with 100 mM phosphate-buffered saline (pH 7.0). After resuspen-
sion in 100 mM phosphate-buffered saline, biofilms were visualized with a Nikon
Clsi microscope, and analysis of Z-stacks and three-dimensional rendering was
performed with NIS Elements software (Nikon Instruments, Inc.).

RESULTS

Indole controls biofilm-associated phenotypes in V. cholerae.
A previous transposon mutagenesis screen for biofilm mutants
in two environmental strains of V. cholerae, SIO and TP, iden-
tified the tryptophanase gene as being essential for proper
biofilm formation (38). When the biofilms of these tnaA::Tn5
mutants were examined with crystal violet staining, it was
noted that the SIO mutant (S1101) formed ~2.3-fold less bio-
film than its parental wild-type and the TP mutant (T1101)
formed ~6-fold less biofilm than the wild-type (Fig. 1A). Since
indole, a by-product of the tryptophanase reaction, had previ-
ously been identified as a factor controlling biofilm formation
in other bacteria (36), the effect of exogenous indole addition
on the biofilms of these tmaA mutants was tested. In this ex-
periment, indole added exogenously at a concentration of 350
uM was able to fully complement the biofilm formation of
these mutants to wild-type levels (Fig. 1A).

The influence of indole on various properties of strain SIO
was studied in more detail due to its genetic tractability and the
clear phenotypic differences between the smooth colonial phe-
notype of VPS-defective mutants and the rugose colony struc-
ture of the wild-type strain. The biofilms formed by GFP-
expressing SIO and S1101 strains (strains S4100 and S4101,
respectively) were examined further using CLSM to investigate
the morphological effects of indole on their biofilms. As seen in
Fig. 1B, the biofilms of the parental S4100 strain grown on
glass coverslips for 6 h in LB broth under static conditions were
distinctly different from the biofilms of S4101, the tryptopha-
nase mutant. Without the addition of indole to the biofilm
chamber, the S4100 strain began to form regular microcolonies
covering the glass substratum with an average height of 25.8 =
5.0 pm. In contrast, the microcolonies of S4101 biofilms were
much smaller and exhibited sparse surface coverage. Addition-
ally, these biofilms were thinner and reached an average height
of only 15.5 = 2.6 wm. When indole was added back to each
strain, an up-shift in biofilm formation was discovered. While
strain S4100 produced a slight increase in surface coverage
when exogenous indole was added, a clear difference was seen
for S4101 under these conditions. The biofilms of S4101 with
exogenous indole nearly doubled in thickness to an average
height of 28.0 = 4.4 wm, and the surface coverage increased
considerably and was not significantly different from that of the
parental strain with indole.

Another notable phenotypic difference among the SIO-derived
strains was that the tryptophanase mutant did not exhibit the
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FIG. 1. Phenotypes of V. cholerae tryptophanase mutants. (A) Biofilm accumulation of wild-type (WT) SIO and TP strains and their corresponding
tnaA::Tn5 mutants S1101 and T1101 grown in LB medium (gray bars) and LB medium supplemented with indole (350 uM; white bars). (B) Confocal
micrographs of the biofilms of S4100 and S4101 grown in LB without indole or with 500 uM indole (+1) for 6 h under static conditions. The top panels
are the x-y axis, and bottom panels are the z axis. (C) Measure of the auto-aggregation phenotype of SIO and S1101 grown in LB medium with 500 pM
indole (white bars) or without (gray bars). Error bars represent 1 standard deviation from the mean of three biological replicates for each strain.

auto-aggregative phenotype of its parental strain. Under station- Figure 1C, which shows the ODy, of the cultures of the SIO and
ary growth conditions, wild-type cultures form multicellular S$1101 strains with and without indole upon settling, demonstrates
clumps that settled to the bottom of the tube within liquid me- the aggregation effect. This figure also shows that when indole is
dium. When liquid growth of the tryptophanase mutant was ex- added back to the tmaA mutant strain, the auto-aggregation phe-
amined, a lack of aggregation within the medium was evident. notype is restored to nearly wild-type levels.
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FIG. 2. Indole production correlates to increased vpsL::lacZ transcription. (A) Measured endogenous indole (open boxes) and B-galactosidase
(filled circles) production by strain S9171 (AlacZ vpsL::lacZ) over a 24-h period. (B) Comparison of the B-galactosidase production in response
to endogenous indole production in strain S9171 and exogenous addition of indole to strain S9149 (AlacZ AtnaA vpsL::lacZ). Error bars represent
1 standard deviation from the mean of three biological replicates for each strain.

Indole regulates VPS gene expression in V. cholerae. In ad-
dition to affecting biofilm formation and auto-aggregation, in-
dole induced the smooth colonies of S1101 to revert to the
rugose phenotype of the SIO parental wild type when grown on
LB agar plates (38). It has previously been shown that all three
of these phenotypes are linked to overproduction of exopo-
lysaccharides (2, 55, 61). Therefore, it was hypothesized that
indole is exerting its effects, at least in part, by regulating vps
gene expression. Therefore, the B-galactosidase activity of
modified SIO and S1101 parental strains carrying lacZ reporter
fusions to the vpsL genes and deletions of the native lacZ genes
was monitored (S9171 and S9149, respectively). In these
strains, B-galactosidase activity serves as a proxy for vps gene
expression in the presence and absence of endogenously pro-
duced indole.

The initial experiment examined the simultaneous produc-
tion of endogenous indole and p-galactosidase activity
throughout the growth phases of S9171 grown in batch culture
(Fig. 2A). It was observed that indole production by this taA ™
strain mirrored vpsL::lacZ expression. During early-exponen-
tial-phase growth, both indole and B-galactosidase levels are
low. However, consistent with tnaA4 catabolite repression con-
trol (57), late-exponential- and stationary-phase cultures pro-
duced increased amounts of indole and, concomitantly, in-
creased amounts of B-galactosidase. While this experiment
showed that extracellular levels of indole and vpsL induction
correlate with one another, it did not address whether indole is
responsible for vpsL induction.

To address this possibility, strain S9149 (AtnaA) was used to
monitor vpsL::lacZ expression under conditions of exogenous
indole addition. Similar to the biofilm results reported above,
S9149 vpsL::lacZ expression was approximately 10-fold less
than its indole-producing parental strain, S9171 (Fig. 2B). Full
complementation of vpsL::lacZ induction occurred with con-
centrations of exogenous indole as low as 100 wM, which is well
below the observed concentration of endogenous indole pro-
duced by S9171. These data illustrate that indole supplied
exogenously can regulate VPS expression when it is supplied at
levels below physiologically relevant concentrations.

Indole acts as an extracellular signal regulating VPS pro-
duction. To further address the hypothesis that endogenously
produced indole acts as a signal controlling VPS in V. cholerae,
experiments were performed to determine whether indole pro-
duced from an originating cell can be taken up by a different
cell and elicit a response (i.e., vpsL::lacZ upregulation). First,
coculture experiments were performed with LacZ-deficient in-

dole-negative (S2150; AlacZ AtnaA) or indole-positive (S2148;
AlacZ thaA™) donor strains and an indole-negative reporter
strain (S9149; AmaA vpsL:lacZ). As shown in Fig. 3A, the
indole reporter strain produced very little B-galactosidase ac-
tivity when grown in coculture with the indole-negative donor.
However, when grown with the indole-positive donor, the
B-galactosidase activity increased approximately eightfold.
This increase is strikingly similar to the activity achieved when
indole is added exogenously to the coculture conditions with
the indole negative donor and reporter strains, demonstrating
that exogenously and endogenously produced indole have the
same VPS regulatory effect.

An experiment was also performed in which strain S9149
was grown by itself in conditioned or unconditioned medium
(Fig. 3B). S9149 grown in fresh LB medium produced very
little vpsL::lacZ reporter activity, which was similar to the re-
sult when S9149 was grown in a supernatant from an indole-
negative strain (Fig. 3B) (derived from strain S2150). However,
when S9149 was grown in conditioned medium derived from
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FIG. 3. Endogenously produced indole acts as a signal to stimulate
the expression of vpsL in recipient cells. (A) In the coculture experi-
ment, an indole-negative donor strain, S2150 [I(—)], does not upregu-
late vpsL::lacZ expression in the reporter strain S9149 (gray bar), while
the indole-positive donor strain S2148 [I(+)] can complement
vpsL::lacZ expression to similar levels as when 0.5 mM indole (I) is
added exogenously (white bars). (B) The same upregulation by indole
is seen when the S9149 reporter strain is grown in conditioned medium
grown from indole-positive supernatant from S2148 (SI+) and indole-
negative supernatant from S2150 (SI—) conditions. Growth of $9149 in
LB medium alone also did not stimulate vpsL::lacZ upregulation. For
the coculture experiment Miller units are normalized to the percentage
of $9149 cells from the total OD (see Materials and Methods). Error
bars represent 1 standard deviation from the mean of three biological
replicates for each strain.
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TABLE 2. Whole genome expression profiles of SIO and
S1101 strains

Total no. of genes

Pairwise
comparison* Regulated Upregulated Downregulated
SIO/S1101 507 255 252
S1101(+I)/S1101 64 45 19
SIO(+1)/SIO 218 83 135
SIO/S1101(+1) 242 128 114

“ +1, cells grown in the presence of exogenous indole at 350 uM.

an indole-producing strain (Fig. 3B) (derived from strain
52148), the level of B-galactosidase production rose signifi-
cantly (more than threefold). These results reinforce the con-
clusion that the VPS regulatory response is produced specifi-
cally by indole and not another component of the supernatant.

It was also investigated whether indole influences biofilm
formation and VPS production in clinical strains of V. cholerae
in addition to the non-O1/0139 environmental strains tested.
It was found that addition of indole to cells of V. cholerae O1
El Tor strain N16961 carrying an in-frame deletion of the tnaA
gene (smooth variant) (24) caused significant increases in bio-
film formation and vpsL transcription compared to cells grown
without indole (data not shown). Thus, indole regulates biofilm
formation and vps transcription in both clinical and environ-
mental strains of V. cholerae.

Transcriptional regulation by TnaA activity and indole pro-
duction extends beyond VPS genes. To explore whether indole
regulation of gene expression extends beyond genes involved in
VPS biosynthesis, whole-genome expression profiles from the
wild-type SIO strain and strain S1101 (tnaA:Tn5) grown to
stationary phase in LB medium in either the presence or ab-
sence of exogenously added indole were obtained and com-
pared. Significantly regulated genes were defined using the
significance analysis of microarrays (53) as having =1% false-
positive discovery rates and =1.5-fold transcript abundance
differences between each sample. Four sets of pairwise com-
parisons were made from the resulting transcriptome profiles
in order to assess the influence of indole and/or tryptophanase
activity on gene expression. Table S1 of the supplemental ma-
terial provides the complete list of differentially regulated
genes within each data set. The first comparison made was
between the transcriptomes of SIO and S1101 (pairwise com-
parisons are indicated using the form SIO/S1101) to under-
stand the effects of a tryptophanase mutation on gene expres-
sion. The second comparison examined the effects of indole
alone by matching the expression data of the tryptophanase
mutant, S1101, grown with or without exogenous indole
[S1101(+1)/S1101]. The next comparison evaluated the expres-
sion changes of the indole-producing SIO strain grown in the
presence of additional exogenous indole to SIO grown solely in
LB medium, [SIO(+1)/SIO]. Here, the consequences of arti-
ficially high indole concentrations on gene expression were
evaluated. Finally, the expression data from the SIO strain and
S$1101 grown with indole were compared to determine whether
indole alone could complement the expression changes result-
ing from a tnaA mutation [SIO/S1101(+1)]. Table 2 summa-
rizes the results of these comparisons noting the number of
differentially regulated genes in each pair.
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The data set comparing the wild-type SIO strain to S1101
contained the most genes demonstrating significant induced/
reduced expression, suggesting that both indole production
and tryptophanase activity can alter gene expression. Figure
4A displays Venn diagrams illustrating the overlap between
each additional expression profile comparison and the SIO/
S$1101 data set. When the SIO(+1I)/SIO expression profile was
compared to SIO/S1101, only 34% of genes differentially ex-
pressed were shared between data sets, possibly due to the
artificially high indole conditions present in the former. In
contrast, many of the genes from the indole complementation
expression profiles [SIO/S1101(+1I) and S1101(+1)/S1101] are
shared with the SIO/S1101 data set (74% and 75%, respec-
tively). The complementation effect of indole can be seen in
the heat map of Fig. 4B, where 327 of the 507 genes signifi-
cantly reduced/induced in expression in the SIO/S1101 data set
show no significant difference in expression in the SIO/
S1101(+TI) data set.

Differentially expressed genes were grouped according to
their annotated functional roles in order to determine which
categories may be influenced by indole production. Not sur-
prisingly, genes involved in cell envelope maintenance and
production were strongly upregulated by indole, which is
clearly demonstrated by the heat map of the VPS genes shown
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FIG. 4. Overlap of genes found to be significantly altered in expres-
sion between the SIO/S1101 expression profile and remaining pairwise
comparisons. (A) Venn diagrams show the shared and unique genes
found between the differentially expressed genes of SIO/S1101 grown
in LB medium compared with SIO(+I)/SIO, SIO/S1101(+1), and
S1101(+I)/S1101. (B) Heat map depicting differences in expression
between all genes within the union of the SIO/S1101 and SIO/
S1101(+I) expression profiles (569 genes) (see middle diagram of
panel A). Compact views of genes are presented using the log,-based
color scale shown at the bottom of the panels Yellow, induced; blue,
repressed; black, no significant change.
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in Fig. 5A. In total, 16 of the 19 genes contained within the two
vps operons were upregulated by indole when all gene profile
comparisons were considered. Additionally, some of these
demonstrate the strongest differential expression between the
SIO and S1101 expression profiles, with six demonstrating at
least ~10-fold activation in the SIO profile.

Another notable functional category that was differentially
regulated by indole is the group containing genes responsible
for general cellular processes (Fig. 5B). Included within this
functional class are many genes that have a role in chemotaxis
and flagellar biosynthesis. These include many of the anno-
tated chemotaxis (Che) proteins and methyl-accepting chemo-
taxis proteins of the V. cholerae genome (24). The vast majority
of these genes demonstrate significant downregulation in the
presence of exo- or endogenous indole, coinciding with mi-
croarray studies performed with E. coli showing a similar
downregulation chemotaxis gene transcription in the presence
of indole (27).

The transport and binding protein functional category also
demonstrated overall downregulation in response to indole.
This group includes genes involved in amino acid transport,
iron uptake, and carbohydrate transport. Figure 5C shows
genes from the largest subgroup of genes within this category
that function as iron transport systems and in siderophore
production and transport. Most of these genes were repressed
only under artificially high indole conditions where gene ex-
pression of wild-type SIO grown in LB supplemented with
exogenous indole was compared to SIO grown solely in LB
medium.

Figure 5C also shows a set of genes that demonstrate a
relative increase in expression and are annotated to fall within
a group of genes with previously unknown functions. However,
recent work has shown that the hcp (VC1415 and VCA0017),
vgrG (VCA0018 and VCAO0123), and vasK (VCA0120) genes
of this group are involved in virulence-associated secretion
(VAS), which has a role in infection and virulence toward
eukaryotic cells (for reviews, see references 9 and 19). For
example, it has been shown that the vas genes and their ho-
mologues within other species function in mediating (i) effec-
tive infection and nitrogen fixation by Rhizobium leguminosa-
rum within nodules of the pea plant (10), (ii) disease in fish by
the piscine pathogen Edwardsiella tarda (47), (iii) death of the
phagocytic eukaryote Dictyostelium discoideum by V. cholerae
(43), and (iv) pellicle and biofilm formation in Vibrio parahae-
molyticus and Actinobacillus actinomycetemcomitans, respec-
tively (17, 27).

In addition to the above five genes, the array results indicate
that all but one of the surrounding genes of the VAS operon
(VCAO0107 to VCAO0123) (see Table S1 in the supplemental
material) are indole induced (Fig. 5C). Seven of these genes
demonstrated moderate to strong significant activation by in-
dole (greater than ~2.5-fold). Although the vas genes did not
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TABLE 3. Qualitative assessment of the plaque assay demonstrating the
resistance and/or susceptibility of multiple strains of bacteria to grazing by
the phagocytic eukaryotic predator D. discoideum in the presence and
absence of indole

Grazing resistance phenotype®

Strain
No indole With indole
V. cholerae
Tp ++ +
T1101 (tnaA::Tn5) - +
T1144 (VCA0109::Tn5) - -
N16961 - +
K. aerogenes - +

“ Indole was added at a concentration of 500 uM. Scoring is as follows: ++,
no significant plaque formation covering the majority of the plate; + small
circular zones of clearing covering less than half of the plate; —, no plaques
observed.

show a significant increase in transcript abundance in the pair-
wise comparison between S1101 grown on LB supplemented
with indole versus growth on LB medium alone, semiquanti-
tative reverse transcription-PCR measuring the abundance of
VCAO0108 transcript demonstrated a 1.7-fold increase in S1101
cells grown in the presence of indole relative to growth without
indole. Therefore, it appears that in the S1101 background, the
VAS operon can be upregulated by indole although its detec-
tion may be below the limits of the microarray experiments
performed.

Tryptophanase and indole have a role in grazing resistance.
Since indole induces genes involved in VAS secretion and
toxin production, it was hypothesized that the tryptophanase
gene may be important for grazing resistance. For these ex-
periments using the D. discoideum grazing model (43), strain
SIO could not be used due to its high sensitivity to grazing by
this amoeba. Therefore, V. cholerae strain TP was used since it
was discovered to be resistant to D. discoideum grazing. Stan-
dard plaque assays were performed on nutrient agar supple-
mented with indole at levels that were not toxigenic to D.
discoideum (data not shown).

Table 3 shows that when strain T1101 (tnaA::Tn5) was ex-
amined for its resistance, a dramatic decrease in its ability to
survive under grazing pressure was observed relative to the
wild-type TP strain. However, when indole was supplied exog-
enously, partial grazing resistance was restored in T1101. In
addition, it was observed that a strain (T1144) carrying a mu-
tation in the vas operon was also susceptible to grazing whether
it was grown with or without indole. These results suggest that
indole may stimulate VAS production leading to increased
grazing resistance.

It was also found that exogenous indole could slightly in-
crease grazing resistance in V. cholerae strain N16961 and
Klebsiella aerogenes, both of which carry full copies of the vas
operon within their genomes yet are grazing susceptible when

FIG. 5. Heat maps of selected functionally relevant genes that are significantly altered in transcriptional levels from each expression profile
examined. (A) Selected genes of the V. cholerae genome believed to be responsible for VPS biosynthesis. (B) Selected genes functionally
categorized as having a role in cellular processes, including many genes thought to be involved in flagellar biosynthesis, motility, and chemotaxis.
(C) Genes involved in iron transport and VAS. Compact views of genes are presented using the log,-based color scale shown at the top right.

Yellow, induced; blue, repressed; black, no significant change.
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TABLE 4. x? analysis of the tryptophanase/indole expression
profiles compared to published data sets

Expression S10/S1101

- Reference
profile comparison
c-di-GMP 102.31 7
AvpsR 73.58 6
AvpsT 50.95 6
AcdgA 48.38 6
Ahfq 13.43 16
AmbaA 21.82 35
ArpoN 44.12 59
ArseA 17.73 16
AhapR 8.04 6
ArpoE 3.19 16
AtoxR 1.01 8

“ Critical values of =11.35 represent a P value of = 0.01 with three degrees of
freedom and are shown in boldface.

grown without indole. It should be noted, though, that a VAS
connection to the phenotypes of V. cholerae N16961 and K.
aerogenes has not been conclusively established.

x> analysis suggests patterns of regulation involved in the
indole response. Various activators and repressors that are
known to influence exopolysaccharide production were differ-
entially regulated in the transcriptome comparisons. Included
within these are genes involved in (i) direct transcriptional
activation of vps (vpsR and vpsT), (ii) quorum sensing (cgsA,
luxQ, fis, and hapR), (iii) c-di-GMP biosynthesis and degrada-
tion (mbaA and cdgA), and (iv) membrane stress sensing and
response (cpxPAR, rpoE, and rse4). To determine whether the
gene sets regulated by indole and tryptophanase are signifi-
cantly similar to the regulons of some of these other known
transcriptional regulators of V. cholerae and to predict possible
key players of the indole response, a x> analysis was per-
formed.

The results of this analysis are shown in Table 4. Several
patterns emerge from these analyses that suggest roles for
specific transcriptional regulators in the indole response. The
data sets with the most significant correlation to the SIO/S1101
expression profile are from experiments performed under con-
ditions of altered VPS production. These include transcrip-
tome analyses performed with mutant strains of the vpsT and
vpsR transcriptional activators and with GGDEF protein mu-
tants (mbaA and cdgA) or cells grown with artificially high
levels of c-di-GMP. Even when the 18 vps genes were excluded
from these analyses, there was still significant overlap between
the data sets, indicating that the similarities extend beyond
VPS production (data not shown).

Other regulons that appear to be similar to the indole-tnaA4-
regulated gene sets are regulons controlled by the nucleic acid
binding protein Hfq and the alternative sigma factor o>
(RpoN). Hfq has been shown previously to be involved in
quorum sensing in V. cholerae (33), and o™* regulates motility
and virulence and other global regulators including HapR and
o>® (RpoS) (43, 59), many of which are also regulated in the
presence of indole.

Other regulators are not significantly correlated with the
indole-tnaA regulon, however. These include HapR, the mas-
ter regulator of quorum sensing; ToxR, a master regulator of
pathogenesis in virulent strains of V. cholerae; and RpoE, a
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regulator of the membrane stress response. Whole-genome
hybridization microarray experiments indicate that strain SIO
does not contain many of the genes (e.g., VPI-1 and CTX
elements) found within the traditionally defined ToxR regulon
of V. cholerae (8; also M. Miller, personal communication),
which may account for some of these results.

Since lack of a significant correlation between the microar-
ray experiments could be due to various reasons (e.g., experi-
mental design or strain variations), the roles of the quorum-
sensing and membrane stress response systems in contributing
to indole-driven gene expression were tested. In-frame dele-
tions of key genes for each system were constructed (for quo-
rum sensing mutants, fis and uxQO; for membrane stress, rpoE
and cpxA), and the ability of these mutant strains to respond to
indole was examined using the vpsL::lacZ reporter gene sys-
tem. When strains were grown under conditions with or with-
out exogenous indole, none of them was impaired in the up-
regulation of the vpsL::lacZ fusion in the presence of indole
(data not shown).

To also ensure that indole, due to its hydrophobic nature, is
not triggering a membrane stress response as seen in other
bacteria when indole is provided at artificially high concentra-
tions (40), we investigated the ability of indole to depolarize
the membrane of V. cholerae cells. Here, it was found that
physiologically relevant concentrations of indole (0.5 mM) did
not have a measurable effect on membrane polarity (data not
shown). Taken together, the above results support the view
that neither the membrane stress nor quorum-sensing system
plays a role in the indole signaling cascade.

Indole regulation of VPS proceeds through DksA, VpsR, and
GGDEF domain-containing proteins. In order to further de-
velop the details of the indole-signaling circuit, a transposon
mutagenesis screen was performed to look for mutants that
display an indole-nonresponsive phenotype. Of the approxi-
mately 11,000 transposon mutants screened, four unique genes
with transposon insertions were recovered which demonstrated
a consistent low level of vpsL::lacZ expression that did not
change significantly upon the addition of exogenous indole
(Table 5). Interestingly, three of these four strains carried
mutations in sequences coding for GGDEF domain-containing
proteins (VCA0074 and VC1376) or in a hypothetical protein
immediately upstream of one of these genes (VCAO0075). Fur-
thermore, each of these genes was recovered multiple times
from independent transposition events (VCA0075, five inde-
pendent mutations; VCA0074 and VC1376, two independent
mutations each), demonstrating the importance of these genes
in controlling the indole-induced VPS response and suggesting
a near-saturation of the genome by the transposon mutagen-
esis screen.

VCAO0074, which has been named cdg4, has diguanylate
cyclase activity and increases intracellular c-di-GMP levels,
which leads to the production of VPS and the formation of
biofilms in V. cholerae (34). On the V. cholerae genome, the
cdgA gene resides within a two-gene operon and is located
immediately downstream of VCA0075. A transposon mutation
in VCAO0075 has previously been shown to also affect the bio-
film formation of V. cholerae (38) although it is not clear
whether this is a direct consequence of VCA0075 mutation by
the transposon or an indirect result of polar effects on down-
stream cdgA expression.
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TABLE 5. Transposon mutants altered in vpsL::lacZ production

Gene category and/or

B-Galactosidase activity in“:

TIGR 1o, Strain Altered gene name or conserved domain(s) Predicted function LB medium LB medium with
indole
Parental S9149  AtnaA AlacZ AvpsL::lacZ 16 = 3.1 3149
Indole-nonresponsive
mutants

VC0596 S$9224  dksA mutant; dnaK suppressor protein Regulatory functions  10.3 = 2.3 14 +33

VC1376 S9216  GGDEF family protein Cell Signaling 16 = 2.8 21 18

VCA0074 S9218  cdgA mutant; GGDEF family protein Cell Signaling 4.7+0.7 52=*22
VPS mutants

V0338 S$9226  Sodium symporter Ion transport 0 0

VC1673 S9219  AcrB-D-F transporter Ton transport 0 0

VCAO0183 S9227  hmpA mutant; flavohemoglobin Electron transport 0 0

VC0665 S9170  wpsR mutant; o>*-dependent transcriptional regulator ~ Regulatory functions 0 0

V0143 S$9228  Hypothetical protein Unknown 0 0

VC1731 S$9229  Conserved hypothetical protein Unknown 0 0

“ Values are in Miller units.

Previous transcriptome experiments were reviewed to un-
derstand what genes potentially control the expression of the
cdgA operon (Table 4, references). These data show that the
cdgA operon is only differentially regulated in response to
mutations in known regulators of VPS expression (AhapR,
AvpsR, AvpsT, ArpoN, and AvpvC) or in cells grown under
conditions of artificially high intracellular c-di-GMP concen-
trations. The cdgA operon is always upregulated by activators
of VPS production and downregulated by repressors. This
operon did not exhibit any differential regulation in microarray
experiments comparing rpoE, hfq, toxR, and rhyB mutants that
also do not alter the overall regulation of the VPS operons.
Considering that there are 41 genes encoding GGDEF-do-
main-containing proteins in the V. cholerae genome, it is strik-
ing that cdgA is consistently transcribed under conditions of
VPS gene activation.

Only one mutant was recovered that does not respond to
indole and contains an insertion in a gene or operon whose
product(s) is not known to affect the production of GGDEF
proteins. This mutant contains an insertion in the dnaK sup-
pressor protein gene, dksA, which is the third of eight genes in
an operon and codes for a protein thought to interact directly
with the RNA polymerase holoenzyme (E). Through this phys-
ical interaction, DksA promotes the dissociation of E from the
housekeeping sigma factor ¢’°, allowing the RNA polymerase
molecule to interact with alternative sigma factors such as ¢
(RpoN) (reviewed in reference 22). Interestingly, rpoN was not
differentially regulated in any of the whole-genome profile
comparisons made, suggesting that indole’s effect is posttran-
scriptional, such as at the level of DksA activity. As with pre-
vious failed attempts to complement transposon mutations in
strain SIO (38), we were not able to restore indole responsive-
ness when the wild-type dksA gene was supplied in trans. How-
ever, construction of an in-frame deletion of the dks4 gene
resulted in an indole-nonresponsive phenotype (data not
shown), suggesting that polar effects within the operon where
dksA is found are not responsible for this observed phenotype.

A second class of mutants was found to produce no mea-
surable B-galactosidase activity. Included in this class are two
hypothetical proteins, one of which is predicted to be mem-

brane localized, and two transporter genes. None of these
genes has a known role in VPS production. A fifth mutant
contained a transposon insertion in the hAmpA gene, which
encodes a soluble flavohemoglobin known to counteract nitro-
sative stress in Salmonella enterica (3). As VPS production has
previously been shown to counteract oxidative stress (61),
HmpA may play a role as a sensor that can regulate VPS
production in response to oxidative stress. The last mutant in
this group contained a disruption in the vpsR gene, which is a
key regulator of VPS production (58) and is known to combine
with other regulators including VpsT and GGDEF domain
proteins to direct vps transcription (6). Therefore, it was not
surprising that a vpsR mutant demonstrated no measurable
B-galactosidase activity. These results indicate that the indole
induction of VPS requires VpsR, c-di-GMP, DksA, and addi-
tional factors.

DISCUSSION

Indole signaling controls physiologically important func-
tions in V. cholerae. Recently, it was proposed that the mole-
cule indole, which is a natural product of the breakdown of
tryptophan by the enzyme tryptophanase, can act as a station-
ary phase signal molecule that induces biofilm formation (36,
54). Previous work showed that a mutation in the tryptopha-
nase gene of V. cholerae strains influences biofilm formation
and the ability to produce rugose colonies, and it was specu-
lated that this was a result of reduced VPS production (38). In
this current study, it has been shown that indole secreted by
one cell can act as an extracellular signal that is sensed by
others within a population and that the perception of this
indole signal leads to the coordinated upregulation of vps gene
expression and the associated phenotypes of biofilm formation
and rugose colonial morphology.

These results correspond with those of Martino et al. (36),
who demonstrated that indole enhances the biofilm formation
of many different microorganisms carrying the tryptophanase
gene. However, they are in contrast to a report indicating that
indole downregulates biofilm formation in E. coli (32). Simi-
larly, we have found that biofilm formation by the rugose
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variant of V. cholerae strain 92A1552 is not affected by deletion
of the tnaA gene (unpublished results), suggesting that indole’s
effects may be strain specific. While the underlying reason for
this difference is unknown, comparison of transcriptome ex-
pression patterns of the tmaA mutant of V. cholerae strain that
we used and the tmaA4 mutant of E. coli K-12 (32) provides a
possible partial explanation. Both V. cholerae S1IO and E. coli
K-12 appear to downregulate genes involved in cell motility
and chemotaxis (27 genes in V. cholerae and 7 in E. coli). While
motility enhances biofilm formation in E. coli (56), it is not
required for biofilm development on glass or plastic by V.
cholerae strain SIO (38), which may account for the observed
differences in biofilm formation in response to indole by these
species.

Another set of genes that was differentially regulated by
indole in the transcriptome experiments localizes to the VAS
operon, which is important for resistance of grazing by proto-
zoa (43). These genes are often carried by plant- or gut-asso-
ciated bacteria (15), which are exposed to high levels of indolic
compounds within these environments (28, 49). Thus, the ev-
idence presented here linking VAS operon regulation to in-
dole is compelling and deserves further investigation for other
bacteria in different ecological settings (e.g., VAS-mediated
root or pathogenic infection model systems).

From the microarray experiments it was noted that the ex-
pression of genes involved in flagellar biosynthesis, the vps 1
and II operons, and genes of the VAS operon was changed by
indole. In each case, the regulation of these genes is known to
depend on specific o”*-dependent transcriptional activators:
FlrC for flagellar biosynthesis (42), VpsR for vps transcription
(58, 59), and VasH as a regulator of the VAS operon (43).
Since indole does not appear to influence the expression levels
of the rpoN gene (which encodes the o”* protein), it appears
that this effect may be in part due to indole-induced alterations
in o>*-dependent transcriptional regulator gene expression.
Indole appears to downregulate flrC (~1.7-fold in the SIO/
S$1101 comparison) and upregulate vasH (~2.3-fold in the SIO/
S1101 comparison), consistent with the patterns of motility and
VAS gene expression found in response to indole. In contrast,
vpsR does not show a significant expression change in response
to indole, and indole-controlled VPS regulation may result
from posttranscriptional effects on VpsR.

Indole signaling involves known regulators of VPS synthesis
and the dnaK suppressor protein, DksA. It is apparent that the
indole regulon is composed of many of the same genes that are
governed by known regulators of VPS synthesis, such as VpsR,
VpsT, and multiple GGDEF-domain-containing proteins (e.g.,
CdgA and MbaA). However, the expression profile of genes
controlled by HapR, another known VPS regulator, did not
correlate with the microarray results in any of the comparisons
performed. Although HapR is the major quorum-sensing tran-
scriptional regulator in some strains of V. cholerae (62) and is
known to affect the transcription of numerous regulators of
VPS, such as vpsT, vpsR, and cdgA, these regulators can also
function independently of HapR to control VPS production
(6). In fact, many strains of V. cholerae often carry mutations in
the hapR gene, rendering the gene nonfunctional and presum-
ably inactivating the quorum-sensing mechanisms of these
strains (24, 29). This information combined with our results
showing that quorum-sensing mutations had no effect on the
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upregulation of VPS by indole led us to conclude that indole
regulation is dependent on regulators such as VpsR, VpsT, and
GGDEF domain proteins rather than on quorum-sensing reg-
ulators.

Previous studies also have shown that VpsR and CdgA are
involved in a regulatory cascade controlling VPS production,
with VpsR acting to upregulate cdgA4 expression and CdgA
increasing the intracellular concentrations of the second mes-
senger c-di-GMP through its guanylate cyclase activity (6).
Rising c-di-GMP concentrations then appear to signal in-
creased transcription of genes involved in VPS production and
repression of genes responsible for motility (7). Combining
these results with ours implicates indole as an inducer of this
c-di-GMP regulatory cascade.

A third gene that is thought to be a component of this signal
cascade is vpsT, another known transcriptional activator of vps
(12). vpsT shows consistent upregulation by indole in the tran-
scriptome comparisons (~2.8-fold in the SIO/S1101 compari-
son); therefore, it could also have a role in indole induction of
VPS. To test its role, multiple attempts to make mutations
within the vpsT gene were performed, but the mutant was
never recovered. Although AvpsT derivatives of clinical strains
of V. cholerae have previously been made, VpsT may have an
essential role in the genetic background of the strains used in
this study. A role for VpsT in the indole response cannot be
ruled out.

Another significant finding is that the gene dksA appears to
be involved in the indole response. Recently, it was shown that
the protein DksA along with the intracellular alarmone ppGpp
can bind directly to RNA polymerase (RNAP) and indirectly
modulate its associations with different sigma factors (reviewed
in reference 22). This binding increases the available intracel-
lular pool of RNAP able to interact with o>*. As more RNAP
holoenzyme E-containing o°* (Ec>?) is produced, increased
interactions with o>*-dependent transcriptional activators
takes place, and transcription from ¢>* promoters proceeds at
higher levels. It has been proposed that DksA can act in con-
cert with ppGpp to passively promote transcription from o>
promoters (5). No previous findings have demonstrated that
indole can influence ppGpp production or DksA activity. How-
ever, it has been shown that various indole derivatives, such as
indole-based antimicrobial compounds and indole-3-acetic
acid, can influence RelA-based production of ppGpp (48, 50).
The role of dksA in the indole response and the fact that
o>*-dependent transcriptional regulators control indole-con-
trolled genes provide circumstantial evidence for a role for o>*
in the indole response.

A proposed model of the indole signaling cascade in V.
cholerae. Based on the data presented in this report, a model to
guide future investigation of indole regulation is proposed in
Fig. 6. In this scenario catabolite-repressed tryptophanase ac-
tivity increases as carbon and energy supplies begin to dwindle,
leading to a concomitant increase in indole production and
excretion by individual cells. Once in the extracellular environ-
ment, it is unclear how the cells receive the indole signal. It has
been suggested the Mtr transporter can actively transport in-
dole (57) or, due to its hydrophobic nature, that indole might
directly diffuse through the membrane (20). Once the signal is
received, though, we propose that this indole signal may pro-
mote DksA-mediated interactions between RNAP and ¢,



Vor. 191, 2009

Indole
O
"‘\
TnaA DksA*
E I oB¥H——E h o70
Iron + VasH
Acquisition *
Q VAS
Motility V"SR\ Virulence

VpsT B CdgA*

f

[c-di-GMP]

VPS Production
Biofilm Formation
FIG. 6. Model of indole-regulated gene expression. Indole affects
DksA activity and downstream associations between RNA polymerase
holoenzyme and o>*. This transcriptional complex can (i) repress rpoS
transcription and its activation of iron acquisition mechanisms, (ii)
couple with VasH to enhance VAS operon transcription, and (iii)
combine with VpsR to autoregulate VpsR expression in addition to
upregulation of CdgA and VpsT expression. Upregulation of CdgA
leads to increases in c-di-GMP levels and subsequent repression of
motility and chemotaxis genes and activation of vps genes. An asterisk
marks the corresponding protein products of genes that are non-indole
responsive and were recovered in the transposon mutagenesis. No
arrowhead proceeds from RpoN to VpsR due to the lack of experi-
mental evidence establishing this link.

possibly in a ppGpp-dependent manner. Another possibility is
that indole can interact directly with DksA to promote differ-
ences in RNAP availability although both hypotheses deserve
future evaluation. As the association between RNAP and o™ is
enhanced, many genes under the direct control of ¢>* are then
activated including the VAS and VPS operons. Downregula-
tion of the rpoS (which encodes the ¢>® protein) gene is also
observed, which could result from the ability of 0®* to nega-
tively regulate the transcription of rpoS (59). Further, since the
o>® regulon is known to include genes involved in siderophore
production and iron acquisition in other strains of V. cholerae
(39, 59) and in Vibrio vulnificus (31), it is possible that the
observed downregulation of the iron acquisition machinery is
due to decreased rpoS expression (Fig. 6).

The indole regulation of genes involved in motility and VPS
production is known to result also from downstream effects on
the c-di-GMP signal system of V. cholerae (7, 51). The results
of the transposon mutagenesis screen support this model since
the majority of indole nonresponsive mutations are in genes
coding for GGDEF-domain-containing proteins. It is proposed
that once VpsR is activated, the protein can interact with Eo>*
to enhance the expression of cdg4 and vpsT. Both genes ap-
pear to have VpsR promoter binding sites (59) and are up-
regulated in the expression profiles. The increase in CdgA
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leads to an increase in c-di-GMP levels within the cell, which in
turn stimulates vps expression and represses motility gene ex-
pression, leading to the overall enhancement of biofilm forma-
tion in V. cholerae strain SIO. Thus, it appears that ultimate
regulation of many of the indole-responsive genes is dependent
on the c-di-GMP intracellular signaling system.

Given the multiple roles of biofilms and VAS in stress pro-
tection, predator-prey interactions, and virulence toward eu-
karyotic hosts, the production of the indole signaling molecule
by the tryptophanase enzyme during carbon and energy limi-
tation must have an important role in environmental survival.
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