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Stringent Response Regulation of Biofilm Formation in Vibrio cholerae
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Biofilm formation is a key factor in Vibrio cholerae environmental survival and host colonization. Production of biofilm enables
V. cholerae to survive and persist in aquatic environments and aids in the passage through the gastric acid barrier to allow access
to the small intestine. The genes involved in biofilm formation are regulated by the transcriptional activators vpsR and vpsT,
which are in turn transcriptionally regulated by a number of environmental signals. In this study, the role of the stringent re-
sponse in biofilm formation was examined. V. cholerae mutants deficient in stringent response had a reduced ability to form
biofilms, although they were not completely deficient in biofilm formation. There are three (p)ppGpp synthases in V. cholerae:
RelA, SpoT, and RelV. All three synthases were necessary for vpsR transcription, with RelV showing the strongest effect. RelA
was the only synthase that was necessary for vpsT expression. Stringent response regulation of vpsR and vpsT was shown to par-
tially occur through rpoS. Biofilm formation in V. cholerae is controlled by a complex regulatory apparatus, with negative regu-
lators of biofilm gene expression, such as quorum sensing, and positive regulators of biofilm genes, including stringent response,

interacting to ensure that biofilm formation is coordinated with the environment.

ibrio cholerae is a Gram-negative gammaproteobacterium that

is the causative agent of the epidemic disease cholera. A facul-
tative human pathogen, V. cholerae is found in aquatic environ-
ments, but when ingested by a human host, V. cholerae is able to
colonize the small intestine and produce a massive watery diar-
rhea. Host colonization is accompanied by rapid growth of bacte-
rial cells that are returned to the environment to begin a new
infectious cycle. In the environment, V. cholerae attaches to the
surfaces of aquatic organisms and abiotic material and forms bio-
films (12, 33). The formation of a biofilm community aids the
organism in the initial stages of host interaction in that biofilms
protect the organisms from harsh environmental conditions and
help them survive passage through the gastric acid barrier (4, 17,
92). Once V. cholerae reaches the small intestine, planktonic cells
use flagellar motility to penetrate the mucosal layer and colonize
the intestinal microvilli (21, 41, 49, 61, 69). In the small intestine,
the bacteria express the major virulence factors toxin-coregulated
pilus (TCP), which aids in bacterial aggregation in the small intes-
tine, and cholera toxin (CT), which produces the watery diarrhea
and facilitates dissemination from the host (16, 37, 67). Recently
shed V. cholerae bacteria are hyperinfectious, aiding in the rapid
spread of the disease, and this hyperinfectious state includes an
increased propensity to form biofilms in aqueous environments
(3,10, 17, 51).

Biofilm formation in V. cholerae is under the control of a com-
plex array of regulatory factors that respond to a variety of envi-
ronmental signals, including salinity, bile, calcium, and phosphate
(8, 32, 64, 73). The genes involved in production of biofilms are
found primarily in the two vps (Vibrio exopolysaccharide) oper-
ons, one consisting of vpsU and vpsA to -K and the other consist-
ing of vpsL to -Q, along with nearby associated genes (18, 20, 89).
There are two known transcriptional activators of the vps operons,
VpsR and VpsT (11, 87). VpsRis a response regulator that belongs
to the NtrC family (87). VpsT is a member of the UhpA (Fix]J) class
of transcriptional regulators (11). VpsR is a stronger transcrip-
tional activator than VpsT. vpsT mutants are able to induce vps
gene expression and form a biofilm, albeit to a lesser degree than
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wild-type cells, whereas vpsR mutants are completely defective in
biofilm formation (5).

For the V. cholerae O1 serogroup, several global regulatory sys-
tems, including quorum sensing, the second messengers 3',5'-
cyclic diguanylic acid (c-di-GMP) and cyclic AMP (cAMP), and
the sigma factors RpoS and RpoN, regulate transcription of vpsR
and vpsT, with some factors directly regulating the vps genes (46,
47,54, 65, 79, 88, 93). Many of these regulatory systems intersect,
suggesting that there is precise control of biofilm gene expression.
Quorum sensing regulates expression of vpsR and vpsT through
the expression of hapR. At low cell density, hapR is not expressed,
relieving repression of vpsR and vpsT and allowing expression of
genes involved in biofilm formation. At high cell density, hapR is
expressed, and vpsR and vpsT are repressed (27, 88). HapR has
been shown to regulate vpsT through direct promoter binding
(83), but there have been conflicting reports as to whether HapR
directly controls vpsR gene expression. Hammer and Bassler
showed no effect on vpsR expression in a hapR deletion strain,
while Yildiz et al. reported that HapR does regulate vpsR. How-
ever, these discrepancies could have been the result of strain dif-
ferences, as two different V. cholerae O1 El Tor strains were used
(27, 83, 88).

The stringent response is a low-nutrient stress response that
occurs when bacteria encounter nutrient-poor environments and
initiates changes in gene regulation to maximize use of the avail-
able resources. Stringent response is induced when there is an
increased concentration of the second messengers pppGpp
(guanosine 3'-diphosphate 5'triphosphate) and ppGpp [guanos-
ine 3'5'-bis(diphosphate)], together termed (p)ppGpp. An in-
creased concentration of (p)ppGpp causes significant changes in
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FIG 1 Stringent response and V. cholerae biofilm expression. (A) Three fac-
tors regulate (p)ppGpp synthesis and hydrolysis in V. cholerae: RelA, SpoT,
and RelV. All three factors are able to synthesize ppGpp and pppGpp from
GDP and GTP, but only SpoT is able to hydrolyze (p)ppGpp. (B) The stringent
response mediator (p)ppGpp is one of several global regulators that affect
biofilm formation in V. cholerae. (p)ppGpp and c-di-GMP both induce ex-
pression of VpsR and VpsT, the transcriptional activators of biofilm forma-
tion. cAMP induces expression of VpsR but inhibits expression of VpsT. High
cell density induces the quorum-sensing regulator HapR, which represses ex-
pression of VpsT and possibly VpsR (see the text for references).

gene expression that result in cessation of growth and induction of
specific stress responses (63). Many bacteria have only one regu-
lator of (p)ppGpp concentration, Rel. Rel can phosphorylate GDP
or GTP to produce (p)ppGpp and can hydrolyze (p)ppGpp back
to GDP or GTP to allow growth after nutrient restrictions are
alleviated. The beta- and gammaproteobacteria have two
(p)ppGpp synthases, RelA and SpoT, but only SpoT can hydrolyze
(p)ppGpp (Fig. 1A) (63). Although these proteins have extensive
homology, RelA contains a defective hydrolase domain. V. chol-
erae has a third (p)ppGpp synthase, RelV, which is smaller than
RelA and SpoT and has homology to other small (p)ppGpp syn-
thases in distantly related organisms such as Streptococcus mutans
and Bacillus subtilis (14, 15, 43, 60). RelV has synthase activity, but
not hydrolase activity, and while relV homologs are present in
other Vibrio species and closely related organisms, relV does not
appear to be very well conserved in the gammaproteobacteria. An
increase in intracellular (p)ppGpp affects the affinity of RNA
polymerase for certain promoters and sigma factors. When un-
charged tRNAs enter the A site of the ribosome, RelA synthase is
activated and generates (p)ppGpp from GDP/GTP (29). In Esch-
erichia coli,low carbon, nitrogen, phosphate, or iron induces SpoT
synthase activity (59, 76, 80, 81). In addition, defects in fatty acid
metabolism induce the SpoT synthase (71). The small, RelV-like
(p)ppGpp synthases have been discovered only recently; thus, not
much is known about their regulation or activity. It has been re-
ported that, in V. cholerae, RelV is induced by low carbon and
membrane stress (15). Two different groups have examined the
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role of relA in V. cholerae pathogenesis (28, 74). One study found
that relA mutants were defective in production of CT and TCP and
in colonization of suckling mice (28). The second study found that
relA mutants had no effect on colonization of suckling mice or on
production of CT and TCP (74). Neither group examined effects
of spoT or relV on these processes, and examination of the full
stringent response regulatory pathway may be necessary to resolve
the differences seen in those studies.

Stringent response has been shown to regulate biofilm forma-
tion in E. coli and S. mutans (1, 9, 42). In addition, it has been
found to be involved in the regulation of many bacterial virulence
factors (13). From this, we hypothesized that the stringent re-
sponse may have a role in regulating V. cholerae biofilm forma-
tion, particularly when V. cholerae is forming biofilms in aquatic
environments, where there may be low nutrient availability (34).
In order to test our hypothesis, we constructed relA, relV, relA
spoT, relA relV, and relA spoT relV mutants to characterize the
effects of (p)ppGpp on biofilm formation. We found that there
were defects in biofilm formation in strains lacking (p)ppGpp
synthases. We also found that while RelA was the sole (p)ppGpp
synthase necessary for activation of vpsT, all three synthases acti-
vated vpsR, with RelV having the largest role, suggesting that dif-
ferent environmental stresses have different effects on biofilm for-
mation. Furthermore, we found that (p)ppGpp regulation of vpsR
and vpsT occurred through rpoS, the stationary-phase sigma fac-
tor. We also investigated the interaction between stringent re-
sponse and quorum sensing and found that (p)ppGpp and HapR
act on biofilm gene expression in opposing manners.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All strains and plasmids used in
this study are listed in Table 1. All experiments were performed in LB
medium, and antibiotics were used in the following concentrations: for
ampicillin, 50 wg/ml; for streptomycin, 100 wg/ml; for kanamycin, 50
pg/ml; and for chloramphenicol, 1 pg/ml. DH5aApir and SM10\pir were
used for subcloning and strain construction (55). V. cholerae was propa-
gated at 37°C in LB medium unless otherwise noted. Construction of relA
and spoT in-frame deletions was described previously (66). Strains con-
taining in-frame relV deletions were constructed by generating relV up-
stream and downstream regions by the use of PCR. All primers are listed
in Table 2. The upstream fragment was digested with BamHI and Spel and
the downstream fragment was digested with Spel and Notl, and they were
ligated into sacB-containing suicide vector pWMO1 (52), yielding pHH4.
The pHH4 vector was mated to the appropriate V. cholerae strain, and
sacB counterselection was used to create in-frame deletions. Strains con-
taining in-frame hapR deletions were constructed by generating hapR
upstream and downstream regions by the use of PCR and the primers
listed in Table 2. The upstream fragment was digested with Xhol and Spel
and the downstream fragment was digested with Spel and Notl, and they
were ligated into sacB-containing suicide vector pWM91, yielding
pDR330. The pDR330 vector was mated to the appropriate V. cholerae
strains, and sacB counterselection was used to create hapR in-frame dele-
tions. Plasmids pDR321, pDR322, and pHH17 were derivatives of
pBAD33, pBAD18-kan, and pBAD24, respectively (25). A promoterless
lacZ gene and a 5" multicloning sequence were introduced into the plas-
mids by digesting plasmid pHT304-18Z (2) with Kpnl and HindIII and
ligated into these sites in pBAD33, yielding pHH7, or with EcoRI and PstI
and inserted into pBAD18-kan, yielding pHHS6, or with EcoRI and Hin-
dIII and ligated into pBAD24, yielding pDR323. The vpsT and vpsR pro-
moters were amplified by PCR from genomic DNA template from V.
cholerae El Tor strain N16961Sm. For vpsT, PCR was used to incorporate
HindIII and PstI sites on the 5" and 3" ends, respectively. The PCR product
was digested by HindIII and PstI and ligated into the corresponding sites
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TABLE 1 Strains and plasmids

TABLE 2 Oligonucleotide sequences

Reference
Strain or plasmid ~ Genotype or feature(s)? or source
Strains
N16961Sm WT O1 El Tor (St") 22
DR200 N16961Sm ArelA 66
N16961relAspoT N16961Sm ArelA AspoT 66
HH4 N16961Sm ArelV This work
HH5 N16961Sm ArelA ArelV This work
HH6 N16961Sm ArelA AspoT ArelV This work
DR234 N16961Sm ArelA AspoT ArelV AlacZ This work
DR235 N16961Sm ArelA AspoT AlacZ This work
DR236 N16961Sm ArelV AlacZ This work
DR237 N16961Sm ArelA ArelV AlacZ This work
DR238 N16961Sm ArelA AlacZ This work
DR247 N16961Sm ArpoS AlacZ This work
DR248 N16961Sm ArelA AspoT ArelV ArpoS AlacZ This work
DR258 N16961Sm AlacZ This work
C6706 WT O1 El Tor (St) 78
HH9 C6706 ArelA AspoT ArelV This work
HH33 C6706 AlacZ This work
DR253 C6706 AhapR This work
DR254 C6706 ArelA AspoT ArelV AhapR This work
DR233 C6706 ArelA AspoT ArelV AlacZ This work
DR256 C6706 AhapR AlacZ This work
DR257 C6706 ArelA AspoT ArelV AhapR AlacZ This work
Plasmids
pDR321 P, rlacZ This work
pDR322 P, rlacZ This work
pDR330 hapR knockout vector This work
pDR345 PyapiirelA This work
pHH4 relV knockout vector This work
pHHI17 P osilacZ This work

@ St, streptomycin resistant; WT, wild type.

in pHH7 to produce pDR321 [P, .;::lacZ]. The vpsR promoter was am-
plified by PCR to incorporate Pstl and Xbal sites on the 5" and 3" ends,
respectively. The PCR product was digested by Pstl and Xbal and ligated
into the corresponding sites in pHH6 to produce pDR322 [P, ::lacZ].
The rpoS promoter was amplified by PCR, and HindIII and Xbal sites
were incorporated on the 5" and 3" ends, respectively. The PCR product
was digested by HindIII and Xbal and ligated into the corresponding sites
in pDR323, producing pHH17 [P, s::lacZ]. Plasmid pDR332 is a deriva-
tive of pDSW208 (84). The relA gene was amplified by PCR using a
genomic DNA template from V. cholerae El Tor strain N16961Sm to in-
corporate EcoRI and Kpnl sites on the 5" and 3 ends, respectively. The
PCR product was digested with EcoRI and Kpnl and ligated into the
corresponding sites in pBAD24 to produce pDR345 [P, ,::relA].

In order to generate growth curves, an overnight culture was subcul-
tured at a 1/100 dilution in LB medium and grown at 37°C with shaking.
Agoo Was measured every 30 min. A representative example is presented.

Determination of (p)ppGpp synthesis. We measured (p)ppGpp as
previously described with slight modification (66). To observe (p)ppGpp
concentrations in actively growing cultures, we diluted an overnight cul-
ture into fresh LB medium supplemented with [**P]orthophosphate (Per-
kin-Elmer) (100 wCi/ml), incubated the cultures at 37°C with shaking,
and prepared cell extracts once the cultures reached mid-logarithmic-
phase growth (A4y, ~ 0.4). The cultures were extracted with formic acid
on ice. After three freeze/thaw cycles, we removed cell debris by centrifu-
gation. Supernatants were spotted on polyethyleneimine cellulose F thin-
layer chromatography (TLC) plates. The plates were developed in 1.5 M
KH,PO, (pH 3.5) buffer and visualized by autoradiography. For biofilm
cultures, we prepared a 1:10 dilution of overnight cultures with fresh LB
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Primer name Sequence”

TGCGGCCGCCACTGTCATGCTGATTCGCCA
CACTAGTCACTCTCCTTAGCTTGCGCTG
TACTAGTTGAGCAGATCCAAACCATTGA
AGGATCCATCGTGATAATCTGGAACTGA
ACTCGAGCAACATCTCGACCAAAACGTT
AGAACTAGTTTCTTGGGCAGCACAAAG
ACACTAGTAGGGGTATATCCTTGCCAATT
GTGCGGCCGCACCCAATTCACTTCAACGTCC
TACCTGCAGTGAACGATGCTGAAGACCAAG
TATCTAGAGGTACTGAATCCATACGGAAT
TGTAAGCTTTTTCTGATTCATTGCGCTATC
CGACTGCAGCTCCTAACACATCAAGGCTAA
GCAAGCTTTCTGATCAGTTACAACGATCT
TATCTAGAAGCGGCCTCCCCCTGGCAACT
GAGAATTCATGGTTGCGGTACGAAGCGCA
TCGGTACCTTAACCTAAGCGTTTGACCAA
TCAAAGTCTCTGAGCGTAACGGCA
TACCAGTGTACCGGCATTGGTGAT

relV upstream 5’
relV upstream 3’
relV downstream 5’
relV downstream 3’
hapR upstream 5’
hapR upstream 3’
hapR downstream 5’
hapR downstream 3’
vpsR promoter 5’
vpsR promoter 3’
ypsT promoter 5’
vpsT promoter 3’
rpoS promoter 5’
rpoS promoter 3’
relA’5'

relA 3’

gyrA forward

gyrA reverse

vpsR forward TGGCGAAAGTGGTACTGGGAAAGA
vpsR reverse CCAAGACCAAACAGCTCGCTTTCA
vpsT forward ACCTCTTTCGCATCAGGACAACTG
vpsT reverse CCTTTGGCGCTGGAAATTACACCA
vpsA forward TCACGCAGTACCACTTTGCACCTA
vpsA reverse GCCAACAACGCATCAATCACCGTA
vpsL forward AAAGGCGATCCACGAGTTACACGA

ATGGTGCGATATTGCTCGTTGTGC

“ Underlined sequences indicate restriction sites.

vpsL reverse

medium containing [*?P]orthophosphate with static incubation at 37°C.
Extracts were prepared and visualized using the same protocol as that used
with the actively growing cultures.

Biofilm assays. Biofilm assays were performed using the method of
O’Toole and Kolter (62). Overnight cultures were inoculated at a 1:100
dilution into 1 ml of LB medium using borosilicate glass tubes (10 by 75
mm) or into 100 wl of LB medium in two duplicate 96-well plates. Biofilm
formation was encouraged by incubating stationary cultures at 37°C for
30 h. The cultures were removed, and the tubes were rinsed in 1 X phos-
phate-buffered saline and filled with crystal violet stain. After 10 min, the
stain was removed and the tubes were rinsed. The biofilm was resus-
pended with dimethyl sulfoxide (DMSO), and the A, of the DMSO-
crystal violet suspension was measured. Experiments were performed in
triplicate in at least three separate trials, and the results of a typical assay
are shown. For biofilm assays using strains N16961/pBAD24 and
N16961Sm/pDR345, 0.025% arabinose was added at the time of inocula-
tion. In order to eliminate bias from growth defect data (see Fig. 3), we did
the biofilm assays in duplicate 96-well plates. After the 30-h incubation,
one 96-well plate was used to determine cell density, and the biofilms were
resuspended and the Ay, was measured. The other plate was used for
crystal violet staining. The ratio of A,,/A4,, was used to normalize mea-
surement of biofilm formation to bacterial growth. Statistical analyses
were performed using GraphPad Prism 4 software.

[3-Galactosidase assays. 3-Galactosidase assays were performed using
a modified version of the method of Miller (24, 53). To examine gene
expression in stationary phase, overnight cultures of strains were subcul-
tured in LB medium, and A, was measured. Assays were performed in
96-well culture plates with 75 .l of culture. Cultures and Z buffer (60 mM
Na,HPO,, 40 mM NaH,PO,,10 mM KCl, 1 mM MgSO,, 50 mM (3-mer-
captoethanol) were mixed at a ratio of 1:1. Cells were permeabilized with
0.1% sodium dodecyl sulfate (SDS) and 15 pl of chloroform. A 20-pl
volume of ONPG (2-nitrophenyl-B-p-galactopyranoside) (4 mg/ml) was
added to each well and mixed to initiate the reaction. Reactions were
stopped with the addition of 75 pl of 1 M Na,CO;. Absorbance was
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measured at A, and A . B-Galactosidase activity was determined as an
average of data determined with three cultures and was calculated by the
following formula: activity = 1,000 X [A,,,/(Age X time X volume)].
Experiments were performed at least three times, and figures shown are
from a representative experiment.

RNA isolation and qRT-PCR. Total RNA was isolated from V. chol-
erae strains grown to mid-logarithmic phase in LB broth for analysis of
vpsR and vpsT expression. Total RNA was isolated from V. cholerae strains
in LB broth in the stationary phase for analysis of vpsA and vpsL expres-
sion. Where described, cultures were treated with 10 mM serine hydrox-
amate for 10 min before RNA was isolated. The RNeasy kit (Qiagen) was
used to isolate RNA, and the samples were treated with DNA-free DNase
(Ambion) to remove DNA. The RNA samples were analyzed using quan-
titative real-time reverse transcription-PCR (qRT-PCR) and a SensiMix
SYBR One-Step kit (Bioline) with SYBR green. Primers used in the reac-
tion were the gyrA, vpsR, vpsT, vpsA, and vpsL forward and reverse oligo-
nucleotides (listed in Table 2). Relative expression values were calculated
as 2~ A(CT target = CT reference) \whare CT is the fractional threshold cycle.
The gyrA gene was used as the reference to normalize expression values.
Two technical replicates from each of three experimental replicate
experiments were used for each strain and each set of conditions.
Reaction mixtures lacking RNA were used as negative controls for each
set of primers.

RESULTS

Growth conditions affect (p)ppGpp levels. We constructed relA,
relV, relA relV, relA spoT, and relA spoT relV mutants to determine
their roles in regulating (p)ppGpp concentration. We were unable
to test a spoT single mutant or a spoT relV double mutant, because
SpoT (p)ppGpp hydrolysis is required while relA is present (86).
We visualized nucleotides present in each mutant strain in loga-
rithmically growing cultures and biofilm cultures (Fig. 2). We
observed that the wild-type strain and the relA spoT mutant pro-
duced the most (p)ppGpp (Fig. 2A). Presumably, the high
(p)ppGpp levels were due to the wild-type strain having all three
(p)ppGpp synthases whereas the relA spoT strain lacked the
SpoT (p)ppGpp hydrolase but still contained the RelV synthase,
making it unable to hydrolyze any (p)ppGpp synthesized by RelV.
There was less (p)ppGpp in the relA mutant, there were very low
detectable levels in the relA relV mutant, and there was almost no
detectable (p)ppGpp in the relA spoT relV mutant. The biofilm
cultures showed (p)ppGpp levels (Fig. 2B) similar to those of the
logarithmically grown cultures (Fig. 2A), with the exception of the
relA mutant, where the biofilm showed less (p)ppGpp than was
seen in the logarithmically grown culture. Interestingly, the other
noticeable difference between the biofilm cultures and actively
growing cultures was the ratio of ppGpp to pppGpp (Fig. 2A and
B). Biofilm cultures had a high ppGpp/pppGpp ratio, and actively
growing cultures had a lower ppGpp/pppGpp ratio. It has been
reported that ppGpp is more capable of stringent response induc-
tion than pppGpp (63), suggesting that in our biofilm cultures, the
stress response-inducing ppGpp form is present, while in the ac-
tively growing cultures, the less active pppGpp form is present.
This also suggests that there may be additional regulation of strin-
gent response: in addition to the activity of the RelA and RelV
synthases, there may be regulation of pppGpp conversion to
ppGpp. We performed growth curve analyses on the mutant
strains to determine the effects of the (p)ppGpp synthase muta-
tions on growth (Fig. 2C). All the mutants grew at approximately
the same rate as the wild type, except for the relA spoT mutant. The
relA spoT mutant had a (p)ppGpp synthase (RelV) but no hydro-
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N16961 and in-frame deletions of the indicated genes were used. Each culture
was grown in LB medium incubated with [**P]orthophosphate. TLC was per-
formed on culture extracts to identify nucleotides. (C) Growth curves of the
N16961 wild type (WT) and the (p)ppGpp synthase mutants.

0
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lase. As shown in Fig. 2B, this strain produced a considerable
amount of (p)ppGpp, likely causing the growth defect.

Stringent response mutants are deficient in biofilm forma-
tion. We tested whether stringent response played a role in biofilm
formation by examining the effects of our single, double, and tri-
ple mutations of the (p)ppGpp synthases on biofilm formation in
the naturally occurring hapR-frameshift N16961 strain. In order
to control for growth defects in the relA spoT strain (Fig. 2C), we
used the ratio of biofilm formation (As,,) to culture density (Ag0)
in the biofilm assays (Fig. 3A and B) (38, 74, 91). The relA spoT
growth defect in biofilm cultures was less severe than in logarith-
mic-growth-phase cultures, with the relA spoT mutant showing an
approximately 30% lower A, for both the N16961 and C6706
strain backgrounds (Fig. 2C and data not shown [but included in
calculations performed to produce the data shown in Fig. 3A and
B]). We found that the relA spoT relV triple mutant showed a
significant decrease in the production of biofilm compared to the
wild-type strain (Fig. 3A). While the relA spoT double mutant
showed very little biofilm formation, as observed by crystal violet
staining (Fig. 3A, fourth tube), this strain produced high levels of
(p)ppGpp, inhibiting cell growth, due to lack of SpoT hydrolase
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FIG 3 Stringent response regulates biofilm formation. Biofilm assays were
performed in both N16961 and C6706 backgrounds to test involvement of the
relA, spoT, and relV gene products in biofilm formation. (A) N16961-derived
strains. (B) C6706-derived strains. (C) Overexpression of RelA induces biofilm
formation. An N16961 strain containing the relA fusion gene under the control
of the Py, ,, promoter was incubated with 0.025% arabinose to induce expres-
sion of relA. (A and B) Biofilm formation was normalized to cell growth by
calculating the ratio of As,o/Ag, (crystal violet staining to culture density).
Data were analyzed using one-way analysis of variance (ANOVA) and Tukey’s
multiple comparison test. For panel A, the asterisk indicates a significant (P <
0.01) difference compared to the wild type. In addition, there were significant
differences for relA versus relA spoT and relV versus relA relV (P < 0.05), relA
relVversus relA spoT relV (P < 0.01), and relA versus relA relV, relA versus relA
spoT relV, relV versus relA spoT relV, and relA relV versus relA spoT relV (P <
0.001). For panel B, the asterisk indicates a significant (P < 0.01) difference
compared to every value indicated without an asterisk. For panel C, the asterisk
indicates a significant (P < 0.01) difference compared to uninduced cultures.

activity (Fig. 2B). When biofilm formation was integrated with
total cell growth, there was no observable defect in biofilm forma-
tion in the relA spoT strain (Fig. 3A). Interestingly, while there
appeared to be a complete loss of biofilm in the relA spoT relV
mutant (Fig. 3A, sixth tube) in the crystal violet-stained culture
tubes, there was still measurable biofilm according to the optical
density data. The dominant crystal violet staining of the glass
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isks indicate a significant (P < 0.05) difference.

tubes was from the pellicle, suggesting the possibility that the
stringent response may have specific effects on production of the
pellicle of the biofilm.

As quorum sensing is also involved in regulating biofilm for-
mation and N16961 does not produce HapR, we tested whether
the stringent response affects biofilm formation in hapR-positive
(hapR™) strain C6706 (93). In this background, we found that the
relA spoT relV triple mutant showed a significant defect in biofilm
formation (Fig. 3B). Just as in the N16961 strain (Fig. 3A), we
observed a defect in biofilm formation in the relA spoT double
mutant that was attributable to defects in cell growth, with no
significant loss when taking growth into account (Fig. 3B). There
was a decrease in crystal violet staining (Fig. 3B, fourth tube),
indicating less biofilm, but also a decrease in cell growth due to a
lack of SpoT hydrolase, so that when biofilm formation was nor-
malized to cell growth, there was no significant defect in biofilm
formation (Fig. 3B). While the relA spoT relV mutants in both the
N16961 and C6706 backgrounds still produced biofilm, the mu-
tants produced 30% less in the N16961 background (Fig. 3A) and
40% less in the C6706 background (Fig. 3B), indicating that the
stringent response played a role in this process. To determine
whether the decrease in biofilm formation was due to decreased
expression of the vps genes, we compared vpsA and vpsL expres-
sion in wild-type and relA spoT relV mutants. Both vpsA expres-
sion and vpsL expression were significantly lower in the stringent
response mutants (Fig. 4A and B), further supporting a role in
stringent response regulation of biofilm.

The decrease in biofilm formation in (p)ppGpp-deficient
strains suggested that increasing the (p)ppGpp concentration
would result in a concomitant increase in biofilm production.
Overexpression of RelA increases intracellular concentrations of
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panels C and D, data were analyzed using a one-tailed Student’s ¢ test. Asterisks
indicate a significant difference between the mock-treated and serine hydrox-
amate-treated cultures (P < 0.05).

(p)ppGpp but allows some bacterial growth (70). We used the V.
cholerae N16961 strain containing a plasmid expressing relA un-
der the control of the arabinose-inducible Py, promoter and
compared induced and uninduced cultures. We found that over-
expression of relA increased biofilm formation (Fig. 3C). Taken
together, the data show that deletion of the (p)ppGpp synthases
led to a decrease in biofilm and that overexpression of relA led to
an increase in biofilm, indicating a role for the stringent response
in the regulation of biofilm production.

Stringent response regulates vpsR and vpsT expression. As
(p)ppGpp synthase mutants generated biofilms that were less ro-
bust than wild-type strains, we tested whether the stringent re-
sponse affected expression of the vpsR and vpsT genes, which en-
code the transcriptional activators of the V. cholerae vps operons.
We constructed vpsR-lacZ and vpsT-lacZ promoter fusions to test
for transcription of these genes by measuring (3-galactosidase ac-
tivity. We tested the effects of our mutations on vpsR and vpsT
transcription in stationary-phase cultures. Wild-type V. cholerae
produced robust expression of the vpsR promoter (Fig. 5A). Both
relA and relV mutants showed decreased expression of vpsR.
While we were unable to test spoT activity individually, the relA
spoT double mutant showed significantly lower vpsR expression
than the relA mutant and the relA spoT relV mutant showed sig-
nificantly lower vpsR expression than the relA relV mutant, indi-
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cating that spoT has a role in regulating vpsR. The relA relV double
mutant showed a larger decrease in vpsR expression than either of
the single mutants, while the triple mutant (relA spoT relV) strain
had very little vpsR expression. These results indicate that all three
(p)ppGpp synthases are important for vpsR expression, with RelV
having the largest impact. Interestingly, vpsT regulation was dif-
ferent from vpsR regulation (Fig. 5A and B). Only relA appeared to
have any significant effect on vpsT expression. No differences in
vpsT expression were shown by a relA single mutant or relA spoT
or relA relV double mutants. This indicates that relA was the most
significant regulator of vpsT. Interestingly, the relA spoT mutant
had decreased expression of vpsR and vpsT (Fig. 5A and B) but no
biofilm formation defect (Fig. 3A and B). If expression of the
regulators had decreased, a concomitant decrease in biofilm
would be expected. It is possible that the normal biofilm pheno-
type displayed by the relA spoT mutant is due to a combination of
lowered biofilm gene expression with slower growth. The relA
spoT mutant has slightly reduced vpsR expression compared to the
wild type and much less vpsT expression (Fig. 5A and B). VpsR is
astronger inducer of biofilm formation than VpsT, so there is still
some expression of biofilm in vpsT mutants (5). In combination
with the lowered expression, there is slower growth, so it is possi-
ble that there is as much biofilm material produced per cell by the
mutant as by the wild type.

Deletion of (p)ppGpp synthases led to loss of the ability to
form biofilm and a decrease in expression of vpsR and vpsT, so we
tested whether induction of the stringent response increased vpsR
and vpsT transcription. We treated cultures with serine hydrox-
amate, an amino acid analog that inhibits protein translation, to
induce stringent response, and then compared vpsR and vpsT ex-
pression in the serine hydroxamate-treated cultures to expression
in mock-treated cultures by the use of quantitative real-time PCR.
We found that vpsR expression increased 2.5-fold and vpsT ex-
pression increased 4-fold in the stringent response-induced cul-
tures (Fig. 5C and D). We performed the same experiment on the
relA spoT relV strain and found that serine hydroxamate treatment
had a much milder effect, with a small increase in vpsR expression
and no statistically significant increase in vpsT expression (Fig. 5C
and D). This suggests that the increase in vpsR and vpsT expression
was specifically due to increased levels of (p)ppGpp. While there
was a statistically significant increase in vpsR expression even in
the absence of (p)ppGpp (Fig. 5C), this may have been due to
broad effects of the presence of serine hydroxamate. Serine hy-
droxamate-induced disruption of translation may impact pro-
cesses other than the stringent response, leading to induction of
other regulatory pathways that induce vpsR. That vpsR induction
was lower in the (p)ppGpp-null cells than in the wild-type strain
suggests a specific role for (p)ppGpp in vpsR regulation.

These results were obtained from stationary-phase cultures but
not from actual biofilms. We attempted to analyze gene expres-
sion in biofilms by the use of both 3-galactosidase assays and
qRT-PCR. When we repeated the (-galactosidase assays using
biofilm cultures rather than stationary-phase cultures, there was
no production of B-galactosidase when using any construct.
When we attempted to measure gene expression in biofilm cul-
tures by the use of qRT-PCR, we were unable to acquire quality
RNA from biofilm cultures. So these results must be interpreted in
the context of cultures that were not biofilms but were instead
cultures that had reached the stationary phase and were transi-
tioning to form biofilms. However, the data we present using sta-
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tionary-phase bacteria are important for understanding how bio-
film formation occurs, because the initial gene regulation that
brings about biofilm formation occurs in bacteria that are plank-
tonic.

Stringent response regulation of biofilm is partially depen-
dent on rpoS. Increased (p)ppGpp synthesis allows bacteria to
adapt to the stationary phase quickly and induce additional stress
responses. rpoS encodes ¢, the stationary-phase o factor, which is
induced by (p)ppGpp in E. coli (23). We tested the effects of strin-
gent response on rpoS expression in V. cholerae. We constructed
an rpoS-lacZ promoter fusion to test rpoS activation in the differ-
ent (p)ppGpp synthase mutant backgrounds. All mutants showed
some decrease in rpoS expression, indicating that (p)ppGpp is
important for rpoS expression in V. cholerae (Fig. 6A). RelA had
the largest effect on rpoS expression, with the relA single mutant
and relA relV double mutant producing the lowest levels of rpoS
expression (Fig. 6A). These results suggest that RelA had a signif-
icant role in rpoS expression. The relA strain produced higher rpoS
expression than the relA spoT strain, indicating that it is possible
that the SpoT activity was operating in opposition to that of RelA
and RelV, possibly due to its (p)ppGpp hydrolase activity (Fig.
6A). In the RelA-expressing strains, there was strong rpoS expres-
sion (Fig. 6A). In a relA spoT double mutant, there was moderate
rpoS expression (Fig. 6A), presumably due to the presence of
RelV-produced (p)ppGpp (Fig. 2). While the relA spoT relV triple
mutant showed higher rpoS expression than the relA or relA relV
mutants, the difference was not statistically significant.

We then tested whether loss of o® would affect expression of
ypsR and vpsT. We tested vpsR and vpsT expression in rpoS mu-
tants and in stringent response-defective (relA spoT relV) rpoS
mutants. The rpoS mutant showed a decrease in vpsR expression
compared to the wild type but not as much of a decrease as the relA
spoT relV mutant (Fig. 6B). This indicated that, although the strin-
gent response affected vpsR expression through ¢*, it also acted on
vpsR via a non-c° mechanism. In the relA spoT relV rpoS mutant,
there was a further decrease in vpsR expression beyond what was
seen in the rpoS mutant, although the decrease was not as low as
that seen in the relA spoT relV mutant (Fig. 6B). This suggested
that the stringent response was necessary for vpsR expression
and that this was partially mediated through stringent response
induction of rpoS. The rpoS mutation produced a decrease similar
to that seen with expression of vpsT (Fig. 6C). Expression of vpsT
in the relA spoT relV rpoS mutant was not much different from
expression in the relA spoT relV strain, further differentiating vpsT
regulation from vpsR regulation (Fig. 6B and C). These results
suggested that (p)ppGpp regulated both vpsR and vpsT through
induction of rpoS. However, rpoS is not the only factor necessary;
for stringent response regulation of vpsR, additional factors must
be involved.

Stringent response is necessary for positive regulation of bio-
film formation. Quorum sensing in V. cholerae is mediated
through the transcriptional regulator HapR. To test the various
contributions of (p)ppGpp and hapR to biofilm formation, we
used hapR™ strain C6706 (Fig. 7). We compared the abilities of the
C6706 wild type, a hapR mutant, the stringent response-defective
mutant (relA spoT relV), and a combined relA spoT relV hapR
mutant to form biofilms. We found that hapR mutants produced
more biofilm than wild-type cultures, supporting studies that
have shown that HapR is a repressor of biofilm formation (Fig.
7A) (27, 83, 88, 93). The relA spoT relV mutant had less biofilm
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FIG 6 Stringent response regulation of rpoS affects vpsR and vpsT expression.
Promoter fusions of rpoS, vpsR, and vpsT and B-galactosidase assays were used
to measure gene expression in wild-type N16961-derived cells and the indi-
cated mutant strains. (A) rpoS expression. (B) vpsR expression. (C) vpsT ex-
pression. Data were analyzed using one-way ANOVA and Bonferroni’s mul-
tiple comparison test. For panel A, asterisks indicate a significant difference
compared to the wild type (P < 0.01). In addition, there were significant
differences for relA versus relV, relA versus relA spoT, relV versus relA relV, and
relV versus relA spoT relV (P < 0.001). For panel B, asterisks indicate a signif-
icant difference compared to all others (P < 0.01 for all [except P < 0.05 for
rpoSversus relA spoT relV rpoS]). In addition, there were significant differences
for rpoS versus relA spoT relV rpoS (P < 0.05), relA spoT relV versus relA spoT
relV rpoS (P < 0.01), and relA spoT relV versus rpoS (P < 0.001). (C) Asterisks
indicate a significant difference compared to the wild type (P < 0.001).

than the wild type (Fig. 7A), as it did in the experiment whose
results are shown in Fig. 3B. The relA spoT relV hapR mutant
produced more biofilm than the stringent response-defective
hapR™ strain (Fig. 7A), indicating that the stringent response and
HapR worked in opposite manners. HapR repressed biofilm for-
mation, and the hapR mutants increased biofilm formation, even
in a stringent response-defective strain. This suggested that while
HapR repressed biofilm, the stringent response and other factors
were still necessary to induce expression of the biofilm genes. Even
in a relA spoT relV mutant, there are factors that can induce the
production of biofilm (c-di-GMP, cAMP, and other factors), but
the effectiveness of these factors may depend on the V. cholerae
population density, which in turn regulates HapR activity.
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Due to the differential effects of HapR and stringent response
on production of biofilm, we investigated the effect of these regu-
lators on vpsR and vpsT expression. Both vpsR and vpsT were
expressed at higher levels in the hapR mutant, confirming that
HapR is a repressor of vpsR and vpsT (Fig. 7B and C). We also
found that, while HapR repressed some biofilm formation, as seen
by comparing the wild-type and hapR strains (Fig. 7A), without
the stringent response there was very little expression of either
vpsR or vpsT even in hapR deletion strains. This confirmed that
removing HapR repression was not enough for maximal biofilm
production. We also tested the effects of combining the relA spoT
relV mutations with hapR. A relA spoT relV hapR mutant showed
very little expression of vpsR, which was expected due to loss of
both positive and negative regulators of vpsR (Fig. 7B). Interest-
ingly, vpsT showed an increase in expression in relA spoT relV
hapR cells (Fig. 7C). It is known that c¢-di-GMP induces vpsT
expression, which may explain the increase in the absence of the
stringent response, and perhaps other factors are involved as well
(83).
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DISCUSSION

Interpreting and responding to environmental signals is crucial
for survival of pathogenic bacteria both within and outside the
host. V. cholerae forms biofilms in aquatic reservoirs in order to
allow the organism to conserve resources and promote environ-
mental survival and to assist the bacteria during their passage
through the high-acid environment of the stomach (56, 68, 89,
92). A number of regulatory systems, environmental factors, and
intracellular molecules affect biofilm formation, including quo-
rum sensing, ¢-di-GMP, cAMP-CRP, phosphate, salinity, cal-
cium, indole, nucleosides, and environmental sugar (7, 8, 26, 30,
31, 45-48, 50, 57, 65, 73, 77, 79, 93). In the work presented here,
stringent response was shown to play a role in biofilm formation
in V. cholerae. While biofilm formation was able to occur absent
stringent response, stringent response was necessary for full pro-
duction of biofilm and for full production of the transcriptional
activators VpsR and VpsT (Fig. 3 and 5).

V. cholerae has three (p)ppGpp synthases, RelA, SpoT, and
RelV, and these synthases have differing effects on biofilm forma-
tion. RelV is the (p)ppGpp synthase that most affects vpsR expres-
sion, while RelA is the most important for vpsT expression, sug-
gesting that the different (p) ppGpp synthases have distinct roles in
biofilm formation. However, removing any single (p)ppGpp syn-
thase did not significantly impair biofilm production; it was only
in relA spoT relV mutants that biofilm formation was affected.
RelA is the strongest V. cholerae (p)ppGpp synthase (Fig. 2) and
can induce expression of both VpsR and VpsT. RelV is a weaker
synthase than RelA but is able to induce expression of VpsR. In a
vpsT mutant, biofilm genes are still expressed, suggesting that relA
mutants should be able to form biofilm even though vpsT is not
induced (5). This study showed that the stringent response regu-
lated transcription of vpsR and vpsT in distinct manners, some-
times affecting the transcription of one but not the other. Earlier
studies had shown that VpsR can activate vpsT transcription and
vice versa, suggesting that factors that affect expression of one
regulator should affect both (5, 11). Other studies have shown that
quorum sensing and c-di-GMP can affect transcription of either
vpsR or vpsT without affecting transcription of the other, perhaps
due to the timing of regulation, and the stringent response may act
like those other regulators (6, 44, 72, 83).

A previous study showed that relA mutants have normal bio-
film formation, although those researchers did not test the effects
of spoT or relV (74). This is consistent with our results, in that loss
of RelA activity did not have a significant effect on biofilm forma-
tion even though there was some loss of expression of vpsR and
vpsT. How the different synthases produce different effects on
vpsR and vpsT expression is an intriguing issue. The differing ef-
fects may be due to differences in the (p)ppGpp concentration.
There may be a threshold of (p)ppGpp concentration necessary
for vpsT expression such that, if that threshold is reached, vpsT is
expressed. As RelA is the strongest synthase, it may be the only
synthase that achieves the threshold (p)ppGpp concentration re-
quired for vpsT expression. Full vpsR expression may require
higher levels of (p)ppGpp, making the activity of all three syn-
thases necessary. However, this would not adequately explain
RelV-dependent induction of vpsR. Another possibility is that
there is localized production of (p)ppGpp. RelA is thought to
transiently associate with ribosomes and produce (p)ppGpp when
uncharged tRNAs enter the A site of the ribosome (29, 85). Where
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RelV is located in the cell is not known. Perhaps the location of a
(p)ppGpp synthase leads to differences in local (p) ppGpp concen-
trations, affecting promoter activity in a small region of the cell. If
(p)ppGpp generated by RelV is produced closer to the vpsR pro-
moter than that generated by RelA, it could explain why RelV has
a stronger effect on vpsR activity despite RelA being a stronger
(p)ppGpp synthase. The differing effects of RelA and RelV may
allow V. cholerae to coordinate biofilm gene expression with spe-
cific environmental effects, such as the presence of a low-carbon
source that specifically induces RelV (15).

In this study, we demonstrated that the stringent response in-
duced expression of the stationary-phase sigma factor * (rpoS) in
V. cholerae. Each (p)ppGpp synthase has an effect on rpoS expres-
sion (Fig. 6A). Both vpsR expression and vpsT expression are de-
pendent on rpoS (Fig. 6B and C). Expression of vpsT'is completely
dependent on rpoS, while there is still some expression of vpsR in
the rpoS mutant. The results of this study suggest that ¢* is neces-
sary for biofilm formation, which conflicts with two previous
studies that provided evidence that ¢° is a negative regulator of
biofilm (58, 88). It is possible that o°* has a complex role in the
regulation of biofilm. As shown in Fig. 6B, the rpoS mutant had
less vpsR expression than the wild-type strain but more than the
relA spoT relV mutant. However, the relA spoT relV rpoS mutant
strain had an increase in vpsR expression relative to the relA spoT
relV strain. This suggests that ¢° may have different effects on
biofilm formation depending on whether stringent response is
induced or not. In the absence of (p)ppGpp, o° may repress vpsR,
but in the presence of (p)ppGpp it may induce vpsR. These con-
flicting studies used a different V. cholerae strain, A1552, and it is
possible that A1552 either is defective in (p)ppGpp synthesis or
has other regulatory differences from N16961 and C6706 that af-
fect biofilm formation.

Several global regulatory systems coordinate V. cholerae viru-
lence gene expression with environmental conditions (Fig. 1B).
Quorum sensing regulates biofilm, CT, and TCP, with high cell
density inducing biofilm and repressing CT and TCP expression
and low cell density repressing biofilm and inducing CT and TCP
expression (26, 27, 39, 83, 93; reviewed in reference 90). (p)ppGpp
and two other second messengers, c-di-GMP and cAMP (through
its interaction with the cAMP receptor protein [CRP]), also regu-
late expression of these virulence factors (46,47, 54, 65,79, 88, 93).
These three second messengers, as well as quorum sensing, are
likely to be activated at similar times in the V. cholerae life cycle.
Low glucose levels induce adenylyl cyclase expression, and a num-
ber of environmental factors, including phosphate, light, oxygen,
bile, and nutrient starvation, induce c-di-GMP synthesis (35).
Low carbon, nitrogen, and iron levels and phosphate stress induce
stringent response. The composition of nutrients present in
aquatic environments is quite variable. For instance, in North
American waters, assimilable organic carbon levels range from 1
02,000 g liter !, and V. cholerae needs at least 100 g liter ! for
growth (40, 82). It is likely that aquatic environments often pro-
duce low-nutrient stress responses mediated by (p)ppGpp, c-di-
GMP, and cAMP. In the gut, there is a rich nutrient environment,
leading to low expression of the second messengers. Rich nutrient
environments are associated with rapid growth, linking quorum
sensing to rich environments.

Why do so many regulatory systems affect biofilm formation in
V. cholerae? Biofilm may be so important that redundancy is built
into the system, so that the loss of any one regulatory factor does

2970 jb.asm.org

not lead to loss of biofilm. One piece of evidence in favor of the
idea of redundancy is that pandemic V. cholerae strains often have
defects in the quorum sensing system, suggesting that decoupling
cell density from regulation of virulence factors has no harmful
effect on long-term survival of V. cholerae (36). There is also evi-
dence that the multiple regulatory systems provide fine-tuning of
biofilm genes. The data presented here suggest that the stringent
response is only one factor in regulation of biofilm formation and
that there is still production of biofilm in the absence of stringent
response regulators (Fig. 3A and B). There are reports that digua-
nylate cyclases and phosphodiesterases, the factors that synthesize
and degrade c-di-GMP, regulate HapR (5, 48) and that HapR
regulates diguanylate cyclases and phosphodiesterases (26, 83). In
addition, cAMP has been reported to regulate diguanylate cyclases
and phosphodiesterases and HapR (19, 45, 46, 75). The phos-
phate-responsive regulator PhoB also regulates diguanylate cycla-
ses and phosphodiesterases (64). It is possible that the stringent
response regulates some of these factors, and these factors may
even regulate expression of relA, spoT, and relV. Beyond the global
regulatory systems, other factors, such as salinity, calcium, indole,
nucleosides, and environmental sugar, regulate biofilm formation
(8, 30, 31, 57, 73). Understanding how these regulatory systems
interact is necessary to determine how V. cholerae is able to coor-
dinate biofilm formation with environmental conditions.

ACKNOWLEDGMENTS

We thank Randy Olsen, Vincent Tam, and Amy Ma for comments on the
manuscript and Swathi Mall and Ronan Carroll for technical advice and
assistance.

This work was partially funded by a TMHRI Research Scholar Seed
Grant Award to D.M.R.

REFERENCES

1. Aberg A, Shingler V, Balsalobre C. 2006. (p) ppGpp regulates type 1
fimbriation of Escherichia coli by modulating the expression of the site-
specific recombinase FimB. Mol. Microbiol. 60:1520-1533.

2. Agaisse H, Lereclus D. 1994. Structural and functional analysis of the
promoter region involved in full expression of the crylIIIA toxin gene of
Bacillus thuringiensis. Mol. Microbiol. 13:97-107.

3. Alam A, et al. 2005. Hyperinfectivity of human-passaged Vibrio cholerae
can be modeled by growth in the infant mouse. Infect. Immun. 73:6674—
6679.

4. Alam M, et al. 2007. Viable but nonculturable Vibrio cholerae O1 in
biofilms in the aquatic environment and their role in cholera transmis-
sion. Proc. Natl. Acad. Sci. U. S. A. 104:17801-17806.

5. Beyhan S, Bilecen K, Salama SR, Casper-Lindley C, Yildiz FH. 2007.
Regulation of rugosity and biofilm formation in Vibrio cholerae: compar-
ison of VpsT and VpsR regulons and epistasis analysis of vpsT, vpsR, and
hapR. J. Bacteriol. 189:388—402.

6. Beyhan S, Tischler AD, Camilli A, Yildiz FH. 2006. Differences in gene
expression between the classical and El Tor biotypes of Vibrio cholerae
O1. Infect. Immun. 74:3633-3642.

7. Beyhan S, Tischler AD, Camilli A, Yildiz FH. 2006. Transcriptome and
phenotypic responses of Vibrio cholerae to increased cyclic di-GMP level.
J. Bacteriol. 188:3600—-3613.

8. Bilecen K, Yildiz FH. 2009. Identification of a calcium-controlled nega-
tive regulatory system affecting Vibrio cholerae biofilm formation. Envi-
ron. Microbiol. 11:2015-2029.

9. Boehm A, et al. 2009. Second messenger signalling governs Escherichia
coli biofilm induction upon ribosomal stress. Mol. Microbiol. 72:1500—
1516.

10. Butler SM, et al. 2006. Cholera stool bacteria repress chemotaxis to
increase infectivity. Mol. Microbiol. 60:417—426.

11. Casper-Lindley C, Yildiz FH. 2004. VpsT is a transcriptional regulator
required for expression of vps biosynthesis genes and the development of
rugose colonial morphology in Vibrio cholerae O1 El Tor. J. Bacteriol.
186:1574—-1578.

Journal of Bacteriology


http://jb.asm.org

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Colwell RR. 1996. Global climate and infectious disease: the cholera par-
adigm. Science 274:2025-2031.

Dalebroux ZD, Svensson SL, Gaynor EC, Swanson MS. 2010. ppGpp
conjures bacterial virulence. Microbiol. Mol. Biol. Rev. 74:171-199.

Das B, Bhadra RK. 2008. Molecular characterization of vibrio cholerae
DeltarelA DeltaspoT double mutants. Arch. Microbiol. 189:227-238.
Das B, Pal RR, Bag S, Bhadra RK. 2009. Stringent response in Vibrio
cholerae: genetic analysis of spoT gene function and identification of a
novel (p) ppGpp synthetase gene. Mol. Microbiol. 72:380-398.

Faruque SM, Albert MJ, Mekalanos JJ. 1998. Epidemiology, genetics,
and ecology of toxigenic Vibrio cholerae. Microbiol. Mol. Biol. Rev. 62:
1301-1314.

Faruque SM, et al. 2006. Transmissibility of cholera: in vivo-formed
biofilms and their relationship to infectivity and persistence in the envi-
ronment. Proc. Natl. Acad. Sci. U. S. A. 103:6350—6355.

Fong JC, Karplus K, Schoolnik GK, Yildiz FH. 2006. Identification and
characterization of RbmA, a novel protein required for the development
of rugose colony morphology and biofilm structure in Vibrio cholerae. J.
Bacteriol. 188:1049-1059.

Fong JC, Yildiz FH. 2008. Interplay between cyclic AMP-cyclic AMP
receptor protein and cyclic di-GMP signaling in Vibrio cholerae biofilm
formation. J. Bacteriol. 190:6646—6659.

Fong JC, Yildiz FH. 2007. The rbmBCDEF gene cluster modulates devel-
opment of rugose colony morphology and biofilm formation in Vibrio
cholerae. J. Bacteriol. 189:2319-2330.

Freter R, O’Brien PC, Macsai MS. 1981. Role of chemotaxis in the
association of motile bacteria with intestinal mucosa: in vivo studies. In-
fect. Immun. 34:234-240.

Fullner KJ, Mekalanos JJ. 1999. Genetic characterization of a new type
IV-A pilus gene cluster found in both classical and El Tor biotypes of
Vibrio cholerae. Infect. Immun. 67:1393—-1404.

Gentry DR, Hernandez V], Nguyen LH, Jensen DB, Cashel M. 1993.
Synthesis of the stationary-phase sigma factor sigma s is positively regu-
lated by ppGpp. J. Bacteriol. 175:7982-7989.

Griffith KL, and Wolf RE, Jr. 2002. Measuring beta-galactosidase activity
in bacteria: cell growth, permeabilization, and enzyme assays in 96-well
arrays. Biochem. Biophys. Res. Commun. 290:397—402.

Guzman LM, Belin D, Carson MJ, Beckwith J. 1995. Tight regulation,
modulation, and high-level expression by vectors containing the arabi-
nose PBAD promoter. J. Bacteriol. 177:4121-4130.

Hammer BK, Bassler BL. 2009. Distinct sensory pathways in Vibrio
cholerae El Tor and classical biotypes modulate cyclic dimeric GMP levels
to control biofilm formation. J. Bacteriol. 191:169-177.

Hammer BK, Bassler BL. 2003. Quorum sensing controls biofilm forma-
tion in Vibrio cholerae. Mol. Microbiol. 50:101-104.

Haralalka S, Nandi S, Bhadra RK. 2003. Mutation in the relA gene of
Vibrio cholerae affects in vitro and in vivo expression of virulence factors.
J. Bacteriol. 185:4672—4682.

Haseltine WA, Block R. 1973. Synthesis of guanosine tetra- and pent-
aphosphate requires the presence of a codon-specific, uncharged transfer
ribonucleic acid in the acceptor site of ribosomes. Proc. Natl. Acad. Sci.
U.S. A.70:1564—-1568.

Haugo AJ, Watnick PI. 2002. Vibrio cholerae CytR is a repressor of
biofilm development. Mol. Microbiol. 45:471-483.

Houot L, Watnick PI. 2008. A novel role for enzyme I of the Vibrio
cholerae phosphoenolpyruvate phosphotransferase system in regulation
of growth in a biofilm. J. Bacteriol. 190:311-320.

Hung DT, Zhu J, Sturtevant D, Mekalanos JJ. 2006. Bile acids stimulate
biofilm formation in Vibrio cholerae. Mol. Microbiol. 59:193-201.

Hug A, et al. 1983. Ecological relationships between Vibrio cholerae and
planktonic crustacean copepods. Appl. Environ. Microbiol. 45:275-283.
Huq A, Whitehouse CA, Grim CJ, Alam M, Colwell RR. 2008. Biofilms
in water, its role and impact in human disease transmission. Curr. Opin.
Biotechnol. 19:244-247.

Jenal U, Malone J. 2006. Mechanisms of cyclic-di-GMP signaling in
bacteria. Annu. Rev. Genet. 40:385-407.

Joelsson A, Liu Z, Zhu J. 2006. Genetic and phenotypic diversity of
quorum-sensing systems in clinical and environmental isolates of Vibrio
cholerae. Infect. Immun. 74:1141-1147.

Kaper JB, Morris JG, Jr, Levine MM. 1995. Cholera. Clin. Microbiol.
Rev. 8:48-86.

Koerdt A, Godeke J, Berger J, Thormann KM, Albers SV. 2010. Cren-

June 2012 Volume 194 Number 11

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

55.

57.

58.

59.

60.

62.

(p)pPGpp Regulation of Biofilm Formation

archaeal biofilm formation under extreme conditions. PLoS One
5:e14104.

Kovacikova G, Skorupski K. 2002. Regulation of virulence gene expres-
sion in Vibrio cholerae by quorum sensing: HapR functions at the aphA
promoter. Mol. Microbiol. 46:1135-1147.

LeChevallier MW, Schulz W, Lee RG. 1991. Bacterial nutrients in drink-
ing water. Appl. Environ. Microbiol. 57:857-862.

Lee SH, Butler SM, Camilli A. 2001. Selection for in vivo regulators of
bacterial virulence. Proc. Natl. Acad. Sci. U. S. A. 98:6889—6894.

Lemos JA, Brown TA, Jr, Burne RA. 2004. Effects of RelA on key viru-
lence properties of planktonic and biofilm populations of Streptococcus
mutans. Infect. Immun. 72:1431-1440.

Lemos JA, Lin VK, Nascimento MM, Abranches J, Burne RA. 2007.
Three gene products govern (p) ppGpp production by Streptococcus mu-
tans. Mol. Microbiol. 65:1568-1581.

Lenz DH, Miller MB, Zhu J, Kulkarni RV, Bassler BL. 2005. CsrA and
three redundant small RNAs regulate quorum sensing in Vibrio cholerae.
Mol. Microbiol. 58:1186-1202.

Liang W, Pascual-Montano A, Silva AJ, Benitez JA. 2007. The cyclic
AMP receptor protein modulates quorum sensing, motility and multiple
genes that affect intestinal colonization in Vibrio cholerae. Microbiology
153:2964-2975.

Liang W, Silva AJ, Benitez JA. 2007. The cyclic AMP receptor protein
modulates colonial morphology in Vibrio cholerae. Appl. Environ. Mi-
crobiol. 73:7482-7487.

Lim B, Beyhan S, Meir J, Yildiz FH. 2006. Cyclic-diGMP signal trans-
duction systems in Vibrio cholerae: modulation of rugosity and biofilm
formation. Mol. Microbiol. 60:331-348.

Lim B, Beyhan S, Yildiz FH. 2007. Regulation of Vibrio polysaccharide
synthesis and virulence factor production by CdgC, a GGDEF-EAL do-
main protein, in Vibrio cholerae. J. Bacteriol. 189:717-729.

Liu Z, et al. 2008. Mucosal penetration primes Vibrio cholerae for host
colonization by repressing quorum sensing. Proc. Natl. Acad. Sci. U. S. A.
105:9769-9774.

Martinez-Wilson HF, Tamayo R, Tischler AD, Lazinski DW, Camilli A.
2008. The vibrio cholerae hybrid sensor kinase VieS contributes to motil-
ity and biofilm regulation by altering the cyclic diguanylate level. J. Bacte-
riol. 190:6439—6447.

Merrell DS, et al. 2002. Host-induced epidemic spread of the cholera
bacterium. Nature 417:642—645.

Metcalf WW, et al. 1996. Conditionally replicative and conjugative plas-
mids carrying lacZ alpha for cloning, mutagenesis, and allele replacement
in bacteria. Plasmid 35:1-13.

Miller JH. 1972. Experiments in molecular genetics. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY.

. Miller MB, Skorupski K, Lenz DH, Taylor RK, Bassler BL. 2002. Parallel

quorum sensing systems converge to regulate virulence in Vibrio cholerae.
Cell 110:303-314.

Miller VL, Mekalanos JJ. 1988. A novel suicide vector and its use in
construction of insertion mutations: osmoregulation of outer membrane
proteins and virulence determinants in Vibrio cholerae requires toxR. J.
Bacteriol. 170:2575-2583.

. Morris JG, Jr, et al. 1996. Vibrio cholerae O1 can assume a chlorine-

resistant rugose survival form that is virulent for humans. J. Infect. Dis.
174:1364—-1368.

Mueller RS, Beyhan S, Saini SG, Yildiz FH, Bartlett DH. 2009. Indole
acts as an extracellular cue regulating gene expression in Vibrio cholerae. J.
Bacteriol. 191:3504-3516.

Miiller J, Miller MC, Nielsen AT, Schoolnik GK, Spormann AM. 2007.
vpsA- and luxO-independent biofilms of Vibrio cholerae. FEMS Micro-
biol. Lett. 275:199-206.

Murray KD, Bremer H. 1996. Control of spoT-dependent ppGpp syn-
thesis and degradation in Escherichia coli. J. Mol. Biol. 259:41-57.
Nanamiya H, et al. 2008. Identification and functional analysis of novel
(p)ppGpp synthetase genes in Bacillus subtilis. Mol. Microbiol. 67:291—
304.

. Nelson ET, Clements JD, Finkelstein RA. 1976. Vibrio cholerae adher-

ence and colonization in experimental cholera: electron microscopic stud-
ies. Infect. Immun. 14:527-547.

O’Toole GA, Kolter R. 1998. Initiation of biofilm formation in Pseu-
domonas fluorescens WCS365 proceeds via multiple, convergent signal-
ling pathways: a genetic analysis. Mol. Microbiol. 28:449—-461.

jb.asm.org 2971


http://jb.asm.org

He et al.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

2972

Potrykus K, Cashel M. 2008. (p) ppGpp: still magical? Annu. Rev. Mi-
crobiol. 62:35-51.

Pratt JT, McDonough E, Camilli A. 2009. PhoB regulates motility, bio-
films, and cyclic di-GMP in Vibrio cholerae. J. Bacteriol. 191:6632—6642.
Rashid MH, Rajanna C, Ali A, Karaolis DK. 2003. Identification of genes
involved in the switch between the smooth and rugose phenotypes of
Vibrio cholerae. FEMS Microbiol. Lett. 227:113-119.

Raskin DM, Judson N, Mekalanos JJ. 2007. Regulation of the stringent
response is the essential function of the conserved bacterial G protein
CgtA in Vibrio cholerae. Proc. Natl. Acad. Sci. U. S. A. 104:4636—4641.
Reidl J, Klose KE. 2002. Vibrio cholerae and cholera: out of the water and
into the host. FEMS Microbiol. Rev. 26:125-139.

Rice EW, et al. 1992. Chlorine and survival of “rugose” Vibrio cholerae.
Lancet 340:740.

Saha DR, Koley H, Ghosh AN, Nair GB. 1997. Sequential changes in gut
mucosa of rabbits infected with Vibrio cholerae O139 Bengal: an ultra-
structural study. J. Diarrhoeal Dis. Res. 15:59—64.

Schreiber G, et al. 1991. Overexpression of the relA gene in Escherichia
coli. J. Biol. Chem. 266:3760-3767.

Seyfzadeh M, Keener J, Nomura M. 1993. spoT-dependent accumula-
tion of guanosine tetraphosphate in response to fatty acid starvation in
Escherichia coli. Proc. Natl. Acad. Sci. U. S. A. 90:11004-11008.
Shikuma NJ, et al. 2009. Overexpression of VpsS, a hybrid sensor kinase,
enhances biofilm formation in Vibrio cholerae. J. Bacteriol. 191:5147—
5158.

Shikuma NJ, Yildiz FH. 2009. Identification and characterization of
OscR, a transcriptional regulator involved in osmolarity adaptation in
Vibrio cholerae. J. Bacteriol. 191:4082—4096.

Silva AJ, Benitez JA. 2006. A Vibrio cholerae relaxed (relA) mutant
expresses major virulence factors, exhibits biofilm formation and motility,
and colonizes the suckling mouse intestine. J. Bacteriol. 188:794—800.
Silva AJ, Benitez JA. 2004. Transcriptional regulation of Vibrio cholerae
hemagglutinin/protease by the cyclic AMP receptor protein and RpoS. J.
Bacteriol. 186:6374—6382.

Spira B, Silberstein N, Yagil E. 1995. Guanosine 3',5'-bispyrophosphate
(ppGpp) synthesis in cells of Escherichia coli starved for Pi. J. Bacteriol.
177:4053—-4058.

Tamayo R, Schild S, Pratt JT, Camilli A. 2008. Role of cyclic Di-GMP
during el tor biotype Vibrio cholerae infection: characterization of the in
vivo-induced cyclic Di-GMP phosphodiesterase CdpA. Infect. Immun.
76:1617-1627.

Thelin KH, Taylor RK. 1996. Toxin-coregulated pilus, but not mannose-
sensitive hemagglutinin, is required for colonization by Vibrio cholerae
O1 El Tor biotype and O139 strains. Infect. Immun. 64:2853-2856.

jb.asm.org

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Tischler AD, Camilli A. 2004. Cyclic diguanylate (c-di-GMP) regulates
Vibrio cholerae biofilm formation. Mol. Microbiol. 53:857—869.
Villadsen IS, Michelsen O. 1977. Regulation of PRPP and nucleoside tri
and tetraphosphate pools in Escherichia coli under conditions of nitrogen
starvation. J. Bacteriol. 130:136—-143.

Vinella D, Albrecht C, Cashel M, D’Ari R. 2005. Iron limitation induces
SpoT-dependent accumulation of ppGpp in Escherichia coli. Mol. Micro-
biol. 56:958 -970.

Vital M, Fuchslin HP, Hammes F, Egli T. 2007. Growth of Vibrio
cholerae O1 Ogawa Eltor in freshwater. Microbiology 153:1993-2001.
Waters CM, Lu W, Rabinowitz ]JD, Bassler BL. 2008. Quorum sensing
controls biofilm formation in Vibrio cholerae through modulation of cy-
clic di-GMP levels and repression of vpsT. J. Bacteriol. 190:2527-2536.
Weiss DS, Chen JC, Ghigo JM, Boyd D, Beckwith J. 1999. Localization
of FtsI (PBP3) to the septal ring requires its membrane anchor, the Z ring,
FtsA, FtsQ, and FtsL. J. Bacteriol. 181:508 -520.

Wendrich TM, Blaha G, Wilson DN, Marahiel MA, Nierhaus KH. 2002.
Dissection of the mechanism for the stringent factor RelA. Mol. Cell 10:
779-788.

Xiao H, et al. 1991. Residual guanosine 3',5"-bispyrophosphate synthetic
activity of relA null mutants can be eliminated by spoT null mutations. J.
Biol. Chem. 266:5980-5990.

Yildiz FH, Dolganov NA, Schoolnik GK. 2001. VpsR, a member of the
response regulators of the two-component regulatory systems, is required
for expression of vps biosynthesis genes and EPS(ETr)-associated pheno-
types in Vibrio cholerae O1 El Tor. J. Bacteriol. 183:1716-1726.

Yildiz FH, Liu XS, Heydorn A, Schoolnik GK. 2004. Molecular analysis
of rugosity in a Vibrio cholerae O1 El Tor phase variant. Mol. Microbiol.
53:497-515.

Yildiz FH, Schoolnik GK. 1999. Vibrio cholerae O1 El Tor: identification
of a gene cluster required for the rugose colony type, exopolysaccharide
production, chlorine resistance, and biofilm formation. Proc. Natl. Acad.
Sci. U. S. A. 96:4028 —4033.

Yildiz FH, Visick KL. 2009. Vibrio biofilms: so much the same yet so
different. Trends Microbiol. 17:109—-118.

Zaidi AH, Bakkes PJ, Krom BP, van der Mei HC, Driessen AJ. 2011.
Cholate-stimulated biofilm formation by Lactococcus lactis cells. Appl.
Environ. Microbiol. 77:2602-2610.

Zhu J, Mekalanos JJ. 2003. Quorum sensing-dependent biofilms enhance
colonization in Vibrio cholerae. Dev. Cell 5:647-656.

Zhu J, et al. 2002. Quorum-sensing regulators control virulence gene
expression in Vibrio cholerae. Proc. Natl. Acad. Sci. U. S. A. 99:3129—
3134.

Journal of Bacteriology


http://jb.asm.org

