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ABSTRACT Two-component signal transduction systems (TCSs), typically composed
of a sensor histidine kinase (HK) and a response regulator (RR), are the primary
mechanism by which pathogenic bacteria sense and respond to extracellular signals.
The pathogenic bacterium Vibrio cholerae is no exception and harbors 52 RR genes.
Using in-frame deletion mutants of each RR gene, we performed a systematic analy-
sis of their role in V. cholerae biofilm formation. We determined that 7 RRs impacted
the expression of an essential biofilm gene and found that the recently character-
ized RR, VxrB, regulates the expression of key structural and regulatory biofilm genes
in V. cholerae. vxrB is part of a 5-gene operon, which contains the cognate HK vxrA
and three genes of unknown function. Strains carrying ΔvxrA and ΔvxrB mutations
are deficient in biofilm formation, while the ΔvxrC mutation enhances biofilm forma-
tion. The overexpression of VxrB led to a decrease in motility. We also observed a
small but reproducible effect of the absence of VxrB on the levels of cyclic di-GMP
(c-di-GMP). Our work reveals a new function for the Vxr TCS as a regulator of biofilm
formation and suggests that this regulation may act through key biofilm regulators
and the modulation of cellular c-di-GMP levels.

IMPORTANCE Biofilms play an important role in the Vibrio cholerae life cycle, pro-
viding protection from environmental stresses and contributing to the transmission
of V. cholerae to the human host. V. cholerae can utilize two-component systems
(TCS), composed of a histidine kinase (HK) and a response regulator (RR), to regulate
biofilm formation in response to external cues. We performed a systematic analysis
of V. cholerae RRs and identified a new regulator of biofilm formation, VxrB. We
demonstrated that the VxrAB TCS is essential for robust biofilm formation and that
this system may regulate biofilm formation via its regulation of key biofilm regula-
tors and cyclic di-GMP levels. This research furthers our understanding of the role
that TCSs play in the regulation of V. cholerae biofilm formation.
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Vibrio cholerae is the causative agent of the gastrointestinal disease cholera, respon-
sible for approximately 3 to 5 million cases of severe diarrhea and 120,000 deaths

annually (1, 2). A resident of aquatic reservoirs, V. cholerae can be found as free-
swimming planktonic cells or in matrix-protected cellular aggregates, known as bio-
films (2–4). Evidence suggests that biofilms form during the aquatic and intestinal
phases of the V. cholerae life cycle and play an important role in environmental survival,
as well as in the intestinal and transmission stages of infection (5–9). V. cholerae biofilm
formation requires the production and secretion of an extracellular matrix composed of
matrix proteins, nucleic acids, and Vibrio polysaccharide (VPS), a glycoconjugate that is
essential for the formation of three-dimensional biofilm structures (10–16). A complex
regulatory network governs this process, tightly controlling V. cholerae biofilm produc-
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tion. While important biofilm regulators and their genetic interactions have been
examined, relatively little is known about how environmental signals are integrated
into the biofilm regulatory network (8, 17–19).

Like most pathogenic bacteria, V. cholerae utilizes two-component signal trans-
duction systems (TCSs) as a means for sensing and responding to different envi-
ronment stimuli, such as nutrient availability, pH, oxygen, osmolarity, quorum
sensing signals, and numerous host factors (19–23). The genome of V. cholerae is
predicted to encode 43 histidine kinases (HKs) and 49 response regulators (RRs),
according to the reference genome of O1 EL Tor strain N16961 (http://www.ncbi
.nlm.nih.gov/Complete_Genomes/RRcensus.html and http://www.p2cs.org). An addi-
tional 3 RRs (VpsT, VpsR, and VC0396) were identified based on an analysis of the
genome for REC domains; thus, it is predicted that the V. cholerae O1 EL Tor N16961
genome encodes 53 putative RRs. Only 9 RRs have been previously shown to impact
biofilm formation. VpsR, VpsT, and LuxO are activators of biofilm formation, while PhoB,
VarA, VieA, and CarR are repressors of biofilm formation (22, 24–31). VC1348 and
VCA0210 are RRs that contain HD-GYP domains with predicted cyclic di-GMP (c-di-GMP)
phosphodiesterase activity. Overexpression of these RRs led to a significant decrease in
biofilm formation (32). To date, there is no systematic analysis reporting on the
contribution of each TCS to biofilm formation in Vibrio cholerae.

Here, we report our results for the analysis of vpsL expression, as a representative
biofilm gene, in strains with in-frame deletions of each RR. We found that VxrB, an RR
that we recently characterized for its roles in intestinal colonization and in regulation
of the type 6 secretion system (T6SS) (33), was also a positive regulator of biofilm
formation.

RESULTS
The VxrB RR is a newly identified positive regulator of vps expression in V.

cholerae. To assess the role of V. cholerae TCSs in biofilm formation, we utilized an
in-frame deletion mutant library of 41 response regulators (RR). In this study, the 11 RRs
that were predicted to be involved in chemotaxis (CheY, CheV, and CheB proteins) and
VC2368 (which we were unable to generate an in-frame deletion for) were not included
(34, 35). VPS is required for biofilm formation, and vps transcription is a useful readout
of potential biofilm forming capacity. Therefore, we analyzed the expression of vpsL, the
first gene in the vps-II cluster, which, along with the vps-I cluster genes, encodes
components that are required for VPS production and biofilm formation. We used a
transcriptional fusion of the regulatory region of vpsL and the luciferase transcriptional
reporter luxCADBE (PvpsL-lux). Our results revealed 7 RR-null mutants with significant
changes in vpsL expression compared with that in the wild type (Fig. 1). Consistent with
previous studies, we observed a 122-fold decrease in vpsL expression in the ΔvpsR
(VC0665) strain, an 81-fold decrease in vpsL expression in the ΔluxO (VC1021) strain, an
11-fold decrease in vpsL expression in the ΔvpsT (VCA0952) strain, and a 4-fold increase
in vpsL expression in the ΔcarR (VC1320) strain (24, 27, 28). A 3-fold increase in vpsL
expression was observed in the ΔntrC (VC2749) strain, indicating that this RR may be a
repressor of biofilm formation. Additionally, we observed a 47-fold decrease in vpsL
expression in a ΔvarA (VC1213) mutant. Furthermore, we found that the ΔvxrB
(VCA0566) strain had an 11-fold decrease in vpsL expression, indicating that this RR may
be a positive regulator of biofilm formation (Fig. 1). Since VxrB was not previously
reported to be a regulator of biofilm, we focused this work on characterizing how this
TCS influences biofilm formation.

We recently determined that VxrB, along with its cognate sensor histidine kinase
(HK), VxrA, regulates the type VI secretion system (T6SS) and virulence (33). Another
recent study additionally showed that the VxrAB TCS plays a role in cell wall homeo-
stasis in response to antibiotic treatment (in that study, the authors renamed VxrAB as
WigKR) (36). However, this is the first report of its role in the regulation of biofilm-gene
expression. To further characterize the role of the VxrAB TCS in vpsL regulation, we
analyzed vpsL expression in the ΔvxrA strain. We observed that, similar to that with
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ΔvxrB deletion, a ΔvxrA mutant downregulates expression of vpsL by 3-fold. A ΔvxrB
strain harboring vxrB under the control of its own promoter (PvxrA) in the Tn7 site was
complemented for vpsL expression (Fig. 2A). These results demonstrate that the VxrAB
TCS positively regulates vpsL gene expression.

VxrB acts upstream of the major biofilm regulators, VpsR and VpsT. The two
major positive regulators of vps genes are VpsR and VpsT. To determine if VxrB affects
the regulators of vps gene expression, we measured the expression of each regulator
in the ΔvxrB strain using the transcriptional fusions PvpsR-lux and PvpsT-lux. Expression of
vpsL, vpsR, and vpsT was decreased by 4-fold, 2.5-fold, and 3-fold, respectively, in the
ΔvxrB strain compared with that in the wild type, suggesting that VxrB could regulate
vpsL expression by activating the expression of vpsR and vpsT (Fig. 2B). A ΔvxrB strain
harboring vxrB under the control of its own promoter (PvxrA) in the Tn7 site was
complemented for vpsR and vpsT expression (Fig. 2B).

We performed an epistasis analysis with vpsR, vpsT and vxrB. Our results revealed
that the deletion of vxrB in the ΔvpsR or ΔvpsT strain had no significant effect on vpsL
expression compared with that in the single mutants (ΔvpsR and ΔvpsT strains) (Fig. 3A).
These data suggest that VpsR and VpsT function downstream of VxrB for vpsL expres-
sion. Given that VpsR is at the bottom of the vps regulatory cascade, we reasoned that
VxrB-dependent regulation of vpsL might ultimately be due to increased expression of
vpsR. To test this, we expressed vpsR (inserted in the Tn7 site) from an isopropyl-�-D-
1-thiogalactopyranoside (IPTG) inducible promoter and analyzed vpsL expression in
wild-type (WT), ΔvxrA, and ΔvxrB strains. We observed that vpsL expression was
increased by 11-fold when vpsR was overexpressed in the wild type. The overexpression
of vpsR in the ΔvxrA or ΔvxrB strain also resulted in increased vpsL expression, although

FIG 1 Analysis of biofilm gene expression in the wild type and in response regulator (RR) deletion mutants.
A transcriptional reporter harboring the regulatory region of vpsL upstream of a promoterless lux reporter
(PvpsL-lux) was used to analyze the expression of biofilm genes in 41 ΔRR mutants, including ΔVC0396 (qstR),
ΔVC0665 (vpsR), ΔVC0693, ΔVC0719 (phoB), ΔVC0790, ΔVC1021 (luxO), ΔVC1050, ΔVC1081, ΔVC1082,
ΔVC1086, ΔVC1087, ΔVC1155, ΔVC1213 (varA), ΔVC1277, ΔVC1320 (carR), ΔVC1348, ΔVC1522, ΔVC1604,
ΔVC1638, ΔVC1651 (vieB), ΔVC1652 (vieA), ΔVC1719 (torR), ΔVC1926 (dctD1), ΔVC2135 (flrC), ΔVC2137 (flrA),
ΔVC2692 (cpxR), ΔVC2702 (cbrR), ΔVC2714 (ompR), ΔVC2749 (ntrC), ΔVCA0142 (dctD2), ΔVCA0210,
ΔVCA0239, ΔVCA0256, ΔVCA0532, ΔVCA0566 (vxrB), ΔVCA0682 (uhpA), ΔVCA0704 (pgtA), ΔVCA0850,
ΔVCA0952 (vpsT), ΔVCA1086, and ΔVCA1105 strains (names included in parentheticals where relevant).
Cultures of the wild type and ΔRR mutants were grown to exponential phase (OD600 of �0.3) and
luminescence was measured. The graph represents the averages and standard deviations of relative light
units (RLU) obtained from at least three technical replicates from two biological replicates, normalized to
wild-type levels. RLU are reported in luminescence counts · min�1 · ml�1 · OD600

�1. These values were then
normalized to the wild-type RLU, and data are shown as fold changes above or below a wild-type value of
1. Data were analyzed using a one-way analysis of variance (ANOVA) and Bonferroni’s multiple-comparison
test. ***, P � 0.001.
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�5-fold less than in the wild type. Taken together, these results suggest that VxrB can
regulate vpsL expression independently of VpsR.

Members of the vxr operon affect vps expression and biofilm formation. The
VxrAB TCS is encoded as part of a 5-gene operon, composed of the HK vxrA, the RR vxrB,
and three genes of unknown function, vxrC, vxrD, and vxrE (Fig. 4A). We previously
demonstrated that the vxrABCDE genes are cotranscribed (33). To characterize the role
of vxr genes in biofilm formation, we analyzed vpsL expression normalized to total
protein in mutants lacking vxr operon genes (Fig. 4B). For this study, we analyzed
PvpsL-lux in biofilm-grown cells. As demonstrated above, the ΔvxrA and ΔvxrB strains
both had decreased vpsL expression compared with that in the wild type. The ΔvxrC
mutant showed a 1.5-fold increase in vpsL expression compared with the wild type,
while the ΔvxrD and ΔvxrE strains showed a 3-fold and 4-fold decrease in vpsL
expression, respectively.

We analyzed the biofilm formation of isogenic strains expressing green fluorescent
protein (GFP) from the chromosome. These experiments were done in flow cells, and
the biofilms were imaged using confocal laser scanning microscopy at 24, 48, and 72
h postinoculation (Fig. 4C). We used the quantitative analysis software COMSTAT (37)
to calculate biomass, the average and maximum thickness, substratum coverage, and
roughness of the biofilms at 72 h, when the differences in biofilm formation were most
defined. The ΔvxrA and ΔvxrB strains formed visibly thinner biofilms compared with
that of the wild type, with 1.5- to 1.6-fold decreases in biomass and average and

FIG 2 Analysis of biofilm gene expression in the wild type and in ΔvxrA and ΔvxrB mutants. (A) Cultures
of wild-type, ΔvxrA, ΔvxrB, and ΔvxrB Tn7::vxrB strains containing PvpsL-lux were grown to exponential
phase (OD600 of �0.3) and luminescence was measured. The graph represents the averages and standard
deviations of RLU obtained from three technical replicates from three biological replicates. RLU are
reported in luminescence counts · min�1 · ml�1 · OD600

�1. Data were analyzed using a one-way analysis
of variance (ANOVA) and Bonferroni’s multiple-comparison test. ***, P � 0.001; ns, not significant. (B)
Cultures of wild-type and ΔvxrB strains containing PvpsR-lux or PvpsT-lux were grown to exponential phase
(OD600 of�0.3) and luminescence was measured. The graph represents the averages and standard
deviations of RLU obtained from three technical replicates from three biological replicates. RLU are
reported in luminescence counts · min�1 · ml�1 · OD600

�1. Data were analyzed using two-tailed Student’s
t tests. ***, P � 0.0001.
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maximum thickness compared with that of the wild type (Table 1). By contrast, the
ΔvxrC strain showed significantly increased biofilm formation compared with that of
the wild type, and biomass and average thickness were both increased by 1.4-fold,
while the maximum thickness increased by 1.3-fold (Table 1). The ΔvxrD and ΔvxrE
strains formed biofilms similar to that of the wild type (Fig. 4B and C; Table 1). Since the
ΔvxrA, ΔvxrB, and ΔvxrC strains formed biofilms that were significantly different from
that of the wild type, we generated ΔvxrA, ΔvxrB, and ΔvxrC strains harboring vxrA, vxrB,
and vxrC, respectively, under the control of their own promoters (PvxrA) in the Tn7 site
and found that in these strains, vpsL expression was similar to that in the wild type (Fig.
4D). We next analyzed the genetic interaction between vxrC and vxrB with respect to
the regulation of biofilm formation. The ΔvxrB and ΔvxrC strains showed decreased and
increased vpsL expression, respectively, compared to that in the wild type. The ΔvxrB
ΔvxrC strain phenocopied the vpsL expression level of the ΔvxrB strain, indicating that
the ΔvxrB mutation is epistatic to the ΔvxrC mutation (Fig. 4E). Altogether, our results
show that VxrA and VxrB both positively regulate vpsL expression and biofilm forma-
tion, while VxrC may act as a repressor of biofilm formation. The roles of VxrD and VxrE
in regulating biofilm formation are unclear, as both the ΔvxrD and ΔvxrE strains showed
decreased vpsL expression but formed biofilms similar to that of the wild type.

FIG 3 Epistasis analysis of regulators of vps gene expression. (A) Cultures of wild-type, ΔvxrB, ΔvpsR,
ΔvxrB ΔvpsR, ΔvpsT, and ΔvxrB ΔvpsT strains containing PvpsL-lux were grown to exponential phase (OD600

of �0.3) and luminescence was measured. The graph represents the averages and standard deviations
of RLU obtained from three technical replicates from three biological replicates. RLU are reported in
luminescence counts · min�1 · ml�1 · OD600

�1. Data were analyzed using a one-way analysis of variance
(ANOVA) and Bonferroni’s multiple-comparison test. ns, not significant. (B) Cultures of wild-type, ΔvxrA,
and ΔvxrB strains containing PvpsL-lux and an IPTG-inducible copy of VpsR in the Tn7 site were grown to
exponential phase (OD600 of �0.3) and luminescence was measured. The graph represents the averages
and standard deviations of RLU obtained from three technical replicates from three biological replicates.
RLU are reported in luminescence counts · min�1 · ml�1 · OD600

�1. Data were analyzed using two-tailed
Student’s t tests. ***, P � 0.0001.
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FIG 4 Analysis of biofilm gene expression and biofilm formation in vxr operon mutants. (A) The 5-gene vxr operon
structure, containing the TCS vxrAB and three genes of unknown function, vxrCDE. (B) Biofilms of the wild type and the
ΔvxrA, ΔvxrB, ΔvxrC, ΔvxrD, and ΔvxrE strains containing PvpsL-lux were grown in flow cells for 24 h, and luminescence
was measured from harvested biofilm cells. The graph represents the averages and standard deviations of RLU obtained
from three technical replicates from three independent biological samples. RLU are reported in luminescence counts ·
min�1 · ml�1 · �g�1 total protein. Data were analyzed using a one-way analysis of variance (ANOVA) and Bonferroni’s
multiple-comparison test. ***, P � 0.001. (C) Top and orthogonal views of biofilms formed in flow cells by wild-type,
ΔvxrA, ΔvxrB, ΔvxrC, ΔvxrD, and ΔvxrE strains 72 h after inoculation. Bars, 30 �m. (D) Cultures of wild-type, ΔvxrA, ΔvxrB,
ΔvxrC, ΔvxrA Tn7::vxrA, ΔvxrB Tn7::vxrB, and ΔvxrC Tn7::vxrC strains containing PvpsL-lux were grown to exponential phase
(OD600 of �0.3) and luminescence was measured. The graph represents the averages and standard deviations of RLU
obtained from three technical replicates from three independent biological replicates. RLU are reported in luminescence
counts · min�1 · ml�1 · OD600

�1. Data were analyzed using a one-way analysis of variance (ANOVA) and Bonferroni’s
multiple-comparison test. ***, P � 0.001; ns, not significant. (E) Cultures of wild-type, ΔvxrB, ΔvxrC, and ΔvxrB ΔvxrC
strains containing PvpsL-lux were grown to exponential phase (OD600 of �0.3) and luminescence was measured. The
graph represents the averages and standard deviations of RLU obtained from three technical replicates from three
independent biological replicates. RLU are reported in luminescence counts · min�1 · ml�1 · OD600

�1. Data were analyzed
using oa ne-way analysis of variance (ANOVA) and Bonferroni’s multiple-comparison test. ***, P � 0.001.
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Overexpression of wild-type VxrB negatively impacts motility. Biofilm formation
and motility are inversely regulated in V. cholerae. Therefore, we analyzed the role of
VxrB in the regulation of motility. We measured swimming motility of the ΔvxrB strain
by performing a motility assay on soft agar plates. We observed no difference in the
average migration zone diameters between the ΔvxrB and wild-type strains (Fig. 5A). To
determine the effect that vxrB overexpression could have on motility, we cloned this
gene in an expression plasmid under the control of an arabinose-inducible promoter
(pBAD-vxrB). In the absence of arabinose, the migration zones of the wild type harbor-
ing the empty plasmid and the wild type containing pBAD-vxrB were similar (Fig. 5B).
In the presence of 0.2% arabinose, the wild type containing pBAD-vxrB showed an
�50% decrease in migration compared with that of the wild type with the empty
plasmid (Fig. 5B and C). These results suggest that overexpression of VxrB can impact
motility.

VxrB increases levels of the second messenger signaling molecule c-di-GMP.
Given VxrB’s role as a positive regulator of biofilms and a negative regulator of motility,
we asked if VxrB could be affecting cellular c-di-GMP levels, as this second messenger
signaling molecule inversely regulates biofilms and motility. We measured intracellular
c-di-GMP levels in wild-type, ΔvxrA, ΔvxrB, and ΔvxrC strains and found that ΔvxrB and
ΔvxrC strains had small but statistically significant decreases in levels of c-di-GMP
compared with that in the wild type, while the ΔvxrA strain had c-di-GMP levels similar
to that of the wild type (Fig. 6). Thus, cellular c-di-GMP levels are altered in the ΔvxrB
and ΔvxrC strains.

The T6SS does not impact vpsL expression or biofilm formation. Our previous
work indicated that VxrB positively regulates the T6SS (33). As biofilms provide an
environment where cell-to-cell contact is frequent and where high activity of the T6SS
might be expected, we next analyzed the role of the T6SS in biofilm formation and

TABLE 1 COMSTAT analysis of biofilms of wild type, ΔvxrA, ΔvxrB, ΔvxrC, ΔvxrD, and ΔvxrE strainsa

Time postinoculation
and strain

Biomass
(�m3/�m2 [SD])

Mean thickness (�m [SD])
Substrate
coverageb (SD)

Roughness
coefficient (SD)Avg Maximum

24 h
Wild type 7.77 (0.70) 8.53 (0.99) 14.00 (1.30) 0.90 (0.05) 0.23 (0.04)
ΔvxrA mutant 6.00 (0.79)d 6.38 (1.03) 12.67 (1.74) 0.87 (0.09) 0.28 (0.07)
ΔvxrB mutant 5.94 (0.73)d 6.25 (0.86)c 13.41 (1.30) 0.92 (0.05) 0.30 (0.08)
ΔvxrC mutant 8.73 (0.63) 9.43 (2.23) 14.44 (2.14) 0.91 (0.07) 0.23 (0.02)
ΔvxrD mutant 6.66 (0.84) 6.40 (0.94) 11.79 (1.55) 0.87 (0.19) 0.33 (0.16)
ΔvxrE mutant 7.087 (0.85) 7.88 (1.68) 13.26 (1.48) 0.87 (0.08) 0.25 (0.06)

48 h
Wild type 10.94 (0.27) 12.12 (0.88) 22.84 (2.20) 0.91 (0.10) 0.14 (0.03)
ΔvxrA mutant 7.49 (1.02)e 8.31 (1.38)c 17.39 (2.89) 0.87 (0.21) 0.18 (0.05)
ΔvxrB mutant 8.35 (1.16)d 9.59 (1.59)c 20.18 (3.18) 0.91 (0.13) 0.20 (0.06)
ΔvxrC mutant 12.79 (2.35) 13.86 (2.94) 28.73 (7.43) 0.98 (0.03) 0.13 (0.04)
ΔvxrD mutant 11.06 (1.03) 12.49 (0.83) 22.10 (4.15) 0.93 (0.05) 0.15 (0.03)
ΔvxrE mutant 9.76 (1.30) 10.99 (0.59) 21.66 (3.78) 0.96 (0.06) 0.17 (0.03)

72 h
Wild type 19.42 (1.49) 20.29 (1.25) 31.09 (2.20) 1.00 (0.00) 0.14 (0.03)
ΔvxrA mutant 11.58 (2.31)e 12.36 (2.18)e 21.22 (3.31)d 0.91 (0.07)c 0.19 (0.06)
ΔvxrB mutant 12.79 (2.08)d 14.61 (1.82)d 24.75 (2.44) 0.91 (0.07)c 0.21 (0.07)c

ΔvxrC mutant 26.34 (3.52)e 27.82 (3.29)e 40.07 (5.86)d 0.98 (0.04) 0.11 (0.03)
ΔvxrD mutant 18.95 (3.30) 19.61 (3.74) 30.35 (6.51) 0.98 (0.04) 0.13 (0.03)
ΔvxrE mutant 19.69 (3.15) 20.75 (4.13) 31.09 (4.79) 0.96 (0.07) 0.13 (0.03)

aTotal biomass, the average and maximum thicknesses, substrate coverage, and roughness coefficient were calculated using COMSTAT. The values are the means
(standard deviations) of data from at least six z-series image stacks. Significance was determined by ANOVA. Dunnett’s multiple comparison test identified samples
that differ significantly from biofilms formed by the wild-type strain.

bA value of 0 indicates no coverage (equivalent to 0%), while a value of 1 indicates full coverage (equivalent to 100%).
cP � 0.05.
dP � 0.001.
eP � 0.0001.
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determined if VxrB’s influence on biofilm formation could act partially through the
regulation of, or activation by, the T6SS.

A strain lacking hcp1 and hcp2 (Δhcp1 Δhcp2), the genes required to produce the
major T6SS structural component, Hcp, was used to assess the role of the T6SS in
biofilm formation (38). We also evaluated vpsL expression in cells grown to exponential
phase in wild-type, ΔvxrB, Δhcp1 Δhcp2, and ΔvxrB Δhcp1 Δhcp2 strains (Fig. 7A). As

FIG 5 Analysis of swimming motility in ΔvxrB and VxrB overexpression strains. (A) Migration zones of
wild-type and ΔvxrB strains after 16 h of growth on 0.3% agar plates. (B) Migration zones of the wild type
expressing empty vector (pBAD) and pBAD-vxrB (pvxrB) after 16 h of growth on 0.3% agar plates
containing 0% or 0.2% arabinose. (C) Strains were grown on LB agar plates containing 0.3% agar at 30°C
for 16 h before migration zones were measured. The error bars indicate the standard deviations of the
results from 6 biological replicates. Data were analyzed using two-tailed Student’s t tests. ***, P � 0.0001.

FIG 6 Analysis of c-di-GMP levels in the wild type and in ΔvxrA, ΔvxrB, and ΔvxrC mutants. Strains
were grown aerobically to an OD600 of �0.3 before c-di-GMP was extracted from whole-cell protein
and quantified by high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/
MS). The error bars indicate the standard deviations of the results from 8 biological replicates. Data
were analyzed using a one-way analysis of variance (ANOVA) and Bonferroni’s multiple-comparison
test. ***, P � 0.001.
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expected, the ΔvxrB strain demonstrated decreased vpsL expression, as did the ΔvxrB
Δhcp1 Δhcp2 strain. The Δhcp1 Δhcp2 strain showed no significant difference in vpsL
expression compared with that of the wild type. Biofilm formation was also examined
by growing strains expressing GFP in flow cells and imaging using confocal laser
scanning microscopy at 72 h postinoculation (Fig. 7B). The ΔvxrB and the ΔvxrB Δhcp1
Δhcp2 strains showed decreased biofilm formation, while the Δhcp1 Δhcp2 strain
showed no significant difference in biofilm formation compared with that of the wild
type. These observations were supported by COMSTAT analysis, which was used to
analyze biomass, the average and maximum thickness, substratum coverage, and
roughness of biofilms (Table 2). Altogether, these findings indicate that the T6SS does
not contribute to the regulation of biofilm formation by VxrB under the conditions we
analyzed.

FIG 7 Analysis of the impact of the type 6 secretion genes on biofilm gene expression and biofilm
formation. (A) Cultures of wild-type, ΔvxrB, Δhcp1 Δhcp2, and ΔvxrB Δhcp1 Δhcp2 strains containing
PvpsL-lux were grown to exponential phase (OD600 of �0.3) and luminescence was measured. The graph
represents the averages and standard deviations of RLU obtained from three technical replicates from
three independent biological samples. RLU are reported in luminescence counts · min�1 · ml�1 · OD600l�1.
Data were analyzed using a one-way analysis of variance (ANOVA) and Bonferroni’s multiple-comparison
test. ***, P � 0.001; ns, not significant. (B) Top and orthogonal views of biofilms formed in flow cells by
wild-type, ΔvxrB, Δhcp1 Δhcp2, and ΔvxrB Δhcp1 Δhcp2 strains after 72 h. Bars, 30 �m.
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DISCUSSION

V. cholerae biofilms enhance survival in the aquatic environment and facilitate
transmission to a human host. This study serves to evaluate the role of TCSs, typically
utilized to regulate cellular processes in response to extracellular signals, in biofilm
formation. We systematically analyzed the role of V. cholerae RRs in biofilm formation
and identified several that play roles in biofilm regulation (Fig. 8). Consistent with
previous studies, we observed a decrease in vpsL expression in a ΔvpsR (VC0665)
mutant, a ΔluxO (VC1021) mutant, and a ΔvpsT (VCA0952) mutant and an increase in
vpsL expression in a ΔcarR (VC1320) mutant (22, 24, 27, 28, 30). We did not observe a
phenotype for a ΔphoB (VC0719) mutant, which is only expected to act as repressor of
biofilm formation under phosphate-limiting conditions (25, 26). As expected for the El
Tor biotype, a ΔvieA (VC1652) mutant did not have altered vpsL levels. In the classical

TABLE 2 COMSTAT analysis of biofilms formed after 72 h by wild type, ΔvxrB, Δhcp12, and ΔvxrB Δhcp1 Δhcp2 strainsa

Strain
Biomass
(�m3/�m2 [SD])

Mean thickness (�m [SD])
Substrate
coverageb (SD)

Roughness
coefficient (SD)Avg Maximum

Wild type 20.41 (2.63) 22 (3.34) 33.74 (6.084) 1.00 (00) 0.11 (0.02)
ΔvxrB mutant 11.68 (2.34)e 13.58 (2.12)e 23.48 (2.76)e 0.95 (0.05)c 0.21 (0.06)e

Δhcp1 Δhcp2 mutant 21.77 (0.73) 22.97 (0.88) 36.1 (2.65) 1.00 (00) 0.11 (0.02)
ΔvxrB Δhcp1 Δhcp2 mutant 18.57 (2.82) 17.26 (1.68)d 27.70 (2.832)c 0.99 (0.02) 0.14 (0.01)
aTotal biomass, the average and maximum thicknesses, substrate coverage, and roughness coefficient were calculated using COMSTAT. The values are the means
(standard deviations) of data from at least six z-series image stacks. Significance was determined by ANOVA. Bonferroni’s multiple-comparison test identified samples
that differ significantly from biofilms formed by the wild-type strain.

bA value of 0 indicates no coverage (equivalent to 0%), while a value of 1 indicates full coverage (equivalent to 100%).
cP � 0.05.
dP � 0.001.
eP � 0.0001.

FIG 8 Model of all known TCSs that regulate V. cholerae biofilm formation. The RRs VpsR (VC0665) and
VpsT (VCA0952) are the major positive regulators of biofilm formation. Their cognate TCS partners have
yet to be identified. The PhoB (VC0719-20) TCS acts as a repressor of biofilm formation under phosphate-
limited conditions. LuxO (VC1021) acts as an activator of biofilm formation by positively regulating the
expression of small regulatory RNAs responsible for repressing translation of hapR, the master quorum
sensing regulator and the major negative regulator of biofilm formation. VarSA (VC2453/VC1213)
represses biofilm formation by interfering with the LuxO-mediated activation of Qrr sRNAs through its
activation of the inhibitory regulatory small RNAs CsrBCD and their subsequent inhibition of the global
regulator CsrA. Repression of CsrA reduces Qrr sRNA levels, leading to increased HapR levels and
decreased vps gene expression. CarSR (VC1319-20) negatively regulates biofilm formation. VieA (VC1652)
represses biofilm formation independently of its cognate histidine kinase via an EAL domain responsible
for degrading the secondary messenger c-di-GMP, an important positive regulator of biofilm formation.
The NtrBC (VC2748-49) TCS was identified as a potential repressor of biofilms in this study. Although
described in the text, VC1348 and VCA0210 are not pictured. These RRs contain HD-GYP domains
responsible for degrading c-di-GMP. Although the deletion of these genes does not impact biofilm
formation, their overexpression leads to a significant decrease in biofilm formation, indicating that they
may act as repressors of biofilm formation. Finally, we have included the newly identified VxrAB
(VCA0565-66) TCS, which positively regulates biofilm formation.
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biotype of V. cholerae, VieA negatively regulates biofilms via an EAL domain, indepen-
dently of its phosphorylation status and DNA-binding activity. The EAL domain func-
tions as a phosphodiesterase (PDE) that degrades the secondary messenger c-di-GMP,
an important positive regulator of biofilm formation (29). This phenotype is not
observed in the El Tor biotype, as the transcription of vieSAB is subject to H-NS silencing
(39, 40). We also did not observe a phenotype for the ΔVC1348 or ΔVCA0210 strain;
however, this was also consistent with previously published findings, which demon-
strated a biofilm phenotype only when these proteins were overexpressed (32).

Interestingly, we observed a 47-fold decrease in vpsL expression in the ΔvarA
(VC1213) strain, which is contradictory to results from previously published work (31).
The VarSA TCS is thought to impact biofilm formation through its control of levels of
CsrA, a small RNA binding protein that regulates a number of cellular processes.
Specifically, VarA is predicted to repress biofilm formation by interfering with the
LuxO-mediated activation of Qrr sRNAs through its positive regulation of the inhibitory
regulatory small RNAs CsrBCD. These small RNAs sequester CsrA, which in turn reduces
Qrr sRNA levels, leading to increased HapR levels and decreased vps gene expression
(41–44). However, a recent study demonstrated that the loss of VarA results in excessive
levels of active CsrA, which negatively impacts cell growth and leads to single-amino-
acid suppressor mutations in CsrA (45). These mutations were shown to alter the
regulatory function of CsrA. Our sequence analysis of csrA in the ΔvarA PvpsL-lux strain
revealed that this strain had an amino acid substitution of T11P. It was speculated by
Mey et al. that the amino acid substitutions clustered in the N-terminal half of CsrA
(R6H, R6L, T11P, I14T, and T19P) result in the accumulation of a “less active” form of
CsrA (45). Thus, our finding is consistent with the observation that the loss of VarA
results in suppressor mutations in csrA and that these mutations can alter CsrA activity,
including its positive regulation of biofilm formation. Collectively, these observations
explain why we did not observe the expected increase in vpsL expression in our ΔvarA
strain. Although varA mutant strains do not produce the CsrA-sequestering sRNAs and
have increased levels of the positive biofilm regulator, CsrA, we hypothesize that CsrA’s
regulatory activity was altered due to the accumulation of a suppressor mutation.
Finally, we found an increase in vpsL expression in a ΔntrC (VC2749) mutant, indicating
that this RR may be a repressor of biofilm formation.

We focused our studies mainly on a new positive regulator of vps and biofilm
formation, VxrB. The observations reported here demonstrate that VxrAB TCS activates
biofilm formation and vpsL expression and represses motility. We showed that VxrB
positively regulates vpsR and vpsT, the two major regulators of V. cholerae biofilms, and
that VxrB regulates vpsL expression upstream of VpsR and VpsT. Finally, we demon-
strated that VxrB positively regulates cellular levels of the second messenger signaling
molecule c-di-GMP, which acts as a positive regulator of biofilm formation and a
negative regulator of motility (46). While we demonstrated that VxrB may act through
major biofilm regulators to exert its regulatory control on biofilm formation, further
investigation of where VxrB is integrated into the vps regulatory network is necessary.
It is possible that VxrB controls the activity of vps genes through its modulation of
cellular c-di-GMP levels, as increased c-di-GMP levels have been shown to lead to
increased vpsL, vpsR, and vpsT expression (39, 47). Alternatively, VpsR and VpsT may be
the direct regulatory targets of VxrB, as both regulators positively regulate diguanylate
cyclase (DGC) genes, which are responsible for producing c-di-GMP (48). Given that a
VxrA mutant did not demonstrate a decrease in c-di-GMP levels and that a VxrC mutant
had a decrease in c-di-GMP levels despite positively regulating biofilm formation,
further investigation into the regulatory role of the Vxr TCS on c-di-GMP levels is
merited. Determining the direct regulatory targets of VxrB would provide additional
insight into our understanding of the role of TCS in the regulation and control of biofilm
formation.

Our previous work demonstrated that vxrABCDE are cotranscribed and that vxrCDE
have minor but significant roles in intestinal colonization (33). Here, we demonstrated
that only the ΔvxrA, ΔvxrB, and ΔvxrC strains produced biofilms that were different from
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that of the wild type, though ΔvxrD and ΔvxrE strains did demonstrate decreased vpsL
expression. It is possible that VxrD and VxrE play minor roles in the activation of vpsL
expression, potentially through the VxrAB pathway, but do not significantly impact
biofilm formation. VxrC was shown to act as a repressor of vpsL expression and biofilm
formation, and this phenotype was shown to be dependent on the presence of VxrB.
This indicates that VxrC is in a pathway with the VxrAB TCS and that VxrC may interact
with VxrA or VxrB to inhibit its regulation of biofilm formation. Further analysis of the
Vxr operon members and their role in activating or repressing the VxrAB TCS will be
essential for fully understanding the mechanism of action of this system.

c-di-GMP positively regulates biofilm formation and negatively regulates motility.
Given the role of VxrAB in positively regulating biofilm formation and c-di-GMP levels,
we investigated the impact of VxrB on motility. Our results demonstrated that deletion
of vxrB did not impact motility but that overexpression of VxrB led to a decrease in
motility. This is consistent with results from a previous study that demonstrated that
overexpression of wild-type VxrB or constitutively active VxrB resulted in a loss of
motility (36).

We have previously shown that VxrB is a positive regulator of the T6SS, a protein
delivery system that requires cell-to-cell contact to translocate toxic effector proteins
into a diverse group of target cells, including other bacteria, phagocytic amoebas, and
human macrophages (33, 38, 49–51). In a biofilm, where cells are already in close
contact, the T6SS could contribute to localized death and biofilm remodeling. The role
of the T6SS in V. cholerae biofilms is unknown, and very few studies have been done in
other species linking the T6SS to biofilm formation. In Pseudomonas aeruginosa strain
PAO1, the structural component that makes up the inner sheath of the T6SS, Hcp, was
shown to take part in the biofilm maturation stage (52). Additionally, a structural
component of the outer sheath of the T6SS, tssC1, was demonstrated to promote
antibiotic resistance in P. aeruginosa biofilms (53). In Agrobacterium tumefaciens, the
ExoR regulator, an important regulator of biofilm formation, was shown to also regulate
the T6SS, and in Burkholderia cenocepacia, a novel hybrid HK was identified that
controls biofilm formation and the T6SS (54, 55). Thus, we wanted to determine the
contribution of the T6SS on biofilm formation in V. cholerae and whether the decreased
biofilm formation phenotype of the vxrB mutant is due to decreased T6SS activity. Our
initial results indicate that the T6SS does not impact V. cholerae biofilm formation under
the conditions tested. However, it is possible that under alternative growth conditions,
the T6SS plays a structural or functional role within biofilms.

Determining the activating signals sensed by the VxrAB TCS will provide valuable
insight into its mechanism of action. A recent study indicated that the VxrAB system
may sense signals generated in response to �-lactam exposure, potentially either
directly sensing the antibiotics themselves or sensing cell wall stress or degradation
products (36). A VxrA homolog in Vibrio parahaemolyticus, VbrK, was shown to directly
bind �-lactams to activate its cognate RR and stimulate the expression of a �-lactamase
and additional �-lactam antibiotic resistance genes (56). Given that V. cholerae does not
encode �-lactamase genes, it is interesting to consider the conditions under which
VxrAB might encounter these potential signals and to speculate about the role they
might play in directing the activity of this TCS. Subinhibitory concentrations of amin-
oglycoside antibiotics have been demonstrated to induce biofilm formation in P.
aeruginosa and Escherichia coli, and it is possible that VxrAB mediates a similar response
to �-lactam antibiotics in V. cholerae (57). Further investigation of the signals sensed by
VxrAB is needed to fully elucidate the mechanism by which this TCS regulates diverse
processes in V. cholerae.

It is evident that the VxrAB TCS plays an important regulatory role in V. cholerae and
governs the T6SS, virulence, and cell wall homeostasis. This work identifies a new role
for this system in biofilm formation and provides a better understanding of how VxrAB
regulates important phases in the V. cholerae life cycle.
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MATERIALS AND METHODS
Strains and growth conditions. All response regulator deletion strains used in Fig. 1 are listed in

reference 33. Additional strains used in this study are listed in Table 3. V. cholerae and Escherichia coli
strains were grown aerobically in Luria-Bertani (LB) broth (1% tryptone, 0.5% yeast extract, 1% NaCl, pH
7.5) at 30°C and 37°C, respectively. LB agar contained granulated agar (Difco) at 1.5% (wt/vol). Medium
additives were used when necessary at the following concentrations: rifampin, 100 �g/�l; ampicillin, 100
�g/�l; and chloramphenicol, 20 �g/�l for E. coli and 5 �g/�l or 2.5 �g/�l for V. cholerae.

Strain and plasmid construction. Plasmids were constructed using standard cloning methods or
the Gibson Assembly recombinant DNA technique (New England BioLabs, Ipswich, MA). Gene deletions
were carried out using allelic exchange of the native open reading frame (ORF) with the truncated ORF,
as previously described (58). Complementation of ΔvxrB was carried out using a Tn7-based system, as
previously described (33). Briefly, triparental matings with donor E. coli S17�pir carrying pGP704-Tn7 with
the gene of interest, helper E. coli S17�pir harboring pUX-BF13, and V. cholerae deletion strains were
carried out by mixing all three strains and incubating mating mixtures on LB agar plates for 18 h at 30°C.
Transconjugants were selected on thiosulfate-citrate-bile salts-sucrose (TCBS; BD Difco, Franklin Lakes,
NJ) agar medium containing gentamicin (15 �g/�l) at 30°C. Insertion of the complementation construct
to the Tn7 site was verified by PCR. V. cholerae wild-type and mutant strains were tagged with the green
fluorescent protein gene (gfp) according to a previously described procedure (14). The gfp-tagged V.
cholerae strains were verified by PCR and used in biofilm analyses. Transcriptional fusions were con-
structed by cloning the upstream regulatory regions of selected genes into the pBBR-lux plasmid, as
previously described (59).

TABLE 3 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant genotype Source or reference

E. coli strains
CC118�pir Δ(ara-leu)araD ΔlacX74 galE galK phoA20 thi-1 rpsE rpoB argE(Am) recA1 �pir 60
S17-1�pir Tpr Smr recA thi pro rK

� mK
� RP4::2-Tc::MuKm Tn7 �pir 61

V. cholerae strains
FY_VC_0001 O1 El Tor A1552, wild type, Rifr 62
FY_VC_0237 FY_VC_0001 mTn7 gfp Rifr Gmr 46
FY_VC_2272 ΔVC0665 (vpsR) 24
FY_VC_9332 ΔVCA0565 (vxrA) 33
FY_VC_8758 ΔVCA0566 (vxrB) 33
FY_VC_0099 ΔVCA0952 (vpsT) 27
FY_VC_9369 ΔVCA0567 (vxrC) 33
FY_VC_9417 ΔVCA0568 (vxrD) 33
FY_VC_9394 ΔVCA0569 (vxrE) 33
FY_VC_9469 ΔvxrB Tn7::vxrB 33
FY_VC_9952 ΔvxrB Δhcp1 Δhcp2 33
FY_VC_9569 ΔVC1415 ΔVCA0017 (Δhcp1 Δhcp2) 33
FY_VC_9390 ΔvxrA mTn7 gfp Rifr Gmr This study
FY_VC_8764 ΔvxrB mTn7 gfp Rifr Gmr This study
FY_VC_9392 ΔvxrC mTn7 gfp Rifr Gmr This study
FY_VC_9437 ΔvxrD mTn7 gfp Rifr Gmr This study
FY_VC_9439 ΔvxrE mTn7 gfp Rifr Gmr This study
FY_VC_9234 ΔvpsR ΔvxrB Rifr This study
FY_VC_9237 ΔvpsT ΔvxrB Rifr This study
FY_VC_11356 FY_VC_0001 mTn7 PTAC-vpsR Rifr Gmr This study
FY_VC_11357 ΔvxrA mTn7 PTAC-vpsR Rifr Gmr This study
FY_VC_11358 ΔvxrB mTn7 PTAC-vpsR Rifr Gmr This study
FY_VC_11355 ΔvxrB ΔvxrC This study
FY_VC_12056 ΔvxrA-Tn7::vxrA This study
FY_VC_12057 ΔvxrC-Tn7::vxrC This study

Plasmids
pGP704sacB28 pGP704 derivative, mob/oriT sacB Apr 27
pUX-BF13 oriR6K helper plasmid, mob/oriT, provides the Tn7 transposition function in trans, Apr 63
pMCM11 pGP704::mTn7 gfp Gmr Apr M. Miller and G. Schoolnik
pBBRlux luxCDABE-based promoter fusion vector, Cmr 64
pFY-0950 pBBRlux vpsL promoter, Cmr 65
pFY-0989 pBBRlux vpsR promoter, Cmr This study
pFY-0988 pBBRlux vpsT promoter, Cmr This study
pBAD/myc Arabinose-inducible expression vector with C-terminal myc epitope and six-His tags
His-B
pFY-2074 pBAD-vxrB-noTag Ampr This study
pFY-3071 pBAD-vxrBD78A-noTag Ampr This study
pFY-3073 pBAD-vxrBD78E-noTag Ampr This study
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Luminescence assays from planktonically grown cells. Overnight cultures of V. cholerae cells were
diluted 1:500 in appropriate medium containing chloramphenicol (5 �g/ml). Cells were then grown aerobi-
cally at 30°C to an optical density at 600 nm (OD600) of 0.3 to 0.4, and then the luminescence of cells was
measured using a PerkinElmer Victor3 multilabel counter (PerkinElmer, Waltham, MA). Lux expression is
reported as counts · min�1 · ml�1 · OD600

�1, shown as relative light units (RLU). Assays were repeated with
three biological replicates. Three technical replicates were measured for all assays. Statistical analysis was
performed using one-way analysis of variance (ANOVA) and Bonferroni’s multiple-comparison test.

Luminescence assays from biofilm-grown cells. Flow cells were inoculated by diluting overnight-
grown cultures of V. cholerae cells harboring PvpsL-lux 1:200 and injecting cells into an Ibidi m-Slide VI0.4
(Ibidi 80601; Ibidi LLC, Verona, WI). After inoculation, the bacteria were allowed to adhere at room
temperature for 1 h with no flow. Next, the flow of 2% (vol/vol) LB (0.2 g/liter tryptone, 0.1 g/liter yeast
extract, 1% NaCl) containing chloramphenicol (2.5 �g/ml) was initiated at a rate of 7.5 ml/h and
continued for up to 24 h at 25°C. After 24 h, biofilms were harvested in 1 ml phosphate-buffered saline
(PBS) for luminescence reading. The luminescence of cells was read using a PerkinElmer Victor3
multilabel counter (PerkinElmer, Waltham, MA) and is reported as counts · min�1 · ml�1 · �g�1 protein
concentration, as calculated by the bicinchoninic acid (BCA) assay (Thermo Fisher, Waltham, MA) using
bovine serum albumin (BSA) as standards. Lux expression is reported as relative light units (RLU). Assays
were repeated with two biological replicates, and three technical replicates were measured for all assays.
Statistical analysis was performed using ANOVA and Bonferroni’s multiple-comparison test.

Biofilm assays. Flow cells were inoculated by diluting overnight-grown cultures of gfp-tagged V.
cholerae strains 1:200 (OD600 of 0.02) and injecting cells into an Ibidi m-Slide VI0.4 (Ibidi 80601; Ibidi LLC,
Verona, WI). After inoculation, the bacteria were allowed to adhere at room temperature for 1 h with no
flow. Next, the flow of 2% (vol/vol) LB (0.2 g/liter tryptone, 0.1 g/liter yeast extract, 1% NaCl) was initiated
at a rate of 7.5 ml/h and continued for up to 72 h. Confocal laser scanning microscopy (CLSM) images
of the biofilms were captured with an LSM 5 PASCAL system (Zeiss) using an excitation wavelength of
488 nm and an emission wavelength of 543 nm. Three-dimensional images of the biofilms were
reconstructed using Imaris software (Bitplane) and quantified using COMSTAT 2 (37). Statistical analysis
of COMSTAT data was performed using ANOVA and Bonferroni’s multiple-comparison test.

Motility assays. Soft agar motility plates were made using LB medium with 0.3% (wt/vol) agar
supplemented with 100 �g/�l ampicillin or 100 �g/�l ampicillin and 0.1 mM IPTG. The plates were
inoculated by stabbing the agar from an overnight colony of the strains to be tested. The plates were
then incubated at 30°C. Diameters of the migration zones were measured after 16 h. Statistical analysis
was performed using ANOVA and Bonferroni’s multiple-comparison test.

Determination of intracellular c-di-GMP levels. c-di-GMP extraction was performed as previously
described (58). Briefly, V. cholerae wild-type, ΔvxrB, ΔvxrC, and ΔvxrB Tn7::vxrB-complemented strains were
grown in LB broth to an OD600 of 0.4 before 40 ml of culture was harvested at 4,000 � g for 30 min. Cell pellets
were allowed to dry briefly and then resuspended in 1 ml extraction solution (40% acetonitrile, 40% methanol,
0.1% formic acid, 19.9% high-pressure liquid chromatography [HPLC]-grade water), and incubated on ice for
15 min. Samples were then centrifuged at 16,000 � g for 5 min and 800 �l of supernatant was dried under
vacuum and then lyophilized. Samples were resuspended in 50 �l of 184 mM NaCl and analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) on a Thermo-Electron Finnigan LTQ mass spectrom-
eter coupled to a surveyor HPLC. The amount of c-di-GMP in samples was calculated with a standard curve
generated from pure c-di-GMP suspended in 184 mM NaCl (Biolog Life Science Institute, Bremen, Germany).
The concentrations used for the standard curve generation were 50 nM, 100 nM, 500 nM, 2 �M, 3.5 �M, 5 �M,
7.5 �M, and 10 �M. The assay is linear from 50 nM to 10 �M, with an R2 of 0.999. The c-di-GMP levels were
normalized to total protein per ml of culture.

To determine protein concentration, 4 ml from each culture was harvested, the supernatant was removed,
and cells were lysed in 1 ml of 2% sodium dodecyl sulfate (SDS). Total protein in the samples was determined
with a bicinchoninic acid (BCA) assay (Thermo Fisher, Waltham, MA) using bovine serum albumin (BSA) as the
standard. Each c-di-GMP quantification experiment was performed with four biological replicates. Statistical
analysis was performed using ANOVA and Bonferroni’s multiple-comparison test.
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