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Abstract 17 

Vibrio cholerae is a Gram-negative bacterial pathogen that causes the disease cholera, which 18 

affects nearly 1 million people each year.  In between outbreaks, V. cholerae resides in fresh 19 

and salt water environments where it is able to persist through changes in temperature, oxygen, 20 

and salinity.  One key characteristic that promotes environmental persistence of V. cholerae is 21 

the ability to form multicellular communities, called biofilms, that often adhere to biotic and 22 

abiotic sources.  Biofilm formation in V. cholerae is positively regulated by the dinucleotide 23 

second messenger cyclic dimeric guanosine monophosphate (c-di-GMP).  While most research 24 

on the c-di-GMP regulon has focused on biofilm formation or motility, we hypothesized the c-di-25 

GMP signaling network encompassed a larger set of effector functions than reported.  We found 26 
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that high intracellular c-di-GMP increased catalase activity approximately 4-fold relative to 27 

strains with unaltered c-di-GMP.  Genetic studies demonstrated that c-di-GMP mediated 28 

catalase activity was due to increased expression of the catalase encoding gene katB.  29 

Moreover, c-di-GMP mediated regulation of catalase activity and katB expression required the 30 

c-di-GMP dependent transcription factors VpsT and VpsR.  Lastly, we found that high c-di-GMP 31 

increased survival after H2O2 challenge in a katB, vpsR, and vpsT dependent manner.  Our 32 

results indicate antioxidant production is regulated by c-di-GMP in V. cholerae uncovering a new 33 

node in the growing VpsT and VpsR c-di-GMP signaling network.  34 

 35 
Importance 36 

As a result of infection with V. cholerae, patients become dehydrated leading to death if not 37 

properly treated.  The marine environment is the natural reservoir for V. cholerae where it can 38 

survive alterations in temperature, salinity, and oxygen.  The second messenger molecule c-di-39 

GMP is an important signal regulating host and marine environmental persistence because it 40 

controls whether V. cholerae will form a biofilm or disperse through flagellar motility.  In this 41 

work, we demonstrate another function of c-di-GMP in V. cholerae biology: promoting tolerance 42 

to the reactive oxygen species H2O2 through differential regulation of catalase expression.  Our 43 

results suggest a mechanism where c-di-GMP simultaneously controls biofilm formation and 44 

antioxidant production, which could promote persistence in human and marine environments. 45 

 46 

Introduction 47 

The Gram-negative bacterium Vibrio cholerae is the human pathogen that causes the 48 

diarrheal disease cholera.  The most common route to infection is consumption of contaminated 49 

food or water, after which V. cholerae traverses the stomach and colonizes the small intestines.  50 

Cholera patients lose liters of fluid and dissolved ions through toxin-mediated changes to the 51 

host intestinal tract, allowing V. cholerae to exit the host, re-enter a water source, and 52 
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perpetuate its infectious cycle.  In addition to the harsh conditions of the human gastrointestinal 53 

tract, V. cholerae must adapt to numerous stresses in the marine environment.  These 54 

environmental stresses include temperature fluctuations, eukaryotic predation, and exposure to 55 

chemical insults like reactive oxygen species (ROS) (1). 56 

As an aquatic organism, V. cholerae is exposed to varying concentrations of dissolved 57 

oxygen and ROS produced abiotically through photochemical reactions between sunlight and 58 

dissolved organic matter in the ocean  (2, 3).  ROS can also be produced biotically through 59 

metabolic processes in aerobic environments by phytoplankton, another potential reservoir of V. 60 

cholerae (4).  In response to the multiple routes of exposure to ROS, it is not surprising that V. 61 

cholerae has multiple ROS defense systems including two paralogues of the oxidative stress 62 

responsive transcription factor OxyR, two catalases, and multiple peroxidases (5–7).  Another 63 

mechanism to increase tolerance to ROS is the production of surface adhered communities 64 

encased in an exopolysaccharide matrix also known as biofilms.   65 

Many bacterial species, including V. cholerae, have increased tolerance to ROS such as 66 

hydrogen peroxide (H2O2) when grown in biofilms compared to planktonic counterparts (8–10).  67 

Biofilm formation in V. cholerae is regulated by the bacterial second messenger molecule cyclic 68 

dimeric guanosine monophosphate (c-di-GMP), which is produced by diguanylate cyclase 69 

(DGC) enzymes.  C-di-GMP alters bacterial physiology by modulating transcription, translation, 70 

and/or protein function (11).  In V. cholerae, a common mechanism of c-di-GMP signaling is 71 

modulation of gene expression by three c-di-GMP dependent transcription factors: VpsR, VpsT, 72 

and FlrA (12–14).  c-di-GMP activates the transcription factors VpsR and VpsT, resulting in 73 

increased transcription of genes involved in synthesis of the biofilm matrix component Vibrio 74 

polysaccharide (VPS) (12, 13, 15).  In contrast, c-di-GMP acts as an anti-activator of FlrA, which 75 

causes decreased expression of genes necessary for flagellar biosynthesis (14).  C-di-GMP can 76 

also bind to two riboswitches, Vc1 and Vc2. Binding of c-di-GMP to Vc1 functions as an ON-77 

switch to induce production of the adhesin GbpA, while binding of c-di-GMP to Vc2 functions as 78 
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an OFF-switch to inhibit production of the transcription factor TfoY (16, 17). As cells receive 79 

signals to disperse from the biofilm, phosphodiesterase (PDE) enzymes, which degrade c-di-80 

GMP, become activated.  These PDEs then deplete the intracellular concentration of  c-di-GMP, 81 

promoting a switch from a sessile biofilm lifestyle to a motile one (reviewed in (11)).   82 

While VpsR and VpsT were initially discovered as regulators of biofilm production, other 83 

c-di-GMP dependent functions have emerged.  For example, c-di-GMP and VpsR 84 

transcriptionally regulate genes in the type II secretion operon as well as tfoY, a gene involved 85 

in driving dispersive motility and regulating type VI secretion (17–19).  VpsT negatively 86 

regulates expression of genes involved in flagellar biosynthesis; however, the mechanism is not 87 

known (13).  Additionally, Ayala et al. demonstrated VpsT negatively regulates the transcription 88 

of the stationary phase sigma factor RpoS (20).  Recently, we found that c-di-GMP and VpsT 89 

induced expression of the DNA repair gene tag to promote survival after alkylation stress (21).  90 

These studies demonstrate c-di-GMP regulation extends beyond biofilm formation and motility 91 

in V. cholerae. 92 

In this study, we uncovered an additional role for c-di-GMP: positively regulating 93 

catalase activity by increasing transcription of the catalase encoding gene katB via a VpsR and 94 

VpsT dependent mechanism.  We further show that c-di-GMP dependent catalase activity was 95 

necessary for survival after exposure to the ROS H2O2.  Our results expand the regulatory 96 

network of c-di-GMP to include antioxidant production, demonstrating that elevated c-di-GMP 97 

enhances the oxidative stress response in V. cholerae. 98 

 99 

Materials and Methods 100 

DNA manipulations and growth conditions.  V. cholerae C6706 Str2 was used as the wild-101 

type and the low biofilm forming derivative ∆vpsL was used as the Parent strain in the text (22, 102 

23).  All vectors were constructed by Gibson Assembly (NEB).  Chromosomal deletion strains 103 

were constructed using the allele exchange vector pKAS32 digested with KpnI and SacI (NEB, 104 
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High Fidelity).  Luciferase reporters were constructed using the luciferase reporter vector 105 

pBBRlux digested with BamHI and SpeI (NEB).  Expression vectors for VpsT and VpsR were 106 

constructed by removing the ribosome binding site (RBS), green fluorescent protein, and 107 

chloramphenicol acetyltransferase from pEVS143 with BamHI and EcoRI digests (NEB) (23).  108 

The VpsT purification vector was constructed elsewhere (21).  Expression vectors for katB and 109 

katG were constructed as follows: pHERD20T was amplified with primers flanking the ampicillin 110 

resistance gene using inverse PCR resulting in a linear PCR fragment lacking the ampicillin 111 

resistance gene (24).  The chloramphenicol resistance gene from pBBRlux was amplified by 112 

PCR and the two linear fragments were circularized by Gibson Assembly.  Plasmids were 113 

introduced into V. cholerae through biparental conjugation using Escherichia coli S17 as the 114 

donor strain.  V. cholerae harboring the plasmid of interest was selected for using Polymixin B 115 

(10 U/mL) with the relevant antibiotic.  Antibiotics and reagents were used at the following 116 

concentrations unless otherwise stated: Ampicillin (100 µg/mL), Kanamycin (100 µg/mL), 117 

chloramphenicol (10 µg/mL), and 100 µM isopropyl -D-1-thiogalactopyranoside (IPTG).  118 

Cultures were grown in Lysogeny Broth (LB, Acumedia) at 35C, 220 RPM unless otherwise 119 

stated.  120 

 121 

Catalase assay.  Measurement of catalase activity was adapted from (25) with the following 122 

changes: Overnight cultures were diluted to a starting OD600 of 0.04 in 5 mL LB in 18 x 150 mm 123 

borosilicate test tubes supplemented with necessary antibiotics and IPTG.  Cultures were grown 124 

at 35oC with shaking at 220 RPM until the OD600 reached approximately 2.0, moved to 15 mL 125 

falcon tubes (Corning), and were pelleted by centrifugation (4,000 x g for 3 minutes).  Pellets 126 

were resuspended in 100 µL of sterile 1X PBS to create a viscous cell solution that were 127 

adjusted to an OD600 of 150 in 100 µL final volume in Pyrex test tubes (13 x 100 mm, 128 

borosilicate).  200 µL of catalase reaction buffer (1% Triton-X100, 15% hydrogen peroxide in 1X 129 
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PBS) was added to the test tubes and the solution was mixed using disposable 10 µL loops (BD 130 

Difco).  Tubes were incubated at room temperature until gas production subsided 131 

(approximately 5-10 minutes).  A standard curve was generated by mixing purified bovine 132 

catalase (Sigma, 570 U/µL) diluted in 1X PBS with 200 µL of catalase reaction buffer.  At 10 133 

minutes of incubation, images of the tubes were taken with an iPad Air (iOS 12.1.4) and the 134 

height from the bottom of the tube to the top of the foam were measured in both the standards 135 

and samples using the software ImageJ and an internal 1-inch reference mark for each picture.  136 

GraphPad Prism was used to generate the standard curve and interpolate the sample catalase 137 

activity using linear regression.  Data presented is catalase activity (Units) normalized to cell 138 

number (OD600). 139 

 140 

RNA Isolation and quantitative real-time PCR (qPCR). 141 

Three biological replicate overnight cultures were diluted to a starting OD600 of .04 in 2 mL LB 142 

supplemented with ampicillin and IPTG and grown until an OD600 of approximately 1.0 at 35C 143 

and 220 RPM.  1 mL of each replicate was pelleted and RNA was extracted using the TRIzol 144 

reagent following the directions in the manual (Thermo Fischer Scientific).  Purified DNA was 145 

quantified using a NanoDrop spectrophotometer (Thermo Fischer Scientific).  5 µg of purified 146 

RNA was treated with DNAse (Turbo DNAse, Thermo Fischer Scientific).  cDNA synthesis was 147 

carried out using the GoScript Reverse Transcription kit (Promega).  cDNA was diluted 1:30 148 

into molecular biology grade water and used as template in qRT-PCR reactions using SYBR 149 

Green (Applied Biosystems) as the method of detection.  Reactions consisted of 5 µL 2.5 µM 150 

primer 1, 5 µL of 2.5 µM primer 2, 5 µL of diluted cDNA template, and 15 µL of 2X SYBR green 151 

(see Table S4 for primer sequences).  Each plate had technical duplicates and biological 152 

triplicate samples as well as no reverse transcriptase controls to check for genomic DNA 153 

contamination.  The StepOnePlus Real Time PCR system was used for qRT-PCR with the 154 
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following thermocycling conditions: 95C for 20 seconds then 40 cycles of 95C for 2 seconds 155 

and 60C for 30 seconds.  Melting curves were included to ensure PCR products had single 156 

amplicons and primer dimers were absent.  Data was analyzed by the ∆∆Ct method using gyrA 157 

as a housekeeping or reference target.   158 

 159 

Luciferase reporter assays.   160 

A) V. cholerae reporter assays.  Overnight cultures of V. cholerae harboring katB 161 

transcriptional fusions to luciferase in pBBRlux were diluted 1:100 in 1 mL LB supplemented 162 

with ampicillin, chloramphenicol, and IPTG.   200 µL of cell solution was aliquoted into wells of a 163 

black 96-well plates (Costar).  Plates were incubated at 35C with shaking at 220 RPM until the 164 

OD600 reached approximately 0.25, and luciferase activity was measured using an Envision 165 

plate reader (Perkin Elmer).  Luciferase activity (RLU) was normalized for cell number by 166 

dividing RLU by the OD600 at the time of the reading (Normalized Luminescence).  For 167 

experiments where H2O2 were added to the cultures, overnight cultures of V. cholerae were 168 

diluted as described above except H2O2 was added to cultures at a final concentration of 50 µM 169 

when OD600 values reached approximately 0.225, followed by shaking at 35C for an additional 170 

30 minutes before measuring luciferase and OD600.   171 

B) E. coli DH10b luciferase assays.  Overnight cultures of E. coli DH10b harboring vectors to 172 

modulate transcription factor, c-di-GMP production, and the luciferase reporter were diluted 173 

1:100 as described above and grown at 35C, 220 RPM until the OD600 reached 0.45.  174 

Luciferase activity was measured and normalized to the OD600 to yield normalized 175 

luminescence.   176 

 177 

Protein purification and electrophoretic mobility shift assays (EMSA).  C-terminal HIS-178 

tagged VpsT purification and EMSAs experiments using the FAM labeled katB promoter region 179 
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from katB2 were carried out as previously described (21).  For purification, an overnight culture 180 

of E. coli BL21 harboring the pET28b-VpsT expression construct was diluted 1:100 into 250 mL 181 

LB supplemented with kanamycin in a 1 L flask.  The culture was grown until an OD600 of 182 

approximately 0.7 at which point 1 mM IPTG was added and the culture conditions were shifted 183 

to 16C with shaking at 160 RPM for 16 hours to induce protein production.  Protein purification 184 

was carried out by standard Ni-NTA resin purification protocols (19).  For EMSA experiments, 185 

varying concentrations of purified HIS-tagged VpsT (0 – 600 nM) were incubated with 2.5 nM 186 

FAM-labeled katB probe in VpsT buffer (25 mM Tris-Cl, 150 mM NaCl, 5 mM -mercapthol, pH 187 

– 7.5) at 30C for 30 minutes.  The binding reaction was loaded into pre-run 5% non-denaturing 188 

TBE gels and gel electrophoresis was done by applying 90 volts for 90 minutes at 4C.  189 

Fluorescent detection and images of the gels and were taken using a Typhoon FLA 9000 190 

imager and the requisite software (GE Healthcare Life Sciences). 191 

 192 

Hydrogen peroxide survival assay.  Overnight cultures were diluted to a starting OD600 of 0.04 193 

in 1 mL LB supplemented with necessary antibiotics and IPTG in 1.5 mL microcentrifuge tubes.  194 

140 µL aliquots were added to a 96-well plate (Costar) and grown until an OD600 of 0.3.  H2O2 195 

solutions were made from fresh H2O2 stocks in light-impermeable microcentrifuge tubes and 196 

sterile 1X PBS.  At time 0, 10 µL of H2O2 was added to the cell solution and growth was 197 

monitored over time by measuring OD600.   198 

 199 

Measurement of intracellular c-di-GMP.  Overnight cultures of ∆vpsL harboring pBRP1 200 

(QrgBMut) were diluted 1:100 in 2 mL LB ampicillin in 18 x 150 mm borosilicate test tubes and 201 

were grown to an OD600 of 1.0.  The cultures were split into two 1 mL aliquots in microcentrifuge 202 

tubes, and H2O2 was added to one aliquot at a final concentration of 500 µM.  An equal volume 203 

of water was added to the other aliquot as the untreated control.  Cultures were incubated 204 
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statically at room temperature for 30 minutes and collected for total protein quantification and 205 

nucleotide extraction.  Briefly, 100 µL of culture was removed from each tube to quantify total 206 

protein, pelleted by centrifugation at full speed (15,000 x g) for 1 minute, resuspended in 100 µL 207 

1X PBS with 10% sodium dodecyl sulfate (SDS), and boiled at 95C for 10 minutes.  Lysed cell 208 

solutions were centrifuged at 15,000 x g for 1 minute and the supernatant was removed and 209 

placed in new tubes.  Total protein was quantified using the DC Protein Assay (Bio-Rad) following 210 

the instructions in the manual.  Protein standards consisting of bovine serum albumin (provided 211 

in DC Protein Assay) were used to generate a standard curve to interpolate unknown sample 212 

concentrations.  Nucleotide extractions were carried out following the protocol here (26) with the 213 

following changes.  900 µL of the remaining culture were pelleted at 15,000 x g for 1 minute in a 214 

benchtop microcentrifuge.  The supernatants were removed, and the remaining pellets were 215 

resuspended in 100 µL nucleotide extraction buffer (40:40:20 methanol/acetonitrile/water with 0.1 216 

N formic acid).  The extraction solution was incubated at 20C for 20 minutes and pelleted for 10 217 

minutes at 15,000 x g.  The supernatants were placed into new microcentrifuge tubes, and the 218 

solutions were dried overnight using a heated, vacuum centrifuge (SpeedVac Concentrator, 219 

Savant).  The resulting dried pellets were resuspended in 100 µL HPLC-grade water and 220 

subjected to mass spectrometry analysis for quantification of c-di-GMP (27).  Data is represented 221 

as pmol of c-di-GMP normalized by total cellular protein (mg). 222 

 223 

Statistical Analysis. Data are represented as the mean  SD. Statistical analyses (details in 224 

figure legends) were calculated with GraphPad Prism Ver. 6 (GraphPad, San Diego, CA). A p-225 

value of < 0.05 was considered statistically significant. 226 

 227 

Results 228 

C-di-GMP Positively Regulates Catalase Activity 229 
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We have shown that c-di-GMP regulates genes involved in DNA repair and that this regulation 230 

increased tolerance to the methylating agent methyl methanesulfonate (MMS) (21).  Thus, we 231 

hypothesized c-di-GMP had a role in mitigating other forms of cellular stress besides DNA 232 

methylation damage.  We chose to test if c-di-GMP increased H2O2 tolerance because it is a 233 

common ROS produced by aerobic microorganisms as a byproduct of cellular respiration, and 234 

H2O2 is found in high concentrations in marine environments (reviewed in (28)) .  To test the 235 

effects of c-di-GMP on H2O2 tolerance in V. cholerae, we expressed the Vibrio harveyi DGC 236 

QrgB in a strain unable to form mature biofilms (∆vpsL, designated as the parent strain for this 237 

text).  We used this strain because expressing QrgB in WT V. cholerae induces biofilm 238 

production, which would introduce a confounding variable in our experiments (23).  As a control, 239 

we expressed an inactive allele of QrgB (QrgBMut) which is unable to synthesize c-di-GMP.  240 

Immediately after the addition of H2O2, both cultures began to produce gas bubbles, which is a 241 

phenomenon indicative of catalase activity as H2O2 is degraded into water and gaseous oxygen.  242 

Interestingly, the culture with higher intracellular c-di-GMP exhibited a higher amount of gas 243 

production despite the cultures having similar numbers of bacteria, suggesting c-di-GMP 244 

increased catalase activity.  Quantification of catalase activity revealed an approximate 5-fold 245 

increase when comparing strains expressing QrgB to QrgBMut (Figure 1), indicating c-di-GMP 246 

increased catalase activity.  Importantly, we have previously demonstrated that the 247 

concentration of c-di-GMP generated by QrgB overexpression is similar to that seen naturally in 248 

the low-cell-density quorum sensing state, demonstrating that these results are physiologically 249 

relevant (17). 250 

c-di-GMP can directly modulate protein activity or change gene expression through 251 

allosteric interactions with c-di-GMP-dependent transcription factors or riboswitches (13–15).  252 

The c-di-GMP dependent transcription factors VpsT and VpsR induce transcription of genes 253 

involved in biofilm formation, protein secretion, and DNA repair in high c-di-GMP conditions (12, 254 

13, 17, 18, 21). Therefore, we hypothesized that these transcription factors control c-di-GMP 255 
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regulated catalase activity.  To test this hypothesis, we repeated the catalase assay using 256 

∆vpsT, ∆vpsR, and the ∆vpsT∆vpsR V. cholerae mutants and observed a loss of c-di-GMP 257 

mediated induction of catalase activity, suggesting the increased catalase activity was part of 258 

the VpsR/VpsT/c-di-GMP regulatory network (Figure 1). 259 

V. cholerae encodes two catalases: katG (VC1560), a bifunctional enzyme with both 260 

catalase and peroxidase functions, and katB (VC1585), which only exhibits catalase activity (7, 261 

29).  Mutants of these enzymes render V. cholerae more susceptible to H2O2 treatment; 262 

however, regulation of either katB or katG by c-di-GMP has not been described (29).  We 263 

therefore measured c-di-GMP induction of catalase activity in the mutants ∆katB, ∆katG, or 264 

∆katB∆katG.  We observed that the ∆katB background did not display c-di-GMP regulated 265 

catalase activity but did possess basal level catalase activity similar to the parent strain 266 

expressing QrgBMut (Figure 1).  Expression of katB from an arabinose-inducible, multicopy 267 

plasmid in the ∆katB background complemented catalase activity regardless of the levels of c-268 

di-GMP (Figure S1).  Strains lacking katG were still able to induce catalase activity by c-di-GMP; 269 

however, the level of catalase activity induced by c-di-GMP was approximately 20% lower than 270 

that of the parent strain (Figure 1).  Additionally, catalase activity in the ∆katG strain expressing 271 

QrgBMut was approximately 2-fold lower than the parent strain in the same condition (Figure 1).  272 

Strains lacking both katG and katB did not have measurable catalase activity under these 273 

conditions, which is expected because these are the only annotated genes encoding catalase 274 

activity in the El Tor V. cholerae reference genome N16961 (7) (Figure 1). 275 

 276 

Characterization of the katB Promoter and regulation of katB expression 277 

Our results suggest katB, but not katG, is positively regulated by c-di-GMP at the 278 

transcriptional level.  We addressed this hypothesis by measuring katB mRNA from cultures 279 

inducing QrgB and QrgBMut using qRT-PCR.  We found that katB expression increased 280 

approximately 12-fold in strains expressing QrgB relative to QrgBMut (Figure 2). 281 
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We next were interested in the promoter architecture of the region upstream of katB and 282 

hypothesized specific regions in the katB promoter were necessary for c-di-GMP mediated 283 

transcriptional control.  We tested this hypothesis by measuring luciferase activity from a series 284 

of katB transcriptional reporters that have been truncated at the 5’ end in the presence of QrgB 285 

or QrgBMut expression (Figure 3A).  In the full-length promoter construct katB1, QrgB induced 286 

katB expression 5-fold compared to strains over-producing QrgBMut (Figure 3A).  Inclusion of 287 

212 bp upstream of katB was sufficient to maintain c-di-GMP induction (Figure 3A, katB2 and 288 

katB3).  However, if the promoter was truncated to include 172 bp upstream of katB (katB4), c-289 

di-GMP dependent induction of katB was abrogated. This result suggested the necessary cis-290 

acting sequences for c-di-GMP mediated activation of katB expression are found between -172 291 

and -212 bp upstream of the katB relative to the ATG start codon (Figure 3A).  Deleting 30 bps 292 

from katB4 resulted in expression levels similar to that of the promoter-less vector control 293 

regardless of c-di-GMP concentrations (katB5), suggesting components necessary for the basal 294 

expression of katB are between -172 and -142 relative to the ATG start codon (Figure 3A).  We 295 

also measured the effect of c-di-GMP on a katG-luciferase transcriptional fusion and did not 296 

observe significant c-di-GMP dependent changes in expression, in agreement with our initial 297 

hypothesis (Figure 3B). 298 

VpsT and VpsR are necessary for the c-di-GMP-dependent induction of catalase activity, 299 

suggesting that these transcription factors activate transcription of katB at high intracellular 300 

concentrations of c-di-GMP (Figure 1).  Thus, we hypothesized that c-di-GMP mediated 301 

induction of katB would be lost in strains lacking vpsT, vpsR, or both vpsT and vpsR.  We tested 302 

this hypothesis by measuring katB2 reporter activity under different c-di-GMP conditions in the 303 

parent, single, and double knockout strains.  We found that katB2 expression increased 5-fold in 304 

the parent background.  katB expression increased 2.5 to 3-fold in the ∆vpsT and ∆vpsR 305 

backgrounds, but the differences in expression between QrgBmut and QrgB were not statistically 306 

significant (Figure 4A).  It was only in the double mutant ∆vpsT∆vpsR background that c-di-GMP 307 
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mediated katB expression was completely lost (Figure 4A).  These data suggest that both VpsR 308 

and VpsT are needed for full induction by c-di-GMP.  309 

 katB expression is up-regulated in response to hydrogen peroxide in V. cholerae through 310 

the transcriptional activator OxyR (6, 29).  To determine if the same region necessary for c-di-311 

GMP mediated regulation of katB was necessary for H2O2 induction of katB, we measured the 312 

ability of H2O2 to induce katB4, the promoter region that no longer responded to c-di-GMP 313 

(Figure 3B).  We found that 50 µM H2O2 induced katB4 expression approximately 6-fold in the 314 

parent background (Figure 4B).  Next, to determine if VpsT and VpsR contributed to the H2O2 315 

inducible response of the katB4 promoter, we repeated the assay in a ∆vpsT∆vpsR background.  316 

In this background, H2O2 increased katB4 expression to the same extent as the parent, however 317 

the basal and induced expression level was 1.5-fold lower compared to the parent (Figure 4B).   318 

In Mycobacterium smegmatis, H2O2 can act as a first messenger to promote c-di-GMP 319 

synthesis (30). Whether H2O2 acts as a first messenger to modulate c-di-GMP in V. cholerae 320 

has not been demonstrated.  To test the hypothesis that H2O2 acts as a first messenger, we 321 

measured intracellular c-di-GMP in control and H2O2 treated cultures and found no differences 322 

in intracellular c-di-GMP (Figure S2).  Together, these results indicate that katB transcription is 323 

induced by c-di-GMP and the oxidative stress response through distinct regulatory mechanisms 324 

and demonstrate that H2O2 does not alter global levels of intracellular c-di-GMP. 325 

 326 

VpsT Induces katB Expression in a Heterologous Host and Binds to the katB Promoter In 327 

Vitro 328 

To test whether VpsT or VpsR directly regulates katB, we used Escherichia coli as a 329 

heterologous host to measure katB expression at high versus low concentrations of c-di-GMP in 330 

the presence of either VpsR or VpsT.  We reasoned the genetic dissimilarity between V. 331 

cholerae and E. coli would allow us to isolate the effects of VpsR and VpsT directly on the katB 332 

promoter without the effect of these transcription factors regulating each other’s expression (23, 333 
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31, 32). Expression of QrgB with an empty vector increased katB expression in E. coli 334 

approximately 2.5-fold when compared to expression of QrgBMut through an unknown 335 

mechanism (Figure 5).  Similarly, co-expression of VpsR along with QrgB resulted in 336 

approximately the same fold change (2-fold) as the empty vector, indicating VpsR is not 337 

sufficient to induce katB expression when expressed alone in E. coli along with increased c-di-338 

GMP (Figure 5).  Expression of VpsT and QrgB, however, resulted in transcription from the katB 339 

promoter increasing 25-fold (Figure 5), suggesting that VpsT directly regulates katB 340 

transcription in response to c-di-GMP. 341 

As a transcription factor, VpsT binds to DNA in the presence of c-di-GMP to modulate 342 

gene expression (13, 20, 21, 32).  Since VpsT was necessary for c-di-GMP mediated katB 343 

expression and was able to induce katB expression when expressed in a heterologous host, we 344 

hypothesized VpsT directly interacted with its promoter in a c-di-GMP-dependent manner.  345 

Thus, we purified C-terminal HIS-tagged VpsT and measured its ability to bind to the katB2 346 

promoter in vitro.  VpsT only partially shifted the katB2 probe in the absence of c-di-GMP at the 347 

highest concentration tested (600 nM) (Figure 6, lane 5).  However, with the addition of 50 µM c-348 

di-GMP, VpsT was able to decrease the intensity of the unshifted band at 150 nM and 349 

completely shift the probe at 300 nM (Figure 6, lanes 10-12).  Addition of a 100-fold molar 350 

excess unlabeled 20bp oligonucleotide, composed of the VpsT binding site found in the vpsL 351 

promoter, was able to outcompete VpsT binding to the labeled katB2 probe in the presence or 352 

absence of c-di-GMP (Figure 6, lanes 7, 14) (32).  When the unlabeled competitor had 353 

transversion mutations introduced into the palindromic region, it was no longer able to abrogate 354 

the VpsT-katB2 band migration (Figure 6, lanes 6, 13) (32).  Together, the in vivo and in vitro 355 

data suggest VpsT directly interacts with the katB promoter to stimulate expression under high 356 

c-di-GMP conditions.   357 

 358 
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C-di-GMP mediated HOOH survival is dependent on catalase 359 

Since c-di-GMP increased katB expression and catalase activity, we hypothesized that 360 

high intracellular c-di-GMP would provide a survival advantage during H2O2 stress.  We tested 361 

this hypothesis by measuring survival after H2O2 treatment in V. cholerae backgrounds (∆vpsL) 362 

unable to make mature biofilms to specifically test if the transcription regulation of katB by c-di-363 

GMP was responsible for any observed protection as opposed to matrix production or formation 364 

of multicellular biofilms (8, 10, 33, 34).  V. cholerae expressing QrgBMut or QrgB were 365 

challenged with H2O2 and the gross culture viability (OD600) was monitored for three hours.  We 366 

found that in the parent strain, expression of QrgB, but not QrgBMut, led to significant protection 367 

from H2O2 stress (Figure 7A).  To test this if this protection is dependent on c-di-GMP mediated 368 

catalase activity, we measured H2O2 survival in the ∆katB, ∆katG, and ∆katB∆katG mutants.  369 

Consistent with our catalase activity results, deletion of katB in either the ∆katB and ∆katB∆katG 370 

mutants displayed no c-di-GMP mediated H2O2 survival (Figure 7E and G) while survival of the 371 

∆katG mutant during H2O2 treatment resembled the parent strain (Figure 7F).   372 

As vpsT and vpsR were necessary for c-di-GMP dependent induction of katB expression 373 

and catalase activity (Figure 1 and 4), we hypothesized deletion mutations of these transcription 374 

factors would decouple c-di-GMP signaling from survival during H2O2 treatment.  Indeed, strains 375 

lacking vpsT, vpsR, or both vpsT and vpsR lost c-di-GMP-mediated survival during H2O2 376 

treatment (Figure 7B-D).  Taken together, these data suggest c-di-GMP increases katB 377 

expression and KatB catalase activity through the c-di-GMP dependent transcription factors 378 

vpsT and vpsR resulting in increased survival during H2O2 treatment (Figure 8). 379 

 380 

Discussion 381 

In this work, we sought to determine if c-di-GMP provides resistance to ROS in V. 382 

cholerae.  Using a plasmid-based system to modulate intracellular c-di-GMP, we observed 383 

increased gas production after the addition of H2O2, suggesting c-di-GMP positively influenced 384 
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catalase activity. We determined that katB was responsible for c-di-GMP regulated catalase 385 

activity and found that katB transcription was increased 5-fold in the parent , but this induction 386 

was lost in strains deficient for the c-di-GMP dependent transcription factors VpsT and VpsR.  387 

Measuring katB transcription in a heterologous host revealed that VpsT was sufficient to induce 388 

katB expression under high c-di-GMP conditions, and in vitro DNA binding assays demonstrated 389 

VpsT specifically bound to the katB promoter in a c-di-GMP dependent fashion.  Lastly, we 390 

showed that c-di-GMP mediated survival after H2O2 treatment was dependent on vpsT, vpsR, 391 

and katB.  392 

In agreement with our findings, other groups have observed an increase in katB 393 

expression under certain biofilm inducing conditions which modulate intracellular c-di-GMP, 394 

such as incubation with norspermidine (35) .  Additionally, transcriptomic data from experiments 395 

where c-di-GMP or VpsT was artificially induced in V. cholerae suggested katB expression was 396 

a positively regulated by c-di-GMP (13, 36).  Interestingly, c-di-GMP and VpsT were shown to 397 

down-regulate production of the stationary phase sigma factor RpoS, in turn decreasing survival 398 

to various stressors including H2O2, which is in contrast to our results (Figure 6A) (20).  These 399 

experiments were done with the El Tor biotype strain C7258, which is part of the serogroup 400 

Ogawa while the strain used in the current study (C6076 str2) is part of the serogroup Inaba.  401 

While there are no studies describing differences in transcriptional regulation between the two 402 

serogroups, we hypothesize there may be serogroup dependent differences in c-di-GMP 403 

signaling, which would explain the contrasting results.   404 

Unlike the ∆vpsT∆vpsR double mutant, c-di-GMP was able to induce the express of the 405 

katB reporter in the single vpsT and vpsR deletion background, albeit the difference was not 406 

statistically significant.  However, only production of VpsT and c-di-GMP, but not VpsR and c-di-407 

GMP, increased expression of the katB promoter in E. coli (Figure 4).  C-di-GMP mediated 408 

catalase activity and survival in H2O2 were also lost in both the ∆vpsT and ∆vpsR backgrounds.  409 

Thus, our evidence suggests that phenotypes are primarily controlled by VpsT (Figure 8).  VpsR 410 
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is required for c-di-GMP mediated induction of vpsT in V. cholerae, and thus we conclude it has 411 

an indirect effect on katB transcription (31) (Figure 8). 412 

A predicted VpsT binding site was previously reported approximately 150 bps upstream of 413 

the ATG start codon (37).  Our results indicate that even when the VpsT binding site was 414 

present in the katB4 transcriptional fusion, induction by c-di-GMP was lost.  We note that the 415 

predicted VpsT sequence was found in the template strand while predicted and validated VpsT 416 

binding sites in the vpsL and vpsA promoters were found in the coding strand (32, 37).  Whether 417 

this difference in strand binding alters VpsT transcriptional regulation warrants further 418 

investigation. 419 

Although our work focuses on V. cholerae, the association between c-di-GMP and 420 

protection against ROS has been shown in other bacteria.  In Listeria monocytogenes, deletion 421 

of genes encoding PDE domains have elevated biofilm production and H2O2 tolerance (9).  422 

However, it is not known whether H2O2 tolerance was caused by increased EPS production, 423 

antioxidant production, or both.  In Mycobacterium smegmatis, a relative of the human pathogen 424 

M. tuberculosis, H2O2 stimulates production of intracellular c-di-GMP, which inactivates the 425 

transcriptional repressor HpoR.  As a result, ROS defense genes are up-regulated and increase 426 

H2O2 tolerance (30).  This differs from our work in two facets: first, H2O2 does not act as a first 427 

messenger that stimulates c-di-GMP activity in V. cholerae (Figure S2) and second, VpsT and 428 

c-di-GMP regulate a wide array of genes whereas HpoR-c-di-GMP has been shown to only 429 

regulate expression of the hpoR operon.  Despite the differences in regulation, the connection 430 

between c-di-GMP and ROS tolerance is evident in bacteria from diverse phylogenetic 431 

backgrounds.   432 

 433 

 434 

 435 
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Figure 1.  C-di-GMP increases catalase activity.  Catalase activity was measured in the parent and mutant strains 

overproducing QrgBMut (white bars) or QrgB (black bars).  Brackets and * indicate differences with a p < .05 determined by 

Two-Way ANOVA folloǁed ďy Tukey’s ŵultiple ĐoŵparisoŶ test.  Data are the aǀerage of three ďiologiĐal repliĐates ǁith error 
bars indicating standard deviation.  ## indicates activity was below the limit of detection.
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Figure 2. C-di-GMP increases katB mRNA abundance.  qRT-PCR analysis comparing katB mRNA abundance between 

QrgB and QrgBMut coŶditioŶs usiŶg the ∆∆Ct ŵethod.  Dashed horizoŶtal liŶe represeŶts a fold chaŶge of 1.  Bars 
represent the average of three biological replicates with error bars indicating standard deviation. 
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Figure 3.  Characterization of the katB promoter.  A) katB genetic locus and promoter truncations and reporter activity. 5’ 
promoter truncations were constructed and cloned upstream of the luciferase operon.  Lines and numbers on the Y-axis 

indicate length of promoter relative to the ATG start codon for each promoter construct.  Normalized luminescence is light 

production normalized to OD600 to control for cell number.  For each promoter construct, luminescence was measured while 

overproducing QrgBMut (white bars) or QrgB (black bars).  An empty pBBRlux vector control was included in each experiment.  

Brackets and * indicate comparisons with a p-value < .05 determined by Two-Way ANOVA followed by Tukey’s multiple 
comparisons testing.  Data are the averages of three biological replicates and error bars indicate standard deviation.  
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Fig. 3 (cont.). B) katG expression was measured in the parent strain while overproducing QrgBMut (white bars) or QrgB

(black bars).  Bars represent averages of three biological replicates with error bars indicating standard deviation. 
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Figure 4.  vpsT and vpsR are necessary for c-di-GMP mediated expression of katB but dispensable for H2O2 induction.  A) 

katB expression was measured in parent, ∆vpsT, ∆vpsR, and ∆vpsT∆vpsR backgrounds while overproducing QrgBMut (white 

bars) or QrgB (black bars).  Brackets and * indicate differences with a p-value < .05 determined by Two-Way ANOVA followed 

ďy Tukey’s ŵultiple ĐoŵparisoŶ test.  Data are average of three ďiologiĐal repliĐates.  Error ďars iŶdiĐate staŶdard deviation. 

B) katB4 expression was measured in the parent and ∆vpsT∆vpsR background 30 minutes after addition of 50 µM H2O2 or 

PBS control (untreated).  Data are the average of three biological replicates and error bars indicate standard deviation.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted May 8, 2019. ; https://doi.org/10.1101/631275doi: bioRxiv preprint 

https://doi.org/10.1101/631275


Empty VpsR VpsT
0

20

40

60

80

100

Condition

F
o

ld
 C

h
a
n

g
e
 

L
u

m
in

e
s
c
e
n

c
e
 

(Q
rg

B
/Q

rg
B

M
u

t )

*

Figure 5.  VpsT and c-di-GMP induce katB expression in a heterologous host. QrgBMut or QrgB were overproduced along 

with either an empty vector, VpsR, or VpsT in DH10b E. coli harboring the katB3 promoter fused upstream of the 

luciferase operon.  Data is the average fold change in luminescence between strains overproducing QrgB and QrgBMut

from three biological replicates and error bars are standard deviation.  Brackets and * indicate a statistically significant 

difference determined by One-Way ANOVA followed ďy Tukey’s ŵultiple ĐoŵparisoŶ testiŶg.
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Figure 6.  C-di-GMP enhances VpsT interaction with the katB promoter in vitro.  Increasing concentrations of VpsT-HIS 

were incubated with a FAM-labeled probe corresponding to the katB4 promoter (Lanes 1-5).  Unlabeled mutant (MT) or 

wild-type (WT) VpsT binding site competitor was added at 100X-molar excess relative to the labeled probe in reactions 

with 600 nM VpsT-HIS (Lanes 6,7).  Lanes 8-14 are the same reaction conditions as Lanes 1-7 except 50 µM c-di-GMP 

was added to the binding reactions, as indicated by the + sign.  
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Figure 7.  C-di-GMP enhances survival after H2O2 treatment. QrgBMut (open squares) or QrgB (squares) were induced with 

ϭϬϬ µM IPTG iŶ pareŶt ;AͿ, ∆vpsT ;BͿ, ∆vpsR ;CͿ, ∆vpsT∆vpsR ;DͿ, ∆katB ;EͿ, ∆katG ;FͿ, aŶd ∆katB∆katG (G)strains until an 

OD600 of 0.3. H2O2 was added to cultures at a final concentration of 12.5 mM. Cell death was monitored by measuring OD600

every hour after H2O2 addition (Time 0).  * Indicate a p < .05 when compared to the untreated control at that timepoint 

determined by Two-Way ANOVA folloǁed ďy Tukey’s ŵultiple ĐoŵparisoŶs test.  Bars are aǀerages froŵ three ďiologiĐal 
replicates and error bars indicate standard deviation.  
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Figure 8.  Model for the c-di-GMP regulatory network controlling biofilm formation and H2O2 tolerance.  In response to 

high intracellular c-di-GMP, VpsR becomes activated and induces expression of vpsT.  VpsT, in turn, is activated by c-di-GMP 

and both VpsR and VpsT activate genes in the vps operons to promote biofilm formation.  Our data indicates c-di-GMP 

activated VpsT also induces expression of katB which increases catalase activity of the population which is able to turn over 

H2O2 and promote survival after H2O2 treatment.  Our data also demonstrates induction of katB by H2O2 occurs 

independently of the c-di-GMP signaling network and is likely controlled by OxyR, a transcription factor involved in a broader 

antioxidant production program.  
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