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ABSTRACT
BIOFILMS AND BEYOND:
CHARACTERIZING NOVEL CYCLIC DI-GMP CONTROLLED PHENOTYPES IN
VIBRIO CHOLERAE
By
Nicolas Luis Fernandez

The second messenger cyclic dimeric guanosine monophosphate (c-di-GMP) is
often utilized by bacteria to transduce external information inside the cell to allow the
appropriate response. Soon after investigations began, the connection between c-di-
GMP signaling and the transition between sessile and motile lifestyles became clear.
Numerous reports demonstrate c-di-GMP promotes production of the biofilm matrix
while simultaneously decreasing motility through diverse mechanisms. Researchers
also identified c-di-GMP as a signal in other cellular processes in organisms with niche
specific phenotypes such as promoting asymmetric cell division, differentiation,
predation, and pathogenesis. However, with such vast signaling networks in some
bacteria, whether c-di-GMP had a larger influence on controlling cell behavior was to be
determined.

In this work, | provide examples of how the aquatic organism and human
pathogen Vibrio cholerae utilizes c-di-GMP signaling to connect disparate cell behaviors
with biofilm formation and explore how these behaviors could promote survival in its
natural reservoir. This is exemplified in Chapters 2 and 3, where | demonstrate c-di-
GMP increases tolerance to DNA damage and oxidative stress. Importantly, these
responses were independent of biofilm matrix production, which can often provide

protection from antimicrobials. My data indicate c-di-GMP specifically increases



expression of genes involved in DNA repair and antioxidant production, which is
sufficient to provide a growth advantage under stressful conditions. Thus, these data
support a model where, under high c-di-GMP conditions, matrix production is co-
regulated with DNA repair and antioxidant production, suggesting biofilm formation in V.
cholerae involves a pre-emptive induction of stress responses, which could promote
persistence in the environment.

In chapter 4, | uncover an important, previously unrecognized, role for c-di-GMP
signaling: control of cell shape to promote biofilm formation. V. cholerae adopts a
vibrioid, or curve-rod, appearance which was first observed by early microbiology
pioneers in the 1800’s. Further examination by Arthur Henrici in 1928 found that V.
cholerae shape is heterogenous and was influenced by growth phase. However, how
V. cholerae regulated its shape change and the ecological benefits of such changes
remained a mystery. In this work, | found that high c-di-GMP concentrations caused the
straightening of the vibrioid shape. Disrupting this process by forcing cells to remain
curved during surface colonization caused defects in biofilm formation. By using single-
cell analysis, my work suggests curvature causes irregularities in cell-to-cell contact
during the early stages of biofilm formation. In summation, by orchestrating matrix
production, stress responses, and cell shape changes, my results indicate c-di-GMP
plays a global role in V. cholerae by preparing cells as they transition to the biofilm

lifestyle.
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Chapter 1 — Introduction



1.1 — Bacterial Signal Transduction through c-di-GMP

Through billioins of years of evolution, bacteria have developed systems with the
primary function to identify a signal, transduce that information inside the cell, and to
respond in a beneficial manner. While all systems have similar mechanisms to
recognize signals, they differ in the transduction of the signal into the cell. For instance,
bacterial two-component systems (TCS) utilize phosphate transfer to produce
responses to stimuli while second messenger systems produce small molecules

(reviewed in (1)). One group of widely utilized bacterial second messenger system are

Phosphodiesterase
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Figure 1.1: Synthesis and Degradation of C-di-GMP by Diguanylate Cyclase
(DGC) and Phosphodiesterase (PDE) Enzymes.

C-di-GMP is synthesized by two molecules of GTP by enzymes called diguanylate
cyclases which harbor a GGDEF active site motif. The signal is then sensed by
molecular effectors in the cell (not shown), causing a change in cellular behavior. C-di-
GMP is degraded to two molecules of GMP by two independent mechanisms: indirect
(a) or direct(b). Indirect degradation (a) occurs through linearization of c-di-GMP into
pGpG by EAL-type PDEs and further degradation by oligoribonuclease (Orn). Direct
degradation (b) is carried out by HD-GYP-type PDEs. Figure adapted from (1).



cyclic dinucleotides, in particular the dinucleotide 3’-5’ cyclic dimeric guanosine
monophosphate (c-di-GMP).

c-di-GMP is synthesized by diguanylate cyclase enzymes (DGC), which catalyze
the cyclization of two GTP molecules at the 5’ and 3’ position (Figure 1, adapted from
(2)). DGC enzymes harbor a GG(D/E)EF active site motif which is important for GTP
binding (GG), catalysis, and metal coordination (D/E, E), although some variation in this
active site motif has been described (3, 4). c-di-GMP is degraded by
phosphodiesterase (PDE) enzymes which can have active site motifs of EAL or HD-
GYP. EAL-type PDE enzymes degrade c-di-GMP into linear pGpG while HD-GYP-type
PDE enzymes are capable of degrading c-di-GMP completely into 2 GMP (Figure 1,
reviewed in (5)). The degradation product pGpG is specifically turned over by enzymes
called oligoribonuclease (ORN) (6, 7).

c-di-GMP metabolizing enzymes are commonly found in modular associations
with other protein domains, such as signal integration domains (e.g. PAS domain) or
transduction domains (e.g. REC domain). For example, the PAS domain of the enzyme
AxDGC2 from Acetobacter xylinium noncovalently binds to oxidized flavin adenine
dinucleotide (FAD) which increases c-di-GMP production in vitro (8). WspR, a response
regulator with an N-terminal REC domain and C-terminal GGDEF domain from
Pseudomonas aeruginosa, becomes activated by phosphorylation by its cognate
histidine kinase (9). Ultimately, enzyme activity can increase or decrease according to
certain environmental conditions or ligand availability, leading to changes in intracellular

c-di-GMP.



Reception of c-di-GMP occurs with a wide range of biomolecules and
mechanisms. Numerous protein domains and motifs bind c-di-GMP such as PilZ
domains, non-functional domains in c-di-GMP metabolizing enzymes, and transcription
factors (5). Despite the wide range of receptors, a universal binding site for c-di-GMP
has not been identified, indicating wide-range diversity in signal reception. Rather, c-di-
GMP binding proteins have appeared to evolve multiple distinct mechanisms for binding
to this signal. RNA molecules can also be c-di-GMP receptors in the form of c-di-GMP
sensing riboswitches (10). First identified bioinformatically and characterized in a few
bacterial species, c-di-GMP sensing RNA riboswitches are found in many bacteria that
utilize c-di-GMP signaling (10-12). Thus, similar to other signal transduction pathways,
cells utilizing c-di-GMP can integrate the widespread first-messenger signals into
second messengers that are recognized by receptors, causing alterations to various
phenotypic outputs.

1.2 — c-di-GMP Regulated Phenotypes in Bacteria: From Swimming to Sticking and
Everything in Between

C-di-GMP was discovered as the signal that stimulated cellulose production in
Acetobacter xylinum in 1987 (13, 14). Since then, the field of c-di-GMP signaling has
exploded and the nearly ubiquitous relationship between c-di-GMP, motility, and biofilm
formation emerged: increased pools of c-di-GMP lead to production of biofilms while
inhibiting motility. However, c-di-GMP control of cell behavior is not strictly limited to
motility and biofilm formation. There are numerous examples of bacteria utilizing c-di-
GMP to regulate disparate phenotypes such as cell cycle control, cellular differentiation,

predation, and pathogenesis (15-19, 12). These phenotypes highlight the ability of



signaling networks to repurpose already established networks to respond to changes in
intracellular c-di-GMP.
1.2.1 — Control of Motility and Biofilm Formation by c-di-GMP

Motility occurs through various mechanisms such as flagellar based swimming,
swarming over a surface, or Type |V pili (T4P) mediated twitching (reviewed in (20)). In
bacteria that utilize c-di-GMP, the motile lifestyle typically occurs under low intracellular
c-di-GMP conditions. As c-di-GMP concentrations increase, cells become less motile
through two general mechanisms: 1) differential regulation of genes involved in motility
and 2) physical interruption of motility by disrupting protein activity.

C-di-GMP can inhibit motility through transcriptional regulation of genes
necessary for motility. This can occur by c-di-GMP binding to and allosterically inhibiting
transcription factors that regulate motility genes (5). For example, FleQ from the human
pathogen Pseudomonas aeruginosa positively regulates expression of genes at the top
of the flagellar biosynthesis hierarchy under low c-di-GMP conditions (21). As c-di-GMP
concentrations increase in the cell, c-di-GMP binds to FleQ and inhibits flagella
biosynthesis gene expression by decreasing the affinity of FleQ for its target promoters
(21). There may be cases, however, where immediate inhibition of motility is required
First identified and characterized in Escherichia coli, the protein YcgR acts as a c-di-
GMP dependent effector that locks the flagellar into counter-clockwise rotation, causing
an increase in tumbling and a decrease in chemotaxis (22). Twitching motility allows
for directional movement through a process of surface adhesion and T4P retraction (20,
23). Similar to flagella biosynthesis and activity, c-di-GMP regulates T4P at both the

transcriptional and post-translational levels. In the soil microbe Myxococcus xanthus, c-



di-GMP represses expression of genes involved in T4P biogenesis (24). c-di-GMP can
also regulate T4P mediated motility and adhesion through direct protein interactions.
For example, in P. aeruginosa, lower concentrations of c-di-GMP promote polar T4P
assembly and motility by positively affecting ATPase-containing motor proteins while
higher c-di-GMP concentrations promote delocalized T4P better suited for surface
adhesion (25, 26).

After cells encounter a suitable surface, motility is downregulated, and production
of a biofilm matrix initiates. Biofilm matrices are composed of exopolymeric substances
(EPS) such as polysaccharides and extracellular DNA, but protein and lipids are also
found in varying ratios depending on the organism and conditions (27, 28). In many
organisms, expression of genes involved in EPS production increase under high
intracellular c-di-GMP conditions (29-32). Regulation of EPS production additionally
occurs at the post-transcriptional level in E. coli and A. xylinum where c-di-GMP
facilitates intermolecular interactions between membrane bound glycosyltransferases,

increasing activity and production of EPS (33, 34).



1.2.2 — Outside the Box: Roles of C-di-GMP in Diverse Phenotypes

In a database of 500 bacterial and archaeal genomes, 80% encode at least one
pair of c-di-GMP metabolizing enzymes, which invites the idea that c-di-GMP may have
other functions that are more species specific (35). Indeed, through targeted and
untargeted approaches, a role for c-di-GMP in cell cycle regulation, predation,
differentiation, and virulence has been discovered.
1.2.2.1 — Cell Cycle Regulation, Predation, Differentiation, and Virulence

Caulobacter crescentus is a free-living freshwater bacterium that undergoes
asymmetric cell division to produce two distinct cell types: the free-swimming, non-
replicative swarmer cells or surface adhered, replicative stalk cells (36). During early
studies screening for genes important for development of stalked cells, mutations in the
response regulator PleD inhibited development (37). PleD harbors a C-terminal
GGDEF domain that is necessary for development (37). Further studies found that a
key point in the transition from a swarmer cell to a replicative stalked cell is the
phosphorylation, activation, and localization of the PleD to the stalked pole of the cell
(15). c-di-GMP produced by PleD stimulates a signaling cascade that ultimately
decreases the concentration of a replication inhibitor, promoting replication and
asymmetric cell division (17). After replication and division, the PDE PdeA is activated
by phosphorylation and depletes intracellular c-di-GMP resulting in oscillations of c-di-
GMP in synchronized populations of C. crescentus, corresponding to replication and
division (38).

Bdellovibrio bacteriovorus is an obligate predatory bacterium that invades the

periplasm of Gram-negative bacteria periplasm, utilizes host nutrients to replicate, and



disseminates from the exhausted host to repeat the cycle (39). After identifying 5 genes
encoding GGDEF containing proteins, Hobley et al. discovered 3 out of 5 had roles in
prey recognition, invasion, and dissemination after host killing. (19). Recently, a
studying looking to identify novel c-di-GMP effector proteins in this organism found 84
potential c-di-GMP effector proteins with some having functions in metabolism and
signal transduction, suggesting c-di-GMP may have functions throughout a wider range
of the predation process than appreciated (40).

Streptomyces species undergo three stages of development: a vegetative growth
state, an aerial hyphae state, and sporulation (41). Studies in in S. venezuelae found
that production of a DGC delayed differentiation while expressing a PDE accelerated
differentiation, solidifying the notion that c-di-GMP was an important signal controlling
cellular differentiation (18). Using a CHIP-chip approach, researchers found the
transcription factor necessary for differentiation (BldD) was enriched upstream of genes
with predicted c-di-GMP metabolizing functions (41), and BldD was subsequently
demonstrated to be a c-di-GMP responsive transcription factor that controlled
expression of genes involved in the metabolism of c-di-GMP in addition to differentiation
(42).

Many bacterial pathogens have c-di-GMP signaling pathways, such as P.
aeruginosa, S. Typhimurium, and V. cholerae (16). Due to its pleiotropic effects of
promoting biofilm formation and inhibiting motility, which need to be tightly controlled
during host infection, there is a general negative relationship between c-di-GMP and
virulence in many organisms (16). One specific case highlighting a connection between

c-di-GMP signaling and virulence regulation is the role of the two-component system



VieSA and a major regulator of cholera toxin production, ToxT in V. cholerae (43). VieS
is @ membrane-bound histidine kinase that responds to some signal within the host
during infection and VieA response regulator with a PDE domain (43). Mutants lacking
vieA, or ectopically expressing a DGC, result in decreased CT production and a
decrease in animal models of cholerae infection, but how c-di-GMP controls these
phenotypes is uncharacterized (43).

These examples demonstrate the wide range of c-di-GMP regulated phenotypes
that are conserved among many bacterial species (e.g. virulence) or are specific to
smaller groups (e.g. predation)

1.3 — Vibrio cholerae: Human Pathogen and Model System for Studying Bacterial
Signal Transduction

V. cholerae is a Gram-negative human pathogen that causes the diarrheal
disease cholera. In parts of the developing world where water infrastructure is lacking,
cholera cases can be endemic, but there are also cases where outbreaks occur, such
as the current outbreak in Yemen (44). The main route of infection occurs through
ingestion of contaminated food or water. After passing through the stomach, V.
cholerae traverses to the small intestine and colonizes the intestinal lumen. It then
produces cholera toxin which causes diarrhea by dysregulating ion channels resulting in
influx of water into the small intestinal lumen. Cholera disease is distinct from other
gastrointestinal diseases in that patients lose liters of stool, leading to dehydration and

death if left untreated (reviewed in (45)).



1.3.1 — C-di-GMP Signaling in V. cholerae

V. cholerae has 62 genes that encode proteins with c-di-GMP metabolizing
functions, which accounts for 1.6% of its predicted proteome (35). Comparatively, other
biofilm forming human pathogens, such as E. coli O157:H7 and P. aeruginosa, only
have 0.53% and 0.70%, respectively, of their proteome dedicated toward c-di-GMP
signaling (35). Most of these enzymes have N-terminal or C-terminal signal reception
functions, thus the large number of c-di-GMP metabolizing enzymes are likely
responsible for integrating multiple signals from the environment and transducing them
into intracellular pools of c-di-GMP (46, 47).

Similar to other organisms, high intracellular c-di-GMP promotes biofilm
formation while simultaneously inhibiting motility in V. cholerae (Figure 1.2). At the start
of my thesis research, numerous c-di-GMP receptors had been identified in V. cholerae,
including transcription factors and c-di-GMP responsive riboswitches, with either
characterized or predicted roles in biofilm formation or motility (48, 30, 49-51, 10). The
transcription factors VpsR and VpsT, for example, bind c-di-GMP and promote
expression of genes involved in the production of Vibrio polysaccharide (VPS) to
produce mature biofilms (30, 48, 49) (Figure 1.2). The master regulator of flagella
biosynthesis, FIrA, also binds to c-di-GMP, which causes anti-activation, resulting in
down-regulation of flagellar motility (Figure 1.2) (52, 50). Additionally, V. cholerae
encodes two c-di-GMP responsive riboswitches: Vc1 upstream of the uncharacterized
gene tfoY and Vc2 upstream of gbpA, a gene involved in colonization of N-

acetylglucosamine (GIcNAc) coated surfaces (51, 53). Recent studies elucidated that c-
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di-GMP positively regulated expression of gbpA through Vc2 while c-di-GMP inhibited

expression of tfoY, which decreased dispersive motility (54, 55).

C-di-GMP

</ o e

 Biofilm Formation Motility

Figure 1.2: Model for c-di-GMP Signaling in V. cholerae

Under high c-di-GMP conditions, c-di-GMP binds to the transcription factor VpsR and
increases transcriptional activity. Activated VpsR induces the expression of VpsT and
both transcription factors promote biofilm formation by upregulating genes involved in
biofilm matrix production (16, 17, 47, 15). At the same time, c-di-GMP binds to the
master regulator of flagella biosynthesis FIrA to inhibit its ability to positively regulate
genes involved in flagella biosynthesis. There are two c-di-GMP riboswitches in V.
cholerae (Vc1 and Vc2). Vc1 is upstream of gpbA, a gene involved GIcNAc colonization
and biofilm formation while Vc2 is an off-switch for tfoY expression, a gene involved in
promoting dispersive motility (50, 52).

1.3.1.1 - Beyond Biofilms and Motility: Evidence for Additional C-di-GMP Regulated
Phenotypes in V. cholerae

Several studies support the hypothesis that c-di-GMP controls a wide range of
cellular behaviors in V. cholerae. A microarray analysis of El Tor and Classical V.

cholerae expressing a DGC from a plasmid unveiled hundreds of genes in both biotypes
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that were differentially regulated 15 and 30 minutes after DGC induction (56). Another
study expressed the c-di-GMP responsive transcription factor VpsT and identified
hundreds of genes with differential expression patterns, including genes involved in
stress responses and hypothetical functions (30). Lastly, analysis of transcripts from V.
cholerae grown in biofilm inducing conditions also identified many differentially
regulated genes with functions other than biofilm formation and/or motility (57). Despite
the changes in the patterns of gene expression, functions for c-di-GMP in phenotypes
other than biofilm formation and motility in V. cholerae are not well characterized. A
better understanding of the c-di-GMP regulon in this model organism could help inform
strategies to modulate signaling in this or other disease-causing organisms.

The central hypothesis of my thesis was that c-di-GMP regulated additional
phenotypes in V. cholerae other than biofilm formation and motility. In this work, |
expand the functions regulated by c-di-GMP in V. cholerae. | found that populations
with elevated c-di-GMP are more tolerant to DNA damage by methylation at the 3
position of adenine (Chapter 2). My research is the first to connect c-di-GMP levels to
the regulation of DNA repair pathways. | also found that c-di-GMP increased tolerance
to oxidative stress from hydrogen peroxide by upregulation of a catalase gene (Chapter
3). Bacterial biofilms are known to increase bacterial survival to stress, but |
demonstrated that c-di-GMP induction of these stress responses was independent of
production of a biofilm matrix, indicating c-di-GMP also functions through a complex
transcriptional network to increase bacterial survival to stress. In Chapter 4, | explore
the relationship between c-di-GMP and cell shape and found that c-di-GMP decreases

cellular curvature to produce straight rod-shaped cells rather than the canonical comma-
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shaped cells. | also provide evidence supporting the hypothesis that cell straightening
could be an ecologically adaptive feature of biofilm formation in V. cholerae. In all
cases, these c-di-GMP phenotypes were dependent on the c-di-GMP transcription
factors and biofilm matrix regulation VpsR and VpsT, suggesting alternative c-di-GMP
phenotypes are coregulated with biofilm formation itself and that these phenotypes
increase fitness during a biofilm growth state. In summation, these findings expand our
knowledge of c-di-GMP signaling and provide insight into the global reach of c-di-GMP

in V. cholerae.
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Chapter 2 — Cyclic di-GMP Controls DNA Repair in Vibrio cholerae
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2.1 — Preface

Contents of this chapter were published in the Journal of Bacteriology in 2018 (Citation:
Fernandez NL, Srivastava D, Ngouajio AL, Waters CM. 2018. Cyclic di-GMP Positively
Regulates DNA Repair in Vibrio cholerae. Journal of Bacteriology 200:1-13).
Srivastava D and Ngouajio AL carried out the initial c-di-GMP responsive promote
screen and characterized the promoter region. Per American Society for Microbiology
guidelines “Authors in ASM journals retain the right to republish discrete portions of
his/her article in any other publication (including print, CD-ROM, and other electronic
formats) of which he or she is author or editor, provided that proper credit is given to the
original ASM publication. ASM authors also retain the right to reuse the full article in
his/her dissertation or thesis”.

2.2 — Abstract

In Vibrio cholerae, high intracellular cyclic di-GMP (c-di-GMP) is associated with a
biofilm lifestyle while low intracellular c-di-GMP is associated with a motile lifestyle. C-
di-GMP also regulates other behaviors such as acetoin production and type Il secretion;
however, the extent of phenotypes regulated by c-di-GMP is not fully understood. We
recently determined that the sequence upstream of the DNA repair gene three
methyladenine glycosylase (tag) was positively induced by c-di-GMP, suggesting this
signaling system might impact DNA repair pathways. We identified a DNA region
upstream of tag that is required for transcriptional induction by c-di-GMP. We further
showed that c-di-GMP induction of tag expression was dependent on the c-di-GMP-
dependent biofilm regulators VpsT and VpsR. In vitro binding assays and heterologous

host expression studies show that VpsT acts directly at the tag promoter in response to
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c-di-GMP to induce tag expression. Lastly, we determined that strains with high c-di-
GMP are more tolerant to the DNA damaging agent methyl methanesulfonate. Our
results indicate that the regulatory network of c-di-GMP in V. cholerae extends beyond
biofilm formation and motility to regulate DNA repair through the VpsR/VpsT c-di-GMP-
dependent cascade.
2.3 — Introduction

Many bacterial species use the second messenger signaling molecule cyclic
dimeric guanosine monophosphate (c-di-GMP) to control cellular behavior. Since its
discovery in 1987, research in c-di-GMP signaling has uncovered a largely invariable
paradigm: high intracellular c-di-GMP stimulates an adherent, static lifestyle known as a
biofilm while decreasing c-di-GMP results in a motile lifestyle (68). Two classes of
enzymes are responsible for changes in intracellular c-di-GMP. Diguanylate cyclase
enzymes (DGCs), containing GGDEF active site motifs, catalyze the cyclization of two
GTP molecules to form c-di-GMP. c-di-GMP is degraded into pGpG or 2 GMP
molecules by phosphodiesterase enzymes (PDEs), containing EAL or HD-GYP active
site motifs, respectively (568, 59). pGpG is further degraded to GMP by the Orn
nuclease (60, 61). Furthermore, enzymatic activity of DGCs and PDEs are thought to be
controlled by environmental cues (5). Thus, c-di-GMP functions as one of the major
global regulatory pathways that allows bacteria to respond and adapt to their
environment.

C-di-GMP additionally regulates bacterial behaviors beyond biofilm formation and
motility. For example, Streptomyces species undergo a morphological transition

between vegetative and aerial mycelial growth that is dependent on the c-di-GMP
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dependent transcription factor BldD (62). In Caulobacter crescentus, certain DGC and
PDE enzymes localize to different cellular regions to control the transition from a
swarmer to stalked cell phenotype (63, 64). C-di-GMP also regulates virulence and the
type |l secretion apparatus in V. cholerae (65, 66). However, this list of bacterial
phenotypes controlled by c-di-GMP has not been fully elucidated. Further, whether
these phenotypes act in a coordinated manner to promote adaption to a sessile or
motile lifestyle is not clear. Here, we report that DNA repair is a new phenotype
controlled by c-di-GMP in V. cholerae.

The human pathogen V. cholerae causes the diarrheal disease cholera,
ultimately resulting in death by dehydration if left untreated. Currently, the 7t V.
cholerae pandemic caused by the El Tor biotype is responsible for numerous infections
worldwide including recent outbreaks in Haiti, Ethiopia, and Yemen (67-69). While
infamously known for its epidemics throughout human history, V. cholerae resides
harmlessly in between disease outbreaks in marine environments where it is thought to
associate with chitinous surfaces as biofilms (70-72). Biofilm formation and maotility
also contribute during V. cholerae infections. Growth in biofilms induce a hyperinfectious
state while motility is necessary for colonization of the proximal small intestine (73—75).
Thus, the transition between biofilm formation and motility is considered a key aspect of
the pathogenesis of this bacterium.

The mechanism for c-di-GMP-dependent biofilm formation in V. cholerae has
been well studied. In response to specific environmental cues, such as bile acids (76),
intracellular c-di-GMP increases. C-di-GMP binds to and activates the c-di-GMP-

dependent transcription factor VpsR. Activated VpsR then induces the expression of
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another c-di-GMP-dependent transcription factor, VpsT, which is also directly activated
by c-di-GMP binding (30, 77). In high c-di-GMP concentrations, these two transcription
factors induce the expression of genes needed for biofilm formation, in particular the
Vibrio polysaccharide (VPS) operons and the gene cluster rbomBCDEF encoding biofilm
matrix proteins (78, 79). Concurrently, high c-di-GMP directly decreases expression of
the flagellar biosynthesis gene cluster through inhibition of the transcription factor FIrA
(50). Thus, high c-di-GMP increases expression of genes involved in biofilm formation
while simultaneously decreasing expression of genes involved in flagellar motility.
Moreover, production of VPS itself inhibits motility (50).

In response to c-di-GMP, VpsT and VpsR regulate gene expression of other
processes in addition to biofilm formation. aphA, a gene involved in virulence regulation
and acetoin biosynthesis, is induced by VpsR and c-di-GMP, but only acetoin utilization
is significantly impacted (80, 81). VpsR activated by c-di-GMP induces transcription of
the eps operon encoding genes necessary for production of the type Il secretion
system. While not impacting protein secretion, induction of eps leads to production of a
surface pseudopilus (66). VpsR and c-di-GMP induce transcription of the transcription
factor tfoY, which impacts motility and type VI secretion (56, 66, 82, 83). In addition,
transcriptomic analyses indicate c-di-GMP signaling and VpsT regulate expression of
various genes; however, the physiological effect of these global gene responses is not
well characterized (30, 56).

In the marine environment and human host, V. cholerae likely incurs DNA
damage that must be repaired to maintain genome integrity and fitness. Indeed,

mutations in key genes of the base excision repair (BER) pathway decreases infant
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mouse colonization and increases sensitivity to DNA damaging chemicals (84). DNA
glycosylases stimulate repair of DNA damage through the BER pathway by specifically
recognizing and removing lesioned bases (85). While the mechanistic details of the
BER pathway have been well studied, only a handful of regulatory pathways controlling
BER gene expression in bacteria have been identified (85-87). Here, we report our
findings that increased c-di-GMP induces transcription of the DNA glycosylase Tag
(three methyladenine glycosylase) in V. cholerae. We demonstrate c-di-GMP positively
regulates tag expression through the c-di-GMP-dependent transcription factors VpsT
and VpsR, but not FIrA, indicating this gene likely plays a role in homeostasis within a
biofilm or during biofilm formation. We further demonstrate VpsT directly regulates the
expression of tag in a c-di-GMP-dependent manner. Lastly, we show that cells with
high intracellular c-di-GMP have increased tolerance to the DNA methylating agent
methyl methanesulfonate (MMS).

2.4 — Materials and Methods

2.4.1 — Growth Conditions and Strain Construction.

All strains, primers, and plasmid used in this study are listed in Appendix 2 (Tables 1-4).
The V. cholerae strains used in this study were derived from the El Tor biotype strain
C6706str2 and contain a deletion in vpsL (88). This mutation disrupts biofilm formation
and allows for accurate measurement of optical density and /ux reporter gene
expression. AvpsT, AvpsR, AvpsTAvpsR, and Atag unmarked mutant strains were
constructed in the AvpsL parent strain using the pKAS32 suicide vector as described
previously (89). All V. cholerae strains were grown overnight in Lysogeny broth (LB)

broth at 35 °C with shaking at 220 revolutions per minute (RPM) unless stated
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otherwise. 100 ug/mL ampicillin, 100 ug/mL kanamycin, 10 ug/mL chloramphenicol and

100 uM isopropyl B-D-1-thiogalactopyranoside (IPTG) were added when needed.
Escherichia coli S17-Apir was used as the donor in biparental conjugation to mobilize
plasmids into V. cholerae with selection against the donor using Polymixin B (10 U/mL).
2.4.2 — DNA Manipulations.

Standard procedures were used for DNA manipulations (90). PCR was carried out with
Phusion polymerase (NEB). Restriction enzymes were purchased from NEB. The
primers used are listed in Table 3. Reporter plasmids were constructed by Gibson
Assembly (NEB) using PCR generated inserts and pBBRIux linearized by BamHI and
Spel restriction digest. Expression vectors were constructed by Gibson Assembly using
PCR amplified insert (vpsT, vpsR, and tag) and pEVS143 linearized by EcoRI and
BamHlI restriction digestion. Vectors used for gene deletion were generated by Gibson
Assembly using three fragments: 1 kb of sequence upstream of the gene of interest, 1
kb of sequence downstream of the gene of interest, and Mfel and Bglll linearized
pKAS32. pET28B (Novagen) was used for protein purification. PCR amplified vpsT

(vca0952) was cloned into linearized pET28b Xhol and Ncol using Gibson Assembly.

2.4.3 — Reporter Gene Expression.

Overnight cultures of V. cholerae or E. coli harboring reporter plasmids (pBBRIux
derivatives) were diluted to a starting ODeoo of 0.04 in 1 mL LB supplemented with
appropriate concentrations of antibiotics and IPTG. 200 uL of dilutions were added to
black 96-well plates (Cellstar) in triplicate and grown at 35 °C while shaking at 220
RPM. Luminescence readings were taken at mid-exponential phase using an EnVision

Multilabel Plate Reader (PerkinElmer) and were normalized for relative light units (RLU)
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by dividing the luminescence reading by the ODsoo.
2.4.4 — RNA lIsolation, Quantitative Real-Time PCR, and 5’Rapid Amplification Of
cDNA Ends (RACE).
Overnight cultures of V. cholerae harboring QrgB or QrgB* were diluted 1:1000 in 10
mL LB in triplicate supplemented with appropriate concentrations of antibiotics and
IPTG. Cultures were grown for three hours at 35°C with shaking at 220 RPM. Cells
were pelleted and RNA was isolated using TRIzol® Reagent (Thermo Fischer Scientific)
following the manufacturer’s instructions. 5 pg of total RNA was treated with Turbo
DNAse (Thermo Fisher Scientific) following the instructions in the manual. DNA free
RNA was converted into cDNA using the GoScript™ Reverse Transcriptase and the
instructions in the manual. qRT-PCR reactions were carried out using SYBR Green
PCR Master Mix (Thermo Fisher Scientific) and the StepONE Plus Real Time PCR
system (Thermo Fisher Scientific) with final primer concentrations of 250 nM. Data
were analyzed via the AACt method using gyrA as a reference gene and cDNA from
QrgB* overproducing strains as the calibrator.

5" RACE was carried out using the 5" RACE kit from Invitrogen following the
manufacturer’s instructions using RNA extracted from V. cholerae cells harboring the
tag1 pBBRIux reporter plasmid. Primers for nested PCR amplification can be found in

Appendix 2.

2.4.5 — Protein Expression and Purification.
The VpsT-pET28b expression vector was transformed into E. coli BL21A(DE3).
Sequence verified clones were cultured into 250 mL LB supplemented with kanamycin

and grown at 35 °C shaking at 220 RPM to an ODeoo of 0.7. Protein expression was
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induced by adding 1 mM final concentration of IPTG. Growth temperature was switched
to 16°C, shaking speed was lowered to 160 RPM, and cells were incubated overnight
(approximately 16 hours). Cells were pelleted and resuspended in Buffer A (25 mM
Tris-HCL, pH 7.5, 550 mM NaCl, 20 mM imidazole, cOmplete™ mini EDTA-free
protease inhibitor tablets (Roche®) (2 per 50 mL), 5 mM B-mercaptoethanol) and lysed
by homogenization.

Nickel nitrilotriacetic acid (Ni-NTA) resin (Qiagen) was incubated in Buffer A for
20 minutes at 4 °C. Cell lysates were centrifuged for 25 minutes at 10,000 x g at 4 °C to
pellet insoluble material. The soluble lysate was incubated with the Ni-NTA resin for 30
minutes at 4 °C. The column was washed with 20 column volumes of Buffer A and
eluted by step elution with Buffer A supplemented with 75, 125, 250, and 500 mM
imidazole. Elution fractions were analyzed by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and those containing protein were pooled and dialyzed
against Dialysis Buffer (25 mM Tris-HCL, pH 7.5, 150 mM NaCl, 5 mM BME, 10%
glycerol) overnight at 16 °C. Protein concentrations were estimated using Bradford
reagent (BioRad) with purified bovine serum albumin (Sigma) to generate a standard

curve.

2.4.6 — Electrophoretic Mobility Shift Assay (EMSA).

EMSA reactions were carried out by incubating purified HIS tagged VpsT with 5 FAM
labeled probes (FAM-tag3). 20 pL reactions consisted of 25 mM Tris-HCL, pH 7.5, 150
mM NaCl, 5 mM BME, and 10% glycerol. Poly dI-dC (Sigma) was added to all
reactions at a concentration of 1 ug/uL. When indicated, c-di-GMP was added at a final

concentration of 50 uM, otherwise, an equal volume water was added. 22 bp wild-type
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or 20 bp mutant VpsT binding site single stranded oligomers were annealed to generate
double stranded oligomers by incubating equal molar ratios of complementary
oligonucleotides (Table 3) at 94 °C for 2 minutes and were cooled at room temperature
overnight. 100X molar excess competitor was added when indicated. All components,
except the labeled probe, were mixed at room temperature and incubated for 10
minutes. FAM-tag3 probe was then added at a final concentration of 2.5 nM and
reactions were incubated for 30 minutes at 30 °C. 10puL of reactions were loaded onto a
pre-run 5% polyacrylamide Tris-Borate-EDTA (TBE) gel and electrophoresis was
carried out for 90 minutes at 90 volts at 4 °C. Fluorescent band migration was

visualized on Typhoon FLA 9000 Imager (GE Healthcare Life Sciences).

2.4.7 — Growth Assays.

Overnight cultures were diluted to a starting ODsoo of 0.004 in 1 mL LB supplemented
with ampicillin and IPTG. 200 uL of the culture was moved into wells of a 96-well plate
(Cellstar) in triplicate and incubated at 35 °C with shaking at 220 RPM. After 2 hours of
growth, PBS or MMS (Santa Cruz Biotechnology) at the indicated concentrations was
added and growth was monitored by measuring ODeoo every hour for 10 hours using an
EnVision Multilabel Plate Reader (PerkinElmer). For calculating percent survival, the
quotient of the ODeoo of MMS treated wells divided by the ODeoo of untreated wells was

multiplied by 100 at a given time point.

2.4.8 — Statistical Analysis.
Data are represented as the mean + SD. Statistical analyses (details in figure legends)
were calculated with GraphPad Prism Ver. 6 (GraphPad, San Diego, CA). A p-value of

< 0.05 was considered significant.
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2.5 — Results
2.5.1 — C-di-GMP Induces Expression of tag

Bacteria use c-di-GMP to modulate disparate aspects of cell physiology ranging
from biofilm formation to cell-cycle progression. While some of these phenotypes have
been characterized in V. cholerae, we hypothesized there were uncharacterized c-di-
GMP-regulated phenotypes (91). Thus, we screened a library of transcriptional fusion
reporters for promoters regulated by c-di-GMP as previously reported (81). Of the
seven promoters identified, one mapped upstream of the gene VC1672 (referred to as
6:C9 in our previous publication (74), encoding the DNA repair protein three
methyladenine-glycosylase (Tag). DNA glycosylases initiate the BER pathway which
recognizes and repairs non-bulky lesions in DNA. The original region of DNA isolated
from the promoter screen, which we refer to as tag1, (Figure 2.1A) was ~1.4kb long and
extended into the upstream gene VC1673 which encodes the AcrB-family transporter
VexK. Based on the orientation of this DNA sequence, transcription could proceed into
tag. To determine the region necessary for c-di-GMP mediated reporter activity, we
modified the lengths of the 5’ and 3’ ends of tag? and measured promoter activity under
different c-di-GMP levels (Figure 2.1B, C). To increase intracellular c-di-GMP levels, we
overproduced the Vibrio harveyi DGC QrgB from a plasmid. We found this system
generates c-di-GMP at concentrations that are similar to growth at low cell density, a
growth phase of V. cholerae that naturally has high intracellular c-di-GMP due to
quorum sensing regulation (55, 88). As a negative control, the active site mutant QrgB*,
which does not change c-di-GMP levels, was similarly induced. Induction of QrgB

significantly increased promoter activity of regions tag? through tag3 relative to QrgB*
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(Figure 2.1B). Moreover, the DNA sequence from -1067 to -566 in both tag? and tag2

increase basal expression at low c-di-GMP concentrations relative to tag3 (Figure 2.1C,
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Figure 2.1: Promoter Characterization of tag

A and B) Diagrams depicting sizes and locations of promoter truncations relative to the
ATG start codon of tag utilized for luciferase reporter assays. The vertical dashed line
represents the +1 site determined by 5° RACE (see text). C) Luciferase reporter assay
with promoter truncations in B. White bars are strains overproducing QrgB* while black
bars are strains overproducing QrgB. Results are averages from three independent
experiments with 3 technical replicates each. Error bars indicate standard deviation. All
comparisons are considered significant except those with brackets and ns (non-
significant) (p > 0.05) as determined by a Two-Way ANOVA followed by Tukey’s
Multiple Comparison Test. D) gRT-PCR analysis of tfag mRNA expression levels. Data
are average fold change between QrgB and QrgB* expressing strains from 3 biological
replicates and error bars are standard deviation. E) The parent strain (AvpsL) harboring
tag3 (Luciferase reporter with tag promoter) was grown in the absence (left bar) or
presence (right bar) of 3mM MMS. Data are the average from at least two experiments
and error bars indicate standard deviation.
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white bars). tag3, which encodes the sequence from -566 to the ATG start codon of tag,
exhibited the greatest fold induction by c-di-GMP. Importantly, this reporter also
demonstrates that transcription from these upstream regions proceeds into the tag open
reading frame. Promoter activity of the DNA sequence immediately upstream of tag
(tag4) was similar to activity of the promoter-less vector control indicating this region
lacks an active promoter in our conditions (Figure 2.1C). To confirm that tag was
induced by c-di-GMP, we quantified tag mRNA by quantitative real-time PCR and
observed a ~6-fold increase in tag mMRNA when QrgB is induced relative to QrgB*
(Figure 2.1D).

In many instances, cellular stressors act as signals to induce gene expression of
the pathways that respond to them, such as double-stranded breaks in DNA and the
SOS response in Escherichia coli (92). We were interested in whether tag expression
was also modulated by the addition of the methylating agent methyl methanesulfonate
(MMS) as this chemical induces damage that would be repaired by Tag. Therefore, we
constructed a transcriptional lux fusion to the tag promoter and measured tag
expression in the presence and absence of 3 MM MMS. However, we observed no
change in tag expression with the addition of MMS (Figure 2.1E).

Together these data indicate that c-di-GMP regulated expression of tag is driven
by the sequence encoded from 566 to 392 base pairs upstream of the ATG start codon.
Further, regions 5’ to this promoter sequence increase basal expression. For the
remainder of the experiments, the tag3 reporter construct was used to assess tag

transcription.

26



2.5.2 — VpsT and VpsR are Necessary for tag Expression

C-di-GMP stimulates biofilm production by activating the transcription factors
VpsT and VpsR (30, 81). It also inhibits motility by anti-activation of the master
regulator of flagella biosynthesis FIrA (50). Therefore, we reasoned c-di-GMP induction
of tag could depend on either of these three c-di-GMP-dependent transcription factors.
To test this hypothesis, we conjugated the tag reporter plasmid into V. cholerae strains
A . B
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Figure 2.2: VpsT and VpsR Are Necessary For c-di-GMP Mediated tag Expression
A) Parent strain (AvpsL) and isogenic knockouts (AvpsT, AvpsR, and AflrA) harboring
either QrgB* or QrgB and the tag3 luciferase reporter construct were grown in the
presence of 100 uM IPTG to induce protein expression. Data are the average from at
least three experiments and error bars indicate standard deviation. # indicate statistical
significance (p < 0.05) between strains as determined by a Two-Way ANOVA followed
by Tukey’s Multiple Comparison Test. B) tag expression in the AvpsT and AvpsR mutant
backgrounds with vectors harboring IPTG inducible VpsT or VpsR, respectively. All
strains contain tag3 as well as either QrgB* or QrgB. Expression in strains with an
empty expression vector were included as controls. Data represent averages from at
least three different experiments. Error bars indicate standard deviation. # indicate
statistical significance (p < 0.05) comparing QrgB* and QrgB for that given
strain/condition as determined by a two-tailed Students t-test.

lacking either vpsT, vpsR, or flrA and we assayed tag promoter activity at different
intracellular c-di-GMP levels. In the parent and AfIrA isogenic mutant, tag expression

increased approximately 10-fold with QrgB overproduction compared to the QrgB*
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control. Although tag expression with QrgB overproduction was 2.4-fold lower in the
AfIrA strain compared to the WT, this difference was not statistically significant (Figure
2.2A). However, in the AvpsT and AvpsR backgrounds, QrgB overproduction had no
effect on tag expression compared to the QrgB* control, indicating VpsT and VpsR are
necessary for tag expression (Figure 2.2A). We then complemented the AvpsT and
AvpsR mutants by over-expressing VpsT or VpsR, respectively, from a plasmid.
Complementing the AvpsR strain with VpsR restored c-di-GMP mediated fag expression
similar to that of the parent strain (Figure 2.2B). Interestingly, complementation of the
AvpsT mutant by over-expressing VpsT resulted in increased fag expression regardless
of QrgB* or QrgB expression (Figure 2.2B). We did observe a 2-fold decrease in tag
expression when VpsT and QrgB were over-expressed compared to VpsT and QrgB*,
however, this difference was relatively small compared with the 100-fold induction
caused by VpsT when comparing to the empty vector control and thus we do not
consider it biologically meaningful (Figure 2.2B). This experiment suggests that high
concentrations of VpsT do not require elevated c-di-GMP to activate tag. Either VpsT
can function in a c-di-GMP-independent manner, or the basal concentration of c-di-GMP
in V. cholerae at these conditions is high enough to activate the increased
concentrations of VpsT. These results demonstrate that VpsT and VpsR are necessary
for c-di-GMP mediated tag expression.
2.5.3 — VpsT Activates tag Transcription in E. coli and Binds to the fag Promoter in
vitro

Since vpsT expression is activated by vpsR in a c-di-GMP-dependent manner

(93), and vpsT was required for tag expression (Figure 2.2A and 2.2B), we
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hypothesized VpsT was the primary c-di-GMP-dependent activator of tag. To test this
hypothesis, we measured tag expression in a heterologous host, Escherichia coli. We
reasoned this in vivo system would allow us to isolate the impact of VpsT and VpsR on
tag expression without pleiotropic effects due to the complex regulatory relationship

between VpsT and VpsR (94, 95). Thus, we measured fag expression in E. coli
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Figure 2.3: VpsT and c-di-GMP are Needed for tag Expression in E. coli

A three-plasmid system was established wherein the tag reporter, either QrgB* or
QrgB, and either VpsT, VpsR, or empty vector were transformed into DH10b E.

coli. IPTG (100 yM) was added at subculture and luciferase activity was measured at
mid-exponential phase. Data are averages from three experiments. Error bars
indicate standard deviation. # indicate statistical significance (p < 0.05) comparing
QrgB* and QrgB for each condition as determined by a two-tailed Student's t-test.

expressing QrgB* and either an empty vector control, VpsR, or VpsT. In either
condition, tag expression was not significantly induced. Next, we repeated the
experiment co-expressing VpsR or VpsT with QrgB. High intracellular c-di-GMP with

the vector control or with VpsR production did not alter tag expression in E. coli.
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However, when VpsT and QrgB were over-expressed, tag expression increased
approximately 200-fold relative to the empty vector control (Figure 2.3). These data
indicate VpsT, but not VpsR, is sufficient to regulate tag expression in a c-di-GMP-
dependent manner in E. coli and that no other V. cholerae specific proteins are required
for this induction.

To determine if VpsT bound to the tag promoter in vitro, we carried out
electrophoretic mobility shift assays (EMSA). We generated 5° FAM labeled probes
containing the tag3 region (Figure 2.1B, FAM-tag3) and incubated it with purified
histidine tagged VpsT for in vitro binding. VpsT partially bound to FAM-tag3 at a
concentration of 300 nM and almost completely shifted the probe at 600 nM (Figure 2.4,
lane 1-7). C-di-GMP enhances the in vitro DNA binding ability of VpsT at promoters of
genes involved in biofilm formation (30). Thus, to determine if c-di-GMP enhanced DNA

binding at the tag promoter, we included 50 uM c-di-GMP in the binding reaction (Figure
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Figure 2.4: C-di-GMP Enhances VpsT Affinity at the tag Promoter in vitro

(Left, 1-7) Increasing concentrations of purified HIS tagged VpsT was incubated with
the fluorescently labeled tag promoter (FAM-tag3). When indicated, the mutant
(MUT) or wild-type (WT) VpsT binding site competitor was added to the reaction at
100X excess relative to the probe concentration. (Right, 8-14) The same as part A
except 50 uM c-di-GMP was added to the reactions.
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2.4, lane 8-14). Partial binding occurred at 75 nM VpsT with near complete shifting
observed at 300 nM VpsT, indicating c-di-GMP enhances VpsT DNA binding at the tag
promoter in vitro in a similar manner to the vpsL promoter (31, 96). The U-shaped
bands that we observed when c-di-GMP was added to the binding reaction (Figure 2.4,
lane 9-11) are likely the result of the dissociation between c-di-GMP and VpsT during
electrophoresis, which would result in VpsT dissociating from the labeled probe, as
previously described by Ayala et al. (96).

Recently, a 20-22 bp VpsT binding consensus site containing a palindromic
sequence was described (31). We reasoned if the interaction between VpsT and the
tag promoter was specific, the addition of a 22 bp oligonucleotide containing the VpsT
binding site to the binding reaction (WT competitor) would compete away interactions
between VpsT and FAM-tag3. Conversely, adding an oligonucleotide with a disrupted
palindromic region (MUT competitor) would have no effect on interactions between
VpsT and FAM-tag3. Indeed, the addition of the WT competitor to the binding reaction
without c-di-GMP resulted in a nearly complete reduction in the shifted probe while
addition of the mutant competitor did not compete away VpsT binding from FAM-tag3
(Figure 2.4, lanes 6 and 7). In the presence of 50 uM c-di-GMP, the WT competitor
completely competed away binding of VpsT while the mutant competitor had no effect
(Figure 2.4, lanes 13 and 14). These results indicate VpsT specifically binds to the tag3
region and c-di-GMP increases the affinity of VpsT binding. Taken together, these data
suggest VpsT directly regulates tag expression and that VpsR regulates tag expression

indirectly through induction of VpsT (31).

31



2.5.4 — C-di-GMP Increases Tolerance to the Alkylating Agent MMS

Tag is an enzyme in the BER pathway that recognizes and removes methylated
adenines (3meA) and guanines (3meG) at the N3 position. 3meA is a lethal, non-
mutagenic lesion that blocks DNA replication whereas 3meG is innocuous (97). Since
c-di-GMP induces tag expression, we hypothesized cells with high intracellular c-di-

GMP concentrations would be more tolerant to MMS treatment, which generates 3meA,
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Figure 2.5: High c-di-GMP Increases Tolerance to the Methylating Agent MMS
A-D) Strains were subcultured 1:1000 and grown in the presence of 100uM IPTG to
overproduce QrgB* and QrgB. After two hours, cells were left untreated (solid lines) or
treated with 3 mM MMS (dashed lines) and ODsoo Was measured every hour for 10
hours. Error bars, which are obscured by symbols, are standard deviation. E)
Quantification of survival (percent of treated OD divided by untreated OD) for a given
strain after 6hrs of treatment. F) Complementation of the AvpsLAtag strain by
expressing Tag in trans. Error bars are standard deviation. # indicate a p-value < 0.05
determined by a two-tailed Student’s t-test.

than cells with basal intracellular c-di-GMP concentrations. To test this, QrgB or QrgB*
was induced for two hours in the parent background before treatment with 3 mM MMS

and growth was quantified every hour for 10 hours by measuring ODsoo. The parent
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strain used in these experiments is a AvpsL V. cholerae mutant that is incapable of
forming biofilms, thus biofilm formation itself induced by c-di-GMP is not responsible for
the observed differences.

V. cholerae expressing QrgB* or QrgB displayed similar growth curves for all
strains examined in the absence of MMS treatment (Figure 2.5A-D, solid lines),
indicating c-di-GMP has no deleterious effects on growth under these conditions. In the
parent strain, induction of c-di-GMP led to significantly more growth in the presence of
MMS (Figure 2.5A, squares). Quantification of optical density after 6 hours of treatment
revealed increased c-di-GMP led to an approximate 2-fold increase in survival
compared to the QrgB* control (Figure 2.5E).

As VpsT and VpsR were necessary for tag expression, we repeated the
experiment in AvpsT and AvpsR backgrounds and found these strains lacked a c-di-
GMP mediated increase in MMS tolerance (Figure 2.5B, C, E). Similarly, high c-di-GMP
did not significantly increase survival of a V. cholerae Atag mutant (Figure 2.5D, E).
Interestingly, the Atag mutant was only slightly more sensitive to MMS compared with
the parent strain (Figure 2.5E), indicating that in basal c-di-GMP conditions, Tag plays a
small role in MMS resistance. Complementing the Atag strain by overproducing Tag
from a plasmid restored parent survival (Figure 2.5F). Together, these data indicate
high c-di-GMP conditions promote the growth in the presence of alkylation damage.

Induction of tag by c-di-GMP suggests that DNA repair might be important in V.
cholerae biofilm formation. To test this, we measured biofilm formation of the WT and
Atag mutant exposed to 0 and 6 mM MMS. Deletion of tag did not affect biofilm

formation at either concentration, which we hypothesize is due to redundant
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mechanisms for dealing with MMS damage in a biofilm. Further, there was no significant

change in biofilm production in response to MMS addition (Figure 2.6).
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Figure 2.6: Tag and MMS do not Contribute to Biofilm Formation in V. cholerae.
Strains were cultured 1:100 from overnight cultures into wells of a 96-well plate with
either 0, 3, or 6 MM MMS added. Biofilms were grown at 35°C while shaking at 220
RPM for 24 hours. After 24 hours, cultures were removed and a crystal violet assay
done using .4% crystal violet following the protocol from (56). Data are average biofilm
biomass (absorbance at 570 nm) from three independent experiments and error bars
are standard deviation.

2.6 — Discussion

The dinucleotide second messenger c-di-GMP is best known for its role in
transition from a motile state to a biofilm in many Gram-negative bacteria including V.
cholerae (98). In many cases, genes involved in biofilm formation are turned on through

changes in the activity of transcription factors (99, 30, 81, 50). Past studies indicate
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there are potentially multiple genes or pathways regulated by c-di-GMP besides genes
directly related to motility or biofilm formation (66, 30, 81, 100). In this study, we
demonstrate c-di-GMP regulates expression of the DNA repair gene tag. Strains
lacking the biofilm regulators VpsT and VpsR were unable to induce tag expression with
high c-di-GMP. Importantly, we demonstrate VpsT induction of tag leads to increased
tolerance to MMS when cells have high intracellular c-di-GMP independent of biofilm
formation.

We determined that the region necessary for tag expression by c-di-GMP is
between 566 bp and 392 bp upstream of the ATG translational start codon.
Additionally, this region is in the coding region of the upstream gene vexK encoding the
Resistance-Nodulation-Division (RND) multidrug efflux pump VexK. Interestingly, VexK
can efflux detergents and was upregulated in human volunteers of V. cholerae infection,
while tag was not identified as an in vivo expressed gene, suggesting tag is not
upregulated during human host infection and these genes are under independent
regulatory control (101, 102).

The putative 5’ untranslated region (UTR) for fag mRNA is approximately 400 bp.
The most common 5’ UTR lengths in the Gram-negative organisms E. coli and
Klebsiella pneumoniae range from 25-35 bps, with the longest reaching 700 bps (103).
Thus, the relatively long 5’ UTR of the tag transcript suggests c-di-GMP may be only
one of the signals regulating tag expression in V. cholerae. It is possible there may be
additional transcriptional start sites closer to the translation start site of tag that were
missed in our analyses; however, a luciferase fusion to this region (tag4) showed no

activity above the vector control level and no such start sites were detected using a
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systematic RNA-Seq approach by Papenfort et al. (Figure 2.1C, (155)). The function of
this long 5’-UTR in DNA repair is an intriguing question that warrants further
investigation. Interestingly, a systematic search for small RNAS (sRNAs) detected a
putative sSRNA in this 5’-UTR from bases -227 to -121 relative to the ATG start codon
located on the coding strand of the tag gene (104). Due to the lack of additional
transcription start sites in this region, we hypothesize this SRNA might be processed
from the 5’-UTR of tag. Whether this sSRNA has any biological function remains to be
determined.

In V. cholerae, three transcription factors act to sense and respond to c-di-GMP
by altering transcription at key promoters of genes necessary for VPS or flagella
biosynthesis. VpsR and VpsT are c-di-GMP responsive transcription factors that induce
expression of the VPS operon when intracellular c-di-GMP concentrations are high (16,
17, 74). We demonstrate both VpsR and VpsT are necessary for induction of tag by c-
di-GMP, but VpsT appears to directly regulate this gene (Figure 2.6). Binding site
sequences exist for VpsT in the promoters of vpsL, a component of the VPS operon,
and the promoter for the stationary phase sigma factor rpoS; however, we could not
identify a canonical VpsT binding site in the tag promoter (31, 106). We are currently
working to determine the VpsT binding sequence in the tag promoter and speculate the
divergence in sequence similarity between the VpsT binding sites represent a
mechanism to fine-tune VpsT transcriptional activity in response to differing levels of c-
di-GMP. FIrA, the c-di-GMP responsive transcription factor necessary for flagellar
biosynthesis, was not needed for tag induction by c-di-GMP suggesting tag expression

is not advantageous in a motile lifestyle. A previous microarray analysis suggests that
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c-di-GMP can regulate other forms of DNA repair in addition to the BER pathway in V.
cholerae. Overproduction of a DGC in the El Tor biotype A1552 resulted in upregulation
of mutL, a gene involved in methyl-directed mismatch repair, while in the Classical
biotype 0395, DGC overproduction led to an increase in the gene encoding photolyase
(phrB), which is involved in light-dependent DNA repair after ultraviolet radiation
damage, although these regulatory pathways have not been studied (56). These
multiple connections to DNA repair suggest that tag induction by c-di-GMP may just be
one example of how V. cholerae uses c-di-GMP signaling to coordinate DNA repair.

Various stressors, including DNA damaging agents, increase biofilm formation in
E. coli and Pseudomonas aeruginosa (107, 108). Additionally, the SOS response
pathway regulates biofilm formation in P. aeruginosa, demonstrating a link between
DNA damage and biofilm formation (109). In contrast, growth in a biofilm increases
mutability in P. aeruginosa through production of endogenous reactive oxygen species
(110). These findings demonstrate stress can induce biofilm formation, or, conversely,
biofilms can induce stress. We hypothesized c-di-GMP induced tag expression likely
accompanies environmental biofilm formation in V. cholerae from the following pieces of
evidence: i) VpsT regulates tag expression in high c-di-GMP conditions (Figure 2.2), ii)
vpsT expression is epistatic to vpsR (93), and iii)high levels of VpsR activated by c-di-
GMP result in biofilm formation (48). However, biofilm formation was similar in the WT
and Atag strains in untreated and MMS treated conditions. We hypothesize that the
fithess advantage of tag induction by c-di-GMP may be relevant under other

environmental conditions not tested here.
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We demonstrate a novel example of dinucleotide second messenger signaling
regulating a core cellular process, DNA repair. It is becoming clear that the roles of the
VpsR and VpsT pathway expand beyond biofilm formation in V. cholerae. Indeed, this
c-di-GMP regulatory node controls a variety of phenotypes in response to changing c-di-
GMP including type Il secretion, acetoin production, and tfoY transcription (Figure 2.7).
Consequently, these two transcription factors should not be viewed solely as biofilm
regulators, but rather as the central transcriptional regulators of c-di-GMP regulated

phenotypes in V. cholerae.
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Figure 2.7: Model of c-di-GMP Regulatory Network in V. cholerae.
In response to high c-di-GMP, VpsR becomes an active transcription factor and induces
the expression of vpsT. VpsT is also a ¢c-di-GMP dependent transcription factor and,
together, VpsT and VpsR induce expression of genes involved in biofilm formation. C-di-
GMP activated VpsR has been shown to directly regulate promoters other than those
that regulate biofilm production such as tfoY, which regulates motility and type VI
secretion, the eps operon involved in type |l secretion, and aphA, which regulates acetoin
production. In this work, we uncovered another phenotype regulated by the central c-di-
GMP dependent transcription factors: alkylation tolerance through induction of tag
indirectly by VpsR and directly by VpsT.
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Chapter 3 — Cyclic di-GMP Controls Antioxidant Production and Hydrogen Peroxide
Tolerance in Vibrio cholerae
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3.1 — Preface

Contents of this chapter were published in the journal Applied and Environmental
Microbiology in 2019 (Citation: Fernandez NL, Waters CM. 2019. Cyclic di-GMP
Increases Catalase Production and Hydrogen Peroxide Tolerance in Vibrio cholerae.
Applied and Environmental Microbiology 85:€01043-19.). Per American Society for
Microbiology guidelines “Authors in ASM journals retain the right to republish discrete
portions of his/her article in any other publication (including print, CD-ROM, and other
electronic formats) of which he or she is author or editor, provided that proper credit is
given to the original ASM publication. ASM authors also retain the right to reuse the full
article in his/her dissertation or thesis”.

3.2 — Abstract

Vibrio cholerae is a Gram-negative bacterial pathogen that causes the disease cholera,
which affects nearly 1 million people each year. In between outbreaks, V. cholerae
resides in fresh and saltwater environments where it is able to persist through changes
in temperature, oxygen, and salinity. One key characteristic that promotes
environmental persistence of V. cholerae is the ability to form multicellular communities,
called biofilms, that often adhere to biotic and abiotic sources. Biofilm formation in V.
cholerae is positively regulated by the dinucleotide second messenger cyclic dimeric
guanosine monophosphate (c-di-GMP). While most research on the c-di-GMP regulon
has focused on biofilm formation or motility, we hypothesized the c-di-GMP signaling
network encompassed a larger set of effector functions than reported. We found that
high intracellular c-di-GMP increased catalase activity approximately 4-fold relative to

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

40



catalase activity was due to increased expression of the catalase encoding gene katB.
Moreover, c-di-GMP mediated regulation of catalase activity and katB expression
required the c-di-GMP dependent transcription factors VpsT and VpsR. Lastly, we
found that high c-di-GMP increased survival after H.O2 challenge in a katB-, vpsR-, and
vpsT-dependent manner. Our results indicate antioxidant production is regulated by c-
di-GMP uncovering a new node in the growing VpsT and VpsR c¢c-di-GMP signaling
network of V. cholerae.

3.3 — Introduction

The Gram-negative bacterium Vibrio cholerae is the human pathogen that
causes the diarrheal disease cholera. The most common route to infection is
consumption of contaminated food or water, after which V. cholerae traverses the
stomach and colonizes the small intestines. Cholera patients lose liters of fluid and
dissolved ions through toxin-mediated changes to the host intestinal tract, allowing V.
cholerae to exit the host, re-enter a water source, and perpetuate its infectious cycle. In
addition to the harsh conditions of the human gastrointestinal tract, V. cholerae must
adapt to numerous stresses in the aquatic environment. These environmental stresses
include temperature fluctuations, eukaryotic predation, and exposure to chemical insults
like reactive oxygen species (ROS) (111).

As an aquatic organism, V. cholerae is exposed to varying concentrations of
dissolved oxygen and ROS produced abiotically through photochemical reactions
between sunlight and dissolved organic matter in the ocean (112, 113). ROS can also
be produced biotically through metabolic processes in aerobic environments by

phytoplankton, another potential reservoir of V. cholerae (114). In response to the
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multiple routes of exposure to ROS, it is not surprising that V. cholerae has multiple
ROS defense systems including two paralogues of the oxidative stress responsive
transcription factor OxyR, two catalases, and multiple peroxidases (115-117). Another
mechanism to increase tolerance to ROS is the production of surface adhered
communities encased in an exopolysaccharide matrix also known as biofilms.

Many bacterial species, including V. cholerae, have increased tolerance to ROS
such as hydrogen peroxide (H202) when grown in biofilms compared to planktonic
counterparts (118-120). Biofilm formation in V. cholerae is regulated by the bacterial
second messenger molecule cyclic dimeric guanosine monophosphate (c-di-GMP),
which is produced by diguanylate cyclase (DGC) enzymes. C-di-GMP alters bacterial
physiology by modulating transcription, translation, and/or protein function (5). In V.
cholerae, a common mechanism of c-di-GMP signaling is modulation of gene
expression by three c-di-GMP dependent transcription factors: VpsR, VpsT, and FIrA
(48, 30, 50). c-di-GMP activates the transcription factors VpsR and VpsT, resulting in
increased transcription of genes involved in synthesis of the biofilm matrix component
Vibrio polysaccharide (VPS) (48, 30, 121). In contrast, c-di-GMP acts as an anti-
activator of FIrA, which causes decreased expression of genes necessary for flagellar
biosynthesis (50). C-di-GMP can also bind to two riboswitches, Vc1 and Vc2. Binding of
c-di-GMP to Vc1 functions as an ON-switch to induce production of the adhesin GbpA,
while binding of ¢-di-GMP to Vc2 functions as an OFF-switch to inhibit production of the
transcription factor TfoY (12, 55). As cells receive signals to disperse from the biofilm,

phosphodiesterase (PDE) enzymes, which degrade c-di-GMP, become activated.
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These PDEs then deplete the intracellular concentration of c-di-GMP, promoting a
switch from a sessile biofilm lifestyle to a motile one (reviewed in (5)).

While VpsR and VpsT were initially discovered as regulators of biofilm
production, other c-di-GMP dependent functions have emerged. For example, c-di-
GMP and VpsR transcriptionally regulate genes in the type Il secretion operon as well
as tfoY, a gene involved in driving dispersive motility and regulating type VI secretion
(122, 66, 55). VpsT negatively regulates expression of genes involved in flagellar
biosynthesis; however, the mechanism is not known (30). Additionally, Ayala et al.
demonstrated VpsT negatively regulates the transcription of the stationary phase sigma
factor RpoS (106). Recently, we found that c-di-GMP and VpsT induced expression of
the DNA repair gene tag to promote survival after alkylation stress (123). These studies
demonstrate c-di-GMP regulation extends beyond biofilm formation and maotility in V.
cholerae.

In this study, we uncovered an additional role for c-di-GMP: positively regulating
catalase activity by increasing transcription of the catalase encoding gene katB via a
VpsR- and VpsT-dependent mechanism. We further show that c-di-GMP dependent
catalase activity was necessary for survival after exposure to the ROS H20,. Our
results expand the regulatory network of c-di-GMP to include antioxidant production,
demonstrating that elevated c-di-GMP enhances the oxidative stress response in V.

cholerae.
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3.4 — Methods and Materials

3.4.1 — DNA Manipulations and Growth Conditions.

V. cholerae C6706 Str2 was used as the wild-type and the low biofilm forming derivative
AvpsL was used as the Parent strain in the text (124, 88). All vectors were constructed
by Gibson Assembly (NEB). Chromosomal deletion strains were constructed using the
allele exchange vector pKAS32 digested with Kpnl and Sacl (NEB, High Fidelity).
Luciferase reporters were constructed using the luciferase reporter vector pBBRIux
digested with BamHI and Spel (NEB). Expression vectors for VpsT and VpsR were
constructed by removing the ribosome binding site (RBS), green fluorescent protein,
and chloramphenicol acetyltransferase from pEVS143 with BamHI and EcoRI digests
(NEB) (88). The VpsT purification vector was constructed elsewhere (123). Expression
vectors for katB and katG were constructed as follows: pHERD20T was amplified with
primers flanking the ampicillin resistance gene using inverse PCR resulting in a linear
PCR fragment lacking the ampicillin resistance gene (125). The chloramphenicol
resistance gene from pBBRIux was amplified by PCR and the two linear fragments were
circularized by Gibson Assembly. Plasmids were introduced into V. cholerae through
biparental conjugation using Escherichia coli S17 as the donor strain. V. cholerae
harboring the plasmid of interest was selected for using Polymixin B (10 U/mL) with the
relevant antibiotic. Antibiotics and reagents were used at the following concentrations
unless stated otherwise: Ampicillin (100 pg/mL), Kanamycin (100 pg/mL),
chloramphenicol (10 ug/mL), 100 uM isopropyl B-D-1-thiogalactopyranoside (IPTG).
Cultures were grown in Lysogeny Broth (LB, Acumedia) at 35°C, 220 RPM unless

otherwise stated.
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3.4.2 — Catalase Assay.

Measurement of catalase activity was adapted from (126) with the following changes:
Overnight cultures were diluted 1:100, the optical density at 600 nm (ODeoo) was
measured, and the resulting value was multiplied by the dilution factor (100) to obtain
the actual optical density of the solution. The cell solutions were diluted to a starting
ODeoo 0f 0.040 in 5 mL LB in 18 x 150 mm borosilicate test tubes supplemented with
necessary antibiotics and IPTG. Cultures were grown at 35°C with shaking at 220 RPM
until the ODeoo reached approximately 2.0, moved to 15 mL falcon tubes (Corning®),
and were pelleted by centrifugation (4,000 x g for 3 minutes). Pellets were resuspended
in 100 L of sterile 1X PBS to create a viscous cell solution that were adjusted to an
ODeoo of 150 in 100 pL final volume in Pyrex test tubes (13 x 100 mm, borosilicate).
200 pL of catalase reaction buffer (1% Triton-X100, 15% hydrogen peroxide in 1X PBS)
was added to the test tubes and the solution was mixed using disposable 10 uL loops
(BD Difco). Tubes were incubated at room temperature until gas production subsided
(approximately 5-10 minutes). A standard curve was generated by mixing purified
bovine catalase (Sigma, 570 U/uL) diluted in 1X PBS with 200 uL of catalase reaction
buffer. At 10 minutes of incubation, images of the tubes were taken with an iPad Air
(I0S 12.1.4) and the height from the bottom of the tube to the top of the foam were
measured in both the standards and samples using the software ImageJ and an internal
1-inch reference mark for each picture. GraphPad Prism was used to generate the
standard curve and interpolate the sample catalase activity using linear regression.

Data presented is catalase activity (Units) normalized to cell number (ODeoo).
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3.4.3 — RNA Isolation and Quantitative Real-Time PCR (qPCR).

Three biological replicate overnight cultures were diluted to a starting ODsoo of 0.040 in
2 mL LB supplemented with ampicillin and IPTG and grown until an ODeoo of
approximately 1.0 at 35°C and 220 RPM. 1 mL of each replicate was pelleted and RNA
was extracted using the TRIzol® reagent following the directions in the manual (Thermo
Fischer Scientific). Purified DNA was quantified using a NanoDrop spectrophotometer
(Thermo Fischer Scientific). 5 ug of purified RNA was treated with DNAse (Turbo
DNAse, Thermo Fischer Scientific). cDNA synthesis was carried out using the
GoScript™ Reverse Transcription kit (Promega). cDNA was diluted 1:30 into molecular
biology grade water and used as template in QRT-PCR reactions using SYBR Green
(Applied Biosystems™) as the method of detection. Reactions consisted of 5 uL 2.5 yM
primer 1, 5 yL of 2.5 yM primer 2, 5 uL of diluted cDNA template, and 15 uL of 2X
SYBR green consisting of ANTPs and AmpliTag Gold® DNA polymerase (see Table 4
for primer sequences). Each plate had technical duplicates and biological triplicate
samples as well as no reverse transcriptase controls to check for genomic DNA
contamination. The StepOnePlus Real Time PCR system was used for qRT-PCR with
the following thermocycling conditions: 95°C for 20 seconds then 40 cycles of 95°C for 2
seconds and 60°C for 30 seconds. Melting curves were included to ensure PCR
products had single amplicons and primer dimers were absent. Data were analyzed by

the AACt method using gyrA as a housekeeping or reference target.
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3.4.4 — Luciferase Reporter Assays.

3.4.4.1 — V. cholerae Reporter Assays.

Overnight cultures of V. cholerae harboring katB transcriptional fusions to luciferase in
pBBRIlux were diluted 1:100 in 1 mL LB supplemented with ampicillin, chloramphenicol,
and IPTG in 1.5 mL microcentrifuge tubes. 200 pL of cell solution was aliquoted into wells
of a black 96-well plates (Costar). Plates were incubated at 35°C while shaking at 220
RPM until the ODeoo reached approximately 0.250, and luciferase activity was measured
using an Envision plate reader (Perkin Elmer). Luciferase activity (RLU) was
normalized for cell number by dividing RLU by the ODeoo at the time of the reading
(Normalized Luminescence). For experiments where H20O> were added to the cultures,
overnight cultures of V. cholerae were diluted as described above except H202 was
added to cultures at a final concentration of 50 uM when ODeoo values reached
approximately 0.225, followed by shaking at 35°C for an additional 30 minutes before
measuring luciferase and ODsgo.

3.4.4.2 — E. coli DH10b Luciferase Assays.

Overnight cultures of E. coli DH10b harboring vectors to modulate transcription factor,
c-di-GMP production, and the luciferase reporter were diluted 1:100 as described above
and grown at 35°C, 220 RPM until the ODeoo reached 0.450. Luciferase activity was
measured and normalized to the ODsoo to yield normalized luminescence.

3.4.5 — Protein Purification and Electrophoretic Mobility Shift Assays (EMSA).
C-terminal HIS-tagged VpsT purification and EMSAs experiments using the FAM
labeled katB promoter region from katB2 were carried out as previously described

(123). For purification, an overnight culture of E. coli BL21 harboring the pET28b-VpsT
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expression construct was diluted 1:100 into 250 mL LB supplemented with kanamycin in
a 1L flask. The culture was grown until an ODeoo of approximately 0.7 at which point 1
mM IPTG was added and the culture conditions were shifted to 16°C with shaking at
160 RPM for 16 hours to induce protein production. Protein purification was carried out
by standard Ni-NTA resin purification protocols (19). For EMSA experiments, varying
concentrations of purified HIS-tagged VpsT (0 — 600 nM) were incubated with 2.5 nM
FAM-labeled katB probe along with the non-specific DNA competitor poly dI-dC (1
Mg/uL) in VpsT buffer (25 mM Tris-Cl, 150 mM NacCl, 5 mM B-mercapthol, pH — 7.5) at
30°C for 30 minutes. The binding reaction was loaded into pre-run 5% non-denaturing
TBE gels and gel electrophoresis was done by applying 90 volts for 90 minutes at 4°C.
Fluorescent detection and images of the gels and were taken using a Typhoon FLA
9000 imager and the requisite software (GE Healthcare Life Sciences).

3.4.6 — Hydrogen Peroxide Survival Assay.

Overnight cultures were diluted to a starting ODesoo of 0.040 in 1 mL LB supplemented
with necessary antibiotics and IPTG in 1.5 mL microcentrifuge tubes. 140 pL aliquots
were added to a 96-well plate (Costar) and grown until an ODggo of 0.300. H2O2
solutions were made from fresh H20> stocks in light-impermeable microcentrifuge tubes
and sterile 1X PBS. Attime 0, 10 yL of H20O2 was added to the cell solution and growth
was monitored over time by measuring ODeoo.

3.4.7 — Measurement of Intracellular c-di-GMP.

Overnight cultures of AvpsL harboring pBRP1 (QrgBM!) were diluted 1:100 in 2 mL LB
ampicillin in 18 x 150 mm borosilicate test tubes and were grown to an ODeoo of 1.0.

The cultures were split into two 1 mL aliquots in microcentrifuge tubes, and H.O> was
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added to one aliquot at a final concentration of 500 uM. An equal volume of water was
added to the other aliquot as the untreated control. Cultures were incubated statically at
room temperature for 30 minutes and collected for total protein quantification and
nucleotide extraction. Briefly, 100 pL of culture was removed from each tube to quantify
total protein, pelleted by centrifugation at full speed (15,000 x g) for 1 minute,
resuspended in 100 pL 1X PBS with 10% sodium dodecyl sulfate (SDS), and boiled at
95°C for 10 minutes. Lysed cell solutions were centrifuged at 15,000 x g for 1 minute
and the supernatant was removed and placed in new tubes. Total protein was
quantified using the DC Protein Assay (Bio-Rad) following the instructions in the
manual. Protein standards consisting of bovine serum albumin (provided in DC Protein
Assay) were used to generate a standard curve to interpolate unknown sample
concentrations. Nucleotide extractions were carried out following the protocol here
(127) with the following changes. 900 pL of the remaining culture were pelleted at
15,000 x g for 1 minute in a benchtop microcentrifuge. The supernatants were
removed, and the remaining pellets were resuspended in 100 yL nucleotide extraction
buffer (40:40:20 methanol/acetonitrile/water with 0.1 N formic acid). The extraction
solution was incubated at 20°C for 20 minutes and pelleted for 10 minutes at 15,000 x
g. The supernatants were placed into new microcentrifuge tubes, and the solutions
were dried overnight using a heated, vacuum centrifuge (SpeedVac Concentrator,
Savant). The resulting dried pellets were resuspended in 100 uL HPLC-grade water
and subjected to mass spectrometry analysis for quantification of c-di-GMP (128). Data

is represented as pmol of c-di-GMP normalized by total cellular protein (mg).
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3.4.8 — Statistical Analysis.

Data are represented as the mean + SD. Statistical analyses (details in figure legends)
were calculated with GraphPad Prism Ver. 6 (GraphPad, San Diego, CA). A p-value of
< 0.05 was considered statistically significant.

3.5 — Results

3.5.1 — C-di-GMP Positively Regulates Catalase Activity

We have shown that c-di-GMP regulates genes involved in DNA repair and that this
regulation increased tolerance to the methylating agent methyl methanesulfonate
(MMS) (123). Thus, we hypothesized c-di-GMP had a role in mitigating other forms of
cellular stress besides DNA methylation damage. We chose to test if c-di-GMP
increased H2O: tolerance because it is a common ROS produced by aerobic
microorganisms as a byproduct of cellular respiration, and H20: is found in high
concentrations in aquatic environments (reviewed in (129)) . To test the effects of c-di-
GMP on H203 tolerance in V. cholerae, we expressed the Vibrio harveyi DGC QrgB in a
strain unable to form mature biofilms (AvpsL, designated as the parent strain for this
text) which would introduce a confounding variable in our experiments (88).
Additionally, we chose a heterologous DGC from V. harveyi, as opposed to V. cholerae,
to minimize effects associated with potential protein-protein complexes within the V.
cholerae c-di-GMP signaling network. As a control, we expressed an inactive allele of
QrgB (QrgBM“t) which is unable to synthesize c-di-GMP. Immediately after the addition
of H2O2, both cultures began to produce gas bubbles, which is a phenomenon indicative
of catalase activity as H20- is degraded into water and gaseous oxygen. Interestingly,

the culture with higher intracellular c-di-GMP exhibited a higher amount of gas
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production despite the cultures having similar numbers of bacteria, suggesting c-di-
GMP increased catalase activity. Quantification of catalase activity revealed an
approximate 5-fold increase when comparing strains expressing QrgB to QrgBMut
(Figure 3.1), indicating c-di-GMP increased catalase activity. Importantly, we have
previously demonstrated that the concentration of c-di-GMP generated by QrgB
overexpression is similar to that seen naturally in the low-cell-density quorum sensing
state, demonstrating that these results are physiologically relevant (55).

c-di-GMP can directly modulate protein activity or change gene expression
through allosteric interactions with c-di-GMP-dependent transcription factors or
riboswitches (30, 50, 121). The c-di-GMP dependent transcription factors VpsT and

VpsR induce transcription of genes involved in biofilm formation, protein secretion, and
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Figure 3.1: C-di-GMP Increases Catalase’ Act|V|ty

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 < 0.05
determined by Two-Way ANOVA followed by Tukey’s multiple comparison test. Data
are the average of three biological replicates with error bars indicating standard
deviation. ## indicates activity was below the limit of detection.

51



DNA repair in high c-di-GMP conditions (48, 30, 66, 55, 123). Therefore, we
hypothesized that these transcription factors control c-di-GMP regulated catalase
activity. To test this hypothesis, we repeated the catalase assay using AvpsT, AvpsR,
and the AvpsTAvpsR V. cholerae mutants and observed a loss of c-di-GMP mediated
induction of catalase activity, suggesting the increased catalase activity was part of the
VpsR/VpsT/c-di-GMP regulatory network (Figure 3.1).

V. cholerae encodes two catalases: katG (VC1560), a bifunctional enzyme with
both catalase and peroxidase functions, and katB (VC1585), which only exhibits
catalase activity (117, 130). Mutants of these enzymes render V. cholerae more
susceptible to H20> treatment; however, regulation of either katB or katG by c-di-GMP
has not been described (130). We therefore measured c-di-GMP induction of catalase
activity in the mutants AkatB, AkatG, or AkatBAkatG. We observed that the AkatB
background did not display c-di-GMP regulated catalase activity but did possess basal
level catalase activity similar to the parent strain expressing QrgBMt (Figure 3.1).
Expression of katB from an arabinose-inducible, multicopy plasmid in the AkatB
background complemented catalase activity regardless of the levels of c-di-GMP
(Figure 3.8). Strains lacking katG were still able to induce catalase activity by c-di-
GMP; however, the level of catalase activity induced by c-di-GMP was approximately
20% lower than that of the parent strain (Figure 3.1). Additionally, catalase activity in
the AkatG strain expressing QrgBM't was approximately 2-fold lower than the parent
strain in the same condition (Figure 3.1). Strains lacking both katG and katB did not

have measurable catalase activity under these conditions, which is expected because
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these are the only annotated genes encoding catalase activity in the El Tor V. cholerae
reference genome N16961 (117) (Figure 3.1).
3.5.2 — Characterization of the katB Promoter and Regulation of katB Expression

Our results suggest katB, but not katG, is positively regulated by c-di-GMP at the
transcriptional level. We addressed this hypothesis by measuring katB mRNA from
cultures inducing QrgB and QrgBMtusing gRT-PCR. We found that katB expression
increased approximately 12-fold in QrgB expressing strains relative to QrgBMt
expressing strains (Figure 3.2B).

We next were interested in the promoter architecture of the region upstream of
katB driving expression and hypothesized specific regions in the katB promoter were
necessary for c-di-GMP mediated transcriptional control. We tested this hypothesis by
measuring luciferase activity from a series of katB transcriptional reporters that have
been truncated at the 5’ end in the presence of QrgB or QrgBM“texpression (Figure
3.2A). In the full-length promoter construct katB1, expression of QrgB induced katB
expression 5-fold compared to strains over-producing QrgBM"t (Figure 3.2A). Inclusion
of 212 bp upstream of katB was sufficient to maintain c-di-GMP induction (Figure 3.2A,
katB2 and katB3). However, if the promoter was truncated to include 172 bp upstream
of katB (katB4), c-di-GMP dependent induction of katB was abrogated. This result
suggested the necessary cis-acting sequences for c-di-GMP mediated activation of katB
expression are found between -172 and -212 bp upstream of the katB relative to the
ATG start codon (Figure 3.2A). Deleting 30 bps from katB4 resulted in expression
levels similar to that of the promoter-less vector control regardless of c-di-GMP

concentrations, suggesting components necessary for the basal expression of katB are
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between -172 and -142 relative to the ATG start codon (Figure 3.2A). We also

measured the effect of c-di-GMP on a katG-luciferase transcriptional fusion and did not
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Figure 3.2: Characterization of the katB Promoter and Transcriptional Activity

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
ODsoo to control for cell number. For each promoter construct, luminescence was
measured while overproducing QrgBM!t (white bars) or QrgB (black bars). An empty
pBBRIux vector control was included in each experiment. Brackets and * indicate
comparisons with a p-value < 0.05 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. B) C-di-GMP Increases katB mRNA Abundance.
gRT-PCR analysis comparing katB mRNA abundance between QrgB and QrgBMut
conditions using the AACt method. Dashed horizontal line represents a fold change of 1.
Bars represent the average of three biological replicates with error bars indicating
standard deviation. C) katG expression is unresponsive to changes in c-di-GMP. katG
expression was measured in the parent strain while overproducing QrgBMt(white bars)
or QrgB (black bars). Bars represent averages of three biological replicates with error
bars indicating standard deviation.
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observed significant c-di-GMP dependent changes in expression, in agreement with our
initial hypothesis (Figure 3.2C).

VpsT and VpsR are necessary for the c-di-GMP-dependent induction of catalase
activity, suggesting that these transcription factors activate transcription of katB at high
intracellular concentrations of c-di-GMP (Figure 3.1). Thus, we hypothesized that c-di-
GMP mediated induction of katB would be lost in strains lacking vpsT, vpsR, or both

vpsT and vpsR. We tested this hypothesis by measuring katB2 reporter activity under
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Figure 3.3: vpsT and vpsR are Necessary for c-di-GMP Mediated Expression of
katB but Dispensable for H202 Induction

A) katB expression was measured in parent, AvpsT, AvpsR, and AvpsTAvpsR
backgrounds while overproducing QrgBM"t (white bars) or QrgB (black bars). Brackets
and * indicate differences with a p-value < 0.05 determined by Two-Way ANOVA
followed by Tukey’s multiple comparison test. Data are average of three biological
replicates. Error bars indicate standard deviation.

B) katB4 expression was measured in the parent and AvpsTAvpsR background 30
minutes after addition of 50 yM H20O2 or PBS control (untreated). Data are the average
of three biological replicates and error bars indicate standard deviation.

different c-di-GMP conditions in the parent, single, and double knockout strains. We
found that katB2 expression increased 5-fold in the parent background. katB

expression increased 2.5 to 3-fold in the AvpsT and AvpsR backgrounds, but the
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differences in expression between QrgB™ and QrgB were not statistically significant
(Figure 3.3A). It was only in the double mutant AvpsTAvpsR background that c-di-GMP
mediated katB expression was completely lost (Figure 3.3A). These data suggest that
both VpsR and VpsT are needed for full induction by c-di-GMP and individually they
may be able to change expression of the katB reporter. However, if induction of katB
occurs in the single AvpsT and AvpsR mutants it is not sufficient to alter catalase activity
(Figure 3.1).

katB expression is up-regulated in response to hydrogen peroxide in V. cholerae
through the transcriptional activator OxyR (116, 130). To determine if the same region
necessary for c-di-GMP mediated regulation of katB was necessary for H20> induction
of katB, we measured the ability of H2O- to induce katB4, the promoter region that no
longer responded to c-di-GMP (Figure 3.2B). We found that 50 yM H20O: induced katB4
expression approximately 6-fold in the parent background (Figure 3.3B). Next, to
determine if VpsT and VpsR contributed to the H2-O2 inducible response of the katB4
promoter, we repeated the assay in a AvpsTAvpsSR background. In this background,
H202 increased katB4 expression to the same extent as the parent, however the basal
and induced expression level was 1.5-fold lower compared to the parent (Figure 3.3B).

In Mycobacterium smegmatis, H2O> can act as a first messenger to promote c-di-
GMP synthesis (131). Whether H202 acts as a first messenger to modulate c-di-GMP in
V. cholerae has not been demonstrated. To test the hypothesis that H2O> acts as a first
messenger, we measured intracellular c-di-GMP in control and H2O: treated cultures
and found no differences in intracellular c-di-GMP (Figure 3.9). Together, these results

indicate that katB transcription is induced by c-di-GMP and the oxidative stress
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response through distinct regulatory mechanisms and demonstrate that H-O> does not
alter global levels of intracellular c-di-GMP.
3.5.3 — VpsT Induces katB Expression in a Heterologous Host and Binds to the katB
Promoter In Vitro

To test whether VpsT or VpsR directly regulates katB, we used Escherichia coli
as a heterologous host to measure katB expression at high versus low concentrations of
c-di-GMP in the presence of either VpsR or VpsT. We reasoned the genetic
dissimilarity between V. cholerae and E. coli would allow us to isolate the effects of
VpsR and VpsT directly on the katB promoter without the regulatory feedback for these
transcription factors (17, 74, 33). Expression of QrgB with an empty vector increased
katB expression in E. coli approximately 2.5-fold when compared to expression of

QrgBMut through an unknown mechanism (Figure 3.4). Similarly, co-expression of VpsR
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Figure 3.4: VpsT and c-di-GMP Induce katB Expression in a Heterologous Host.
QrgBMt 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 luminescence between strains overproducing QrgB and
QrgBMutfrom three biological replicates and error bars are standard deviation.
Brackets and * indicate a statistically significant difference determined by Two-Way
ANOVA followed by Tukey’s multiple comparison testing.
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along with QrgB resulted in approximately the same fold change (2-fold) as the empty
vector, indicating VpsR is not sufficient to induce katB expression when expressed in E.
coli along with increased c-di-GMP (Figure 3.4). Interestingly, expression of VpsT with
QrgBM'tincreased katB3 expression 20-fold compared to the empty vector control.
While this comparison had a p-value of 0.8, the large difference between averages
suggests VpsT can contribute to modulating gene expression in low c-di-GMP
conditions (Figure 3.4). The largest difference in katB3 expression was observed when
VpsT was expressed with QrgB, resulting in a 344-fold induction compared to the empty
vector (Figure 3.4). Together, these data suggest VpsT is a key regulator of katB
expression and that transcriptional activation is increased when c-di-GMP is present.
VpsT binds to DNA in the presence of c-di-GMP to modulated gene expression

(30, 31, 106, 123). Since VpsT was necessary for c-di-GMP mediated katB expression
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Figure 3.5: C-di-GMP Enhances VpsT Interaction with the katB Promoter in vitro.
Increasing concentrations of HIS tagged VpsT 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 HIS tagged VpsT (Lanes 6,7). Lanes 8-14
are the same reaction conditions as Lanes 1-7 except 50 uM c-di-GMP was added to
the binding reactions, as indicated by the + sign.
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and was able to induce katB expression when expressed in a heterologous host, we
hypothesized VpsT directly interacted with the katB2 promoter in a c-di-GMP-dependent
manner. Thus, we purified C-terminal HIS-tagged VpsT and measured its ability to bind
to the katB2 promoter in vitro. VpsT only partially shifted the katB2 probe at the highest
concentration tested (600 nM) in the absence of c-di-GMP (Figure 3.5, lane 5).
However, with the addition of 50 uM c-di-GMP, VpsT was able to decrease the intensity
of the unshifted band at 150 nM and completely shift the probe at 300 nM (Figure 3.5,
lanes 10-12). Addition of an unlabeled, 20bp oligo composed of a VpsT binding site
found in the vpsL promoter at 100-fold molar excess was able to outcompete VpsT
binding to the labeled katB2 probe in the presence or absence of c-di-GMP (Figure 3.5,
lanes 7, 14) (31). When the unlabeled competitor had transversion mutations
introduced into the palindromic region, it was no longer able to abrogate the VpsT-katB2
band migration (Figure 3.5, lanes 6, 13) (31). Together, the in vivo and in vitro data
suggest VpsT directly interacts with the katB promoter to induce expression under high
c-di-GMP conditions.
3.5.4 — C-di-GMP mediated HOOH survival is Dependent on Catalase

Since c-di-GMP increased katB expression and catalase activity, we
hypothesized that high intracellular c-di-GMP would provide a survival advantage during
H20O- stress. We tested this hypothesis by measuring survival after H2O2 treatment in V.
cholerae backgrounds (AvpsL) unable to make mature biofilms to specifically test if the
transcription regulation of katB by c-di-GMP was responsible for any observed
protection as opposed to matrix production or formation of multicellular biofilms (118,

120, 132, 133). V. cholerae expressing QrgBM!t or QrgB were challenged with H,O>
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and the gross culture viability (ODeoo) was monitored for three hours. We found that in
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Figure 3.6: C-di-GMP Enhances Survival After H,02 Treatment

QrgBMt (open squares) or QrgB (squares) were induced with 100 uM IPTG in
parent (a), AvpsT (b), AvpsR (c), AvpsTAvpsR (d), AkatB (e), AkatG (f), and
AkatBAkatG strains until an ODsgo of 0.3. H2O2 was added to cultures at a final
concentration of 12.5 mM. Cell death was monitored by measuring ODsoo every
hour after H2O, addition (Time 0). * Indicate a p < 0.05 when compared to the
untreated control at that timepoint determined by Two-Way ANOVA followed by
Tukey’s multiple comparisons test. Bars are averages from three biological
replicates and error bars indicate standard deviation.

the parent strain, expression of QrgB, but not QrgBM", led to significant protection from
H20:> stress (Figure 3.6A). To test this if this production is dependent on c-di-GMP
mediated catalase activity, we measured H20O> survival in the AkatB, AkatG, and
AkatBAkatG mutants. Consistent with our catalase activity results, deletion of katB in

either the AkatB and AkatBAkatG mutants displayed no c-di-GMP mediated H20>
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survival (Figure 3.6E and G) while survival of the AkatG mutant during H20> treatment
resembled the parent strain (Figure 3.6F).

Since vpsT and vpsR were necessary for c-di-GMP dependent induction of katB
expression and catalase activity (Figure 3.1 and 3.4), we hypothesized deletion
mutations of these transcription factors would decouple c-di-GMP signaling from
survival during H20. treatment. Indeed, strains lacking vpsT, vpsR, or both vpsT and
vpsR lost c-di-GMP-mediated survival during H202 treatment (Figure 3.6B-D). Taken
together, these data suggest c-di-GMP increases katB expression and KatB catalase
activity through the c-di-GMP dependent transcription factors vpsT and vpsR resulting in
increased survival during H202 treatment (Figure 3.7).

3.6 — Discussion

In this work, we sought to determine if providing resistance to ROS is a c-di-GMP
regulated phenotype in V. cholerae. Using a plasmid-based system to modulate
intracellular c-di-GMP, we observed increased gas production after the addition of H>O»,
suggesting c-di-GMP positively influenced catalase activity. We determined that katB
was responsible for c-di-GMP regulated catalase activity and found that katB
transcription was increased 5-fold in the parent background but was lost in strains
deficient for the c-di-GMP dependent transcription factors VpsT and VpsR. Measuring
katB transcription in a heterologous host revealed that VpsT was sufficient to induce
katB expression under high c-di-GMP conditions and in vitro DNA binding assays
demonstrated VpsT specifically bound to the katB promoter in a c-di-GMP dependent
fashion. Lastly, we showed that c-di-GMP mediated survival after H.O> treatment was

dependent on vpsT, vpsR, and katB.
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In agreement with our findings, other groups have observed an increase in katB
expression under certain biofilm inducing conditions which modulate intracellular c-di-
GMP, such as incubation with norspermidine (134) . Additionally, rugose variants of V.
cholerae were shown to be resistant to H202 in a VPS independent manner and were
later found to have increased expression of katB (135, 136). Transcriptomic data from
experiments where c-di-GMP or VpsT was artificially induced in V. cholerae suggested
katB expression was positively regulated by c-di-GMP (56, 30).

Interestingly, c-di-GMP and VpsT were shown to down-regulate production of the
stationary phase sigma factor RpoS, in turn decreasing survival to various stressors
including H202, which is in contrast to our results (Figure 3.5A) (106). These
experiments were done with the El Tor biotype strain C7258, which is part of the
serogroup Ogawa while the strain used in the current study (C6076 str2) is part of the
serogroup Inaba. While there are no studies describing differences in transcriptional
regulation between the two serogroups, we hypothesize there may be serogroup
dependent differences in c-di-GMP signaling, which would explain the contrasting
results.

Unlike the AvpsTAvpsR double mutant, c-di-GMP was able to induce the
expression of the katB reporter in the single vpsT and vpsR deletion background, albeit
the difference was not statistically significant. To further clarify which transcription
factor was the direct effector, we reconstructed the system in E. coli and found that only
production of VpsT and c-di-GMP, but not VpsR and c-di-GMP, increased expression of
the katB promoter in E. coli (Figure 3.4). C-di-GMP mediated catalase activity and

survival in H2O2 were also lost in both the AvpsT and AvpsR backgrounds. Thus, our
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evidence suggests that phenotypes are primarily controlled by VpsT (Figure 3.7). VpsR
is required for c-di-GMP mediated induction of vpsT in V. cholerae, therefore, we

conclude it has an indirect effect on katB transcription (81) (Figure 3.7).
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Figure 3.7: Model for the cyclic di-GMP Regulatory Network Controlling
Biofilm Formation and H202 Tolerance

In response to high intracellular cyclic di-GMP, VpsR becomes activated and
induces expression of vpsT. VpsT, in turn, is activated by cyclic di-GMP and both
VpsR and VpsT activate genes in the vps operons to promote biofilm formation. Our
data indicates cyclic di-GMP activated VpsT also induces expression of katB which
increases catalase activity of the population which is able to turn over H-O2 and
promote survival after HoO» treatment. Our data also demonstrates induction of
katB by H20> occurs independently of the cyclic di-GMP signaling network and is
likely controlled by OxyR, a transcription factor involved in a broader antioxidant
production program.

Interestingly, we observed that VpsT was able to induce katB expression 20-fold in

unaltered c-di-GMP conditions in E. coli (Figure 3.4). Additionally, VpsT was also able
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to bind to the katB promoter without exogenously added c-di-GMP, albeit at high protein
concentrations (Figure 3.5). It is possible these results are a consequence of relatively
high VpsT levels driven by the expression plasmid; however, it is also possible that
VpsT may have some c-di-GMP independent effect on gene expression. Indeed, allele
variants of VpsT that are unable to bind to c-di-GMP are still able to modulate gene
expression (30). If and how VpsT functions in the absence of c-di-GMP is an area that
requires more research.

A predicted VpsT binding site was found approximately 150 bps upstream of the
ATG start codon was previously reported (96). Our results indicate that even when the
VpsT binding site was present in the katB4 transcriptional fusion, induction by c-di-GMP
was lost. We note that the predicted VpsT sequence was found in the template strand
while predicted and validated VpsT binding sites in the vpsL and vpsA promoters were
found in the coding strand (31, 96). As a result of this difference, the binding site would
position VpsT in different directionalities i.e, positioned toward or away from the open
reading frame. Whether this difference in directionality alters VpsT transcriptional
regulation warrants further investigation.

Although our work focuses on V. cholerae, the association between c-di-GMP and
protection against ROS has been shown in other bacteria. In Listeria monocytogenes,
deletion of genes encoding PDE domains have elevated biofilm production and H20>
tolerance (119). However, it is not known whether H>O> tolerance was caused by
increased EPS production, antioxidant production, or both. In Mycobacterium

smegmatis, a relative of the human pathogen M. tuberculosis, H,O2 stimulates
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Figure 3.8: Over Production of KatG and KatB Complements Catalase Activity in
AkatG and AkatB Backgrounds, Respectfully.

Catalase activity was measured in the parent, AkatG, or AkatB strains overproducing
QrgBMut(white bars) or QrgB (black bars) while overproducing KatG or KatB on a
separate vector. Data are averages from three biological replicates and error bars are
standard deviation.

production of intracellular c-di-GMP, which inactivates the transcriptional repressor
HpoR. As a result, ROS defense genes are up-regulated and increase H2O> tolerance
(131). This differs from our work in two facets: first, H2O2 does not act as a first

messenger that stimulates c-di-GMP activity in V. cholerae (Figure 3.9) and second,
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Figure 3.9: H.O2 Does Not Modulate Intracellular c-di-GMP.

Replicate cultures were grown to an ODeoo of 1.0, split, and 500 uM H20, was added
to one half, while PBS was added to the other. Cultures were incubated for 30
minutes at room temperature and then nucleotides were extracted. Data are averages
from six biological replicates and error bars are standard deviation.
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VpsT and c-di-GMP regulate a wide array of genes whereas HpoR-c-di-GMP has been
shown to only regulate expression of the hpoR operon. Despite the differences in
regulation, the connection between c-di-GMP and ROS tolerance is evident in bacteria

from diverse phylogenetic backgrounds.
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Chapter 4 — Cyclic di-GMP Decreases Cell Curvature to Promote Biofilm Formation
in Vibrio cholerae
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4.1 — Abstract

In rod-shaped bacteria, shape is imposed by the structure of peptidoglycan in the
cell wall. The vibrioid shape of the human pathogen Vibrio cholerae is a derivative of
the rod-shape and is generated by introduction of negative curvature during cell growth.
While V. cholerae adopts a vibrioid shape under most conditions, there is evidence that
cell shape is susceptible to regulation by growth conditions, with examples going back
as far as the early 1900s. However, which signals regulate the change in cell shape
and the potential consequences of cell shape change are not well characterized. In this
work, we found that cell shape in V. cholerae is regulated by the bacterial second
messenger cyclic dimeric guanosine monophosphate (c-di-GMP). We found that c-di-
GMP downregulates crvA, a gene encoding an intermediate-filament like protein
necessary for curvature formation in V. cholerae. Since c-di-GMP promotes the
formation of surface adhered microbial communities known as biofilms in V. cholerae
and other organisms, we explored the role of shape in biofilm formation. We discovered
that wild-type cells adhered to a surface during biofilm formation are as straight as cells
lacking crvA. Further, utilizing strains that maintain their curved shape under these
conditions resulted in defects in biofilm formation. Single-cell analysis revealed
curvature altered microcolony formation, with curved cells producing smaller and more
scattered microcolonies compared to straight cells. Together, these data indicate shape
change from curved to straight cells is a regulated process controlled by c-di-GMP and

is necessary for mature biofilm formation.
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4.2 — Introduction

Morphology is an important feature for nearly every form of life for it dictates how
each organism interacts with its physical world. Various aspects of morphology, such
as shape, length, and presence of appendages, are subject to selective pressures and
contribute to adaptation of an organism to specific niches (137). As such, bacteria take
on diverse shapes from simple rods and cocci to helices and curves, with each shape
likely providing some adaptive benefit.

Shape in bacteria is determined by the structure of the peptidoglycan (PG) layer
of the cell wall (138). During growth of a rod-shaped cell, new PG subunits are added
to the growing PG layer by continuous rounds of cleavage and subunit insertion at the
mid-cell (138). The vibrioid shape is a derivative of the rod-shape and is characterized
by a curved-rod appearance and is common in many aquatic organisms, such as the
fresh-water organism Caulobacter crescentus and the human pathogen Vibrio cholerae.
These organisms have species specific genes that are responsible for inducing
curvature during growth (139). In C. crescentus, CreS, an intermediate filament-like (IF-
like) protein, forms intermediate filaments along the inner membrane and decreases the
rate of PG synthesis along the longitudinal axis of one side of the cell (140, 141). As
cells grow, they develop negative curvature and the canonical vibrioid morphology
(141). Until recently, the mechanism controlling the vibrioid morphology in V. cholerae
remained unknown. Bartlett et al. identified the IF-like protein they named CrvA that is
responsible for curvature in V. cholerae through a similar mechanism as CreS (142). By
forming filaments in the periplasm on one side of the cell, CrvA decreases rates of PG

subunit insertion and introduces negative curvature (142). Mutants lacking crvA are
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less motile in high percentage agar swim plates and less virulent in animal models of
infection (142).

However, pathogenesis is just one facet of the V. cholerae lifestyle. As an
aquatic organism, V. cholerae is more likely to interact with fresh and salt-water
environments where it associates with chitin-coated organisms as surface adhered
communities of bacteria encased in a matrix of exopolymeric substances (EPS) known
as biofilms (143). V. cholerae biofilm formation is regulated by the bacterial second
messenger signal cyclic dimeric guanosine monophosphate (c-di-GMP) (2). Upon
synthesis by enzymes called diguanylate cyclases (DGCs), c-di-GMP binds to and
activates the transcription factors VpsR and VpsT (30, 81). As a result, expression of
the Vibrio polysaccharide operons (VPS), the EPS component of V. cholerae biofilms, is
increased resulting in biofilm matrix production (135, 144). C-di-GMP also negatively
regulates motility by inhibiting transcription of the flagellar biosynthesis genes and
production of the transcription factor TfoY upon binding to a specific riboswitch (50, 55).

Early microscopic analysis of V. cholerae cells found the “comma shaped Vibrio”
as the prominent shape, however there were also observations of V. cholerae existing
as mostly “bacillary” or straight rod forms (145). Interestingly, Arthur Henrici measured
cell shape during a batch culture growth curve and found that V. cholerae shape is
rather heterogeneous, with bacillary cells more prevalent during the early stages of
growth and comma shaped cells more prevalent during later stages of growth (145).
This and other work on curvature in V. cholerae suggest cell shape is subject to

environmental regulation (145).
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Recently, our group and others have identified broader roles of c-di-GMP
signaling in V. cholerae and other microorganisms, including the induction of genes
involved in predation, cell division, DNA damage repair, and antioxidant production (17,
19, 146, 147). In this study, we report that c-di-GMP also controls V. cholerae cell
shape. We found that high c-di-GMP concentrations decreased cell curvature by
reducing crvA mRNA. The same transcription factors that directly bind to c-di-GMP to
induce biofilm formation, VpsR and VpsT, were responsible for linking c-di-GMP and
curvature inhibition, suggesting cell shape could impact biofilm formation. Indeed,
analysis of the early stages of biofilm formation found that cells in surface associated
microcolonies resemble straight-rods, similar to crvA mutant cells. Moreover, cells that
maintain curvature under biofilm forming conditions exhibited deficiencies in
microcolony formation and biofilm formation. Our results demonstrate how bacteria can
modulate cell shape to influence interaction with surfaces and the development of
multicellular communities such as biofilms.

4.3 — Methods and Materials

4.3.1 — DNA Manipulations and Growth Conditions.

WT V. cholerae C6706 Str2 and the biofilm mutant derivative (AvpsL) were used in
these studies. In experiments that included modulating c-di-GMP in bacteria in solution,
the biofilm mutant AvpsL was used. This was done so that individual bacteria could be
imaged in solution rather than clumps that form when c-di-GMP is high (128). All other
experiments were carried out in the WT background unless noted otherwise. Clean
deletions of AvpsT and AvpsR as well as expression vectors for VpsT and VpsR were

constructed elsewhere (81). For deletion and knock-in strains, the allelic replacement

71



vector pKAS32 was used (148). Unless otherwise stated, all cloning was done by
Gibson Assembly (NEB). Briefly, for the deletion construct pKAS32_AcrvA, pKAS32
was digested with Kpnl and Sacl and cleaned by gel extraction (Promega). Primers

(Integrated DNA Technologies) were designed with Nebuilder (www.nebuilder.com,

NEB) to incorporate the appropriate 5’ ends necessary for Gibson Assembly and 3’
gene specific ends. Specifically, 700 bp upstream and downstream of crvA (VCA1075)
were amplified by PCR (Q5 Polymerase, NEB) using V. cholerae gDNA as a template.
For the knock-in construct pKAS32_pcrvA-CrvA, pKAS32 was similarly digested with
Kpnl and Sacl. 700 bp upstream and downstream of the locus VC1807, which is an
authentic frameshift used for insertion of antibiotic cassettes (149), were amplified by
PCR. Additionally, the native promoter and ORF of crvA (-358 bp relative to the ATG
start codon until the translational stop codon) were amplified using PCR. For
pBBRLux_pcrvA, pBBRIux was digested with BamHI and Spel and cleaned by gel
extraction. Primers were designed to amplify -358 to -1 bp relative to the ATG start
codon of VCA1075 (crvA) and PCRs were carried out as described above. For
pHERD20C_CrvA, pHERD20C was digested with Kpnl and Sacl and cleaned by gel
extraction. Primers were designed to amplify the ORF of crvA and PCRs were carried
out as described above. In each case, assembly was carried out by following the
instructions in the manual and transformed into S17 Escherichia coli by electroporation.
Successful clones were screened by colony PCR using GoTaq polymerase (Promega)
and sequenced by sanger sequencing (Genewiz Inc.) to ensure no mutations were
incorporated during the cloning process. Construction of knock out and knock in strains

were carried out by the protocol for Skorupski et al. (148). Plasmids were moved from
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S17 E.coliinto V. cholerae by conjugation using Polymixin B as to select against E. coli
(10 U/mL). Unless otherwise stated, both E. coli and V. cholerae were propagated in
LB with ampicillin (100 ug/mL), kanamycin (100 pg/mL), and/or chloramphenicol (10
Mg/mL) when needed. The inducer isopropyl-p-D-thiogalactoside (IPTG) was routinely
used at 100 yM unless stated otherwise. L-arabinose (Sigma) was used at the
concentrations stated in the text when necessary.

4.3.2 — Phase Contrast Microscopy and Single-Cell Analysis.

Overnight cultures were subcultured into 2 mL LB supplemented with ampicillin and
IPTG at appropriate concentrations. Cultures were grown until an ODeoo of 1.3 to 1.5, at
which point cells were diluted to an ODeoo of .5 in microcentrifuge tubes. 1% agarose
pads in deionized water were cut into squares of approximately 20 x 20 mm and placed
on microscope slides (75 x 25 x 1.0 mm (LxHxW), Alkali Scientific Inc.). 2 uL of diluted
cultures were spotted onto glass coverslips (22 x 22 mm, #1.0 thickness, Alkali
Scientific) and the coverslip was gently placed onto the agarose pad. Phase-contrast
microscopy was carried out with a Nikon Eclipse Ti-E inverted microscope equipped
with a 100X phase contrast oil immersion objective (1.4 NA), a Nikon Perfect Focus
System, a Prior H117 ProScan motorized stage, a Lumencor SOLA 1l SE 365 LED light
source, and an Andor Zyla 4.2 sCMOS camera. The microscope and camera are
controlled by a computer workstation with MATLAB (Mathworks Inc.) and Micromanager

(micro-manager.org). Images with obstructions were removed with remaining images

used for segmentation analysis using the Fiji plugin Microbed with the following
settings: area (0 — 4.5, ym?), length (1.5 — max, um) and width (0 — 3, um) (150). Data

from segmented images were analyzed using R to plot curvature (um-), width (um), and
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length (um). Representative images were cropped, and the scale bar was added using
Fiji software (151).

4.3.3 — Luciferase Reporter Assay.

Overnight cultures of four biological replicates of V. cholerae harboring Pcra-
transcriptional fusions to luciferase in pBBRIlux were diluted 1:100 in 1 mL LB
supplemented with ampicillin, chloramphenicol, and IPTG in 1.5 mL microcentrifuge
tubes. 150 pL of cell solution was aliquoted into wells of a black 96-well plates (Costar) in
technical duplicates. Plates were incubated at 35°C while shaking at 220 RPM. Every
hour, luciferase (Relative light units) and ODsgs measurements were taken, and
luciferase activity was measured using an Envision plate reader (Perkin Elmer).
Estimated CFU/mL were calculated by fitting a linear regression between ODsgs and
CFU/mL by spot plating dilutions of culture onto LB and counting viable cells.

4.3.4 — RNA Isolation and gRT-PCR.

RNA isolation and gRT-PCR analysis were carried out following the protocols here
(Fernandez 2018). In brief, overnight cultures were diluted to a starting ODsoo of 0.040
in 2 mL LB supplemented with ampicillin and IPTG and grown until an ODego of
approximately 1.3 at 35°C and 220 RPM. 1 mL of each replicate was pelleted and RNA
was extracted using the TRIzol® reagent following the directions in the manual (Thermo
Fischer Scientific). Purified DNA was quantified using a NanoDrop spectrophotometer
(Thermo Fischer Scientific). 5 ug of purified RNA was treated with DNAse (Turbo
DNAse, Thermo Fischer Scientific). cDNA synthesis was carried out using the
GoScript™ Reverse Transcription kit (Promega). cDNA was diluted 1:30 into molecular

biology grade water and used as template in QRT-PCR reactions using SYBR Green
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(Applied Biosystems™) as the method of detection. Reactions consisted of 5 uL 2.5 yM
primer 1, 5 yL of 2.5 yM primer 2, 5 uL of diluted cDNA template, and 15 uL of 2X
SYBR green consisting of ANTPs and AmpliTag Gold® DNA polymerase. Each plate
had technical duplicates and biological triplicate samples as well as no reverse
transcriptase controls to check for genomic DNA contamination. The StepOnePlus Real
Time PCR system was used for gRT-PCR with the following thermocycling conditions:
95°C for 20 seconds then 40 cycles of 95°C for 2 seconds and 60°C for 30 seconds.
Melting curves were included to ensure PCR products had single amplicons and primer
dimers were absent. Data were analyzed by the AACt method using gyrA as a
housekeeping or reference target. The experiment was repeated with 10 biological
replicates on separate days and the data from each experiment were pooled.

4.3.4 — Biofilm Formation and Fluorescence Microscopy.

4.3.4.1 — Analysis of Curvature of Attached Cells in Microcolonies.

Overnight cultures were diluted 1:1000 in 1 mL 1X phosphate buffered saline (PBS,
Sigma) by 10-fold serial dilutions. Biofilms were grown on UV-sterilized #1 cover slips
(22x22 cm) placed in 6-well plates (Costar®) submerged in 1 mL LB. Cultures, in six
sets of biological replicates, were seeded in the wells with slides by further diluting 5-
fold, resulting in a final dilution of 1:5000, and gentle swirling. Microcolonies were
allowed to develop during static incubation at 21°C. At the given timepoint, the media
for two biological replicates were removed by aspiration, the wells washed with 1 mL 1X
PBS, and the resulting adhered bacteria on the cover slip were stained with 200 uL of
the membrane stain N-(3-Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) Phenyl)

Hexatrienyl) Pyridinium Dibromide (FM4-64) (Sigma) at a final concentration of 20
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pg/mL for 5 minutes. The stain was removed by an additional wash with 1 mL 1X PBS.
Small sections of agarose pads (~5x5 mm) were arranged in a 20x20 cm square on
glass microscope slides. The glass coverslip containing the stained microcolonies was
then inverted and placed on top of the agarose pads. Biofilm imaging was carried out
using a Leica DM5000b epifluorescence microscope with a 100X-brightfield objective
(1.4 NA) equipped with a Spot Pursuit CCD camera and an X-cite 120 Illlumination
system. Images were acquired using the RFP fluorescence channel. Each slide was
imaged with at least 20 fields of view for each biological replicate at each timepoint.
Cells within microcolonies were manually outlined in MicrobedJ using the manual
interface option with at least 500-1000 cells outlined per replicate. Data from MicrobeJ
analysis were exported into R for analysis.

4.3.4.2 — Determination of Curvature Cutoff Value.

AcrvA V. cholerae strains were grown in LB until ODego of 1.3 in biological triplicate.
Cultures were then diluted to an ODego of 0.500, visualized by phase contrast
microscopy, and the resulting images were analyzed using Microbed as described
above. The curvature cutoff value was calculated from n = 640 cells by finding the sum
of the 75" percentile and 1.5 multiplied by the interquartile range (IQR). To determine
the percentage of straight cells within a population, the number of cells with curvatures
below the curvature cutoff value were divided by the total number of cells and multiplied
by 100.

4.3.4.3 — Microcolony Area Analysis

For single timepoint biofilm analysis, 8-well microchamber slides (u-Slide, 8-well glass

bottom, ibidi) were used. 1:1000 diluted overnight cultures were additionally diluted 1:5
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in an individual well of the microchamber slide in 200 uL LB supplemented with
chloramphenicol at the appropriate concentration. Each slide had three strains in
biological duplicate. Microcolonies were developed by incubating the microchamber
slide statically at 21°C for 8 hours, resulting in WT microcolony sizes between 10-20
um?2. Media was removed from slides by aspiration, each well was washed with 200 uL
1X PBS, and the microcolonies were stained with FM4-64 (150 L) at a final
concentration of 20 ug/mL for 5 minutes. The remaining stain was washed with 200 uL
1X PBS and biofilms were imaged by inverting the microchamber (positioning the glass
bottom upwards) by fluorescence microscopy using a Leica DM5000b epifluorescence
microscope as described above. At least 20 fields of vision were captured per replicate
per strain and the resulting images were processed using Fiji by enhancing contrast
(Saturated Pixel % - 0.3). Processed images were then analyzed using Microbed with
the following settings: Background type (Dark), Mode of detection (Basic), Area (4.5 —
100, ym?), and circularity (0-1). Data were exported into R for analysis. For all
fluorescence microscopy, representative images were cropped, and the scale bar was
added using Fiji software (151).

4.3.4.4 — Crystal Violet Biofilm Assay.

Overnight cultures were diluted 1:100 into 1 mL LB supplemented with chloramphenicol
into new, unused 18 x 150 mm borosilicate test tubes and statically incubated at 21°C
for 8 hours. After 8 hours, media and unattached bacteria were removed, and the
biofilms were washed twice with 1 mL 1X PBS (PBS washes were removed by
aspiration). 1 mL crystal violet (CV) (.4%) solution was added to each tube and the

biofilm was stained for 10 minutes. After, the stain was removed by aspiration and the
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stained biofilm was washed twice with 1 mL 1X PBS. CV was eluted with ethanol and
the absorbance at 570 nm (ODs70) was measured.

4.3.5 — Growth Curve Analysis and Calculation Of Growth Rates.

Overnight cultures were diluted 1:100 into LB supplemented with appropriate antibiotics
into clear 96-well plates (Costar®). Growth at 23°C was measured at 5-minute time
intervals for 16 hours using a SpectraMax M5 plate reader (Molecular Devices) with
agitation between measurements. Data were imported into R for analysis and
generation of growth curves. Growth rates were calculated from the linear portions of
the growth curve (black, horizontal lines in Figure 4.10) for each strain by calculating the
slope and multiplying it by 60, resulting in growth rate (h"'). Data shown are from four
biological replicates.

4.4 — Results

4.4.1 — High Intracellular C-di-GMP Decreases Cell Curvature

During the course of our experiments where we modulate intracellular c-di-GMP, we
observed that cells with high intracellular concentrations of c-di-GMP, induced by the
DGC QrgB, were straighter than cells with unaltered c-di-GMP concentrations harboring
an inactive DGC (QrgBMYT). We have previously shown these conditions cause
physiologically relevant changes in intracellular c-di-GMP concentration using liquid
chromatography-tandem mass spectrometry (55). To explore this result further, we
measured the dose-dependent effects of IPTG on cell curvature in strains harboring
QrgB (Figure 4.1). Indeed, using single-cell image analysis, we observed that c-di-GMP
decreased the average two-dimensional curvature in a dose-dependent manner and

skewed the distribution of the population from mostly curved to mostly straight (Figure
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Figure 4.1: C-di-GMP Decreases Cell Curvature in a Dose-Dependent Manner
Top) Representative phase-contrast micrographs of early stationary phase cells
harboring a plasmid encoding an IPTG-inducible inactive DGC (QrgBMUT) with 1000 uM
IPTG and an IPTG-inducible active DGC (QrgB) with 0, 100, 500, and 1000 uM IPTG.
The bar in each image represents 5 um. Bottom) Quantification of curvature as a
function of IPTG concentration in populations expressing the inactive control DGC
(QrgBMYT White) or the active DGC (QrgB, Gray). Violin plots are rotated population
density plots where the shape of the curve represents the distribution of curvatures
within the population. Box and whisker plots internal to the violin plots represent
summary statistics: mean (diamonds), median (horizontal black line), quartiles (box),
and data 1.5 times below and above the interquartile range (vertical lines from box
plots). Each plot represents between 1000 and 1200 cells analyzed and pooled from
two to three separate experiments.

4.1). Further, this result was dependent on c-di-GMP, rather than the inducer IPTG,
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because incubation of the strain harboring the inactive DGC QrgBMYT with 1000 uM
IPTG did not decrease curvature (Figure 4.1).

To determine if c-di-GMP altered other aspects of cell morphology, we also
measured cell length and cell width under the same conditions. We found that cell
width was similar regardless of intracellular c-di-GMP, but cell length decreased slightly

as c-di-GMP increased with a fold-change less than one (Figure 4.2). Thus, our data
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indicates that, high intracellular c-di-GMP causes cells to straighten and shorten but

does not change cell width under the tested conditions.
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Figure 4.2: C-di-GMP Decrease Cell Length in a dose-dependent manner

(A) Quantification of the average width along the medial axis of cell particles from
Figure 4.1. (B) Quantification of length of the curvilinear (medial) axis of cell particles
from Figure 4.1. Inserts in graphs are mean +/- standard deviation width (A) and length

(B).
4.4.2 — The c-di-GMP Dependent Transcription Factors VpsT and VpsR Control c-
di-GMP Mediated Changes to Cell Curvature

In V. cholerae, three c-di-GMP dependent transcription factors (VpsR, VpsT, and
FIrA) and two c-di-GMP-dependent riboswitches (Vc1 and Vc2), are known regulate
genes that elicit diverse phenotypes such as biofilm formation, motility, DNA repair, and
catalase production (49, 144, 94, 30, 50, 12, 147, 121, 146). Since VpsR and VpsT are
necessary for c-di-GMP mediated regulation of phenotypes outside of their canonical
roles in biofilm formation, we hypothesized these transcription factors are necessary for
linking intracellular c-di-GMP to changes in cell curvature. To test this hypothesis, we
measured curvature in the parent and AvpsR backgrounds at high (QrgB) and unaltered
(QrgBMYT) concentrations of c-di-GMP. Confirming our previous result, expression of
QrgB decreased the average curvature by about two-fold compared to QrgBMYT, and the

distribution of curvatures within the population drastically decreased, indicating that
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most cells lose curvature under these conditions (Figure 4.3A). However, in the AvpsR
mutant, the c-di-GMP mediated decrease in curvature is essentially lost (Figure 4.3B).
Complementation of VpsR from a multicopy plasmid in the AvpsR mutant restored c-di-

GMP inhibition of cell curvature (Figure 4.3C). C-di-GMP inhibition of cell curvature was
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Figure 4.3: The Transcription Factors VpsR and VpsT are Necessary for C-di-GMP
Dependent Loss of Curvature.

A) Curvature analysis from the parent background expressing the inactive DGC
(QrgBMYT, white) and the active DGC (QrgB, gray). (B,C) AvpsR background
complemented with the empty vector or VpsR. (D,E) AvpsT background complemented
with the empty vector or VpsT. (F) AvpsR complemented with VpsT and (G) AvpsT
complemented with VpsR. Plots are the same as described in Figure 4.1.

similarly lost in the the AvpsT mutant (Figure 4.3D). In this case, complementation of
VpsT using a multicopy plasmid resulted in decreased cell curvature, regardless of
intracellular c-di-GMP concentration (Figure 4.3E). VpsT has been characterized as a
c-di-GMP dependent transcription factor (30), and this result suggests that high levels of
VpsT expression is sufficient to decrease curvature at the unaltered concentrations of c-
di-GMP. Expression of VpsT in the AvpsR mutant decreased curvature at both
unaltered and high concentrations of c-di-GMP while expression of VpsR in the AvpsT

resulted in curved cells at both c-di-GMP concentrations (Figure 4.3F,G). Together,

these data support a model where under high c-di-GMP conditions, VpsR inhibits
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curvature indirectly by inducing transcription of vpsT while VpsT is sufficient for
inhibiting curvature (Figure 4.11).
4.4.3 — c-di-GMP Decreases CrvA Production to Decrease Curvature

In V. cholerae, cell curvature is generated by the intermediate-filament like
protein CrvA, which is the product of the gene crvA. CrvA generates cell curvature by
decreasing net growth on the minor axis relative to the major axis by some
uncharacterized mechanism. Deletions of crvA in V. cholerae are straight rods, similar

to E. coli (142). Thus, we hypothesized c-di-GMP mediated inhibition of curvature was
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Figure 4.4: Complementation of AcrvA Restores Curvature and Response to c-di-
GMP.

Curvature in the (A) Parent, (B) AcrvA, and (C) AcrvA VC1807::Pcna-crvA backgrounds
under unaltered (QrgBMYT, white) and high (QrgB, gray) c-di-GMP conditions. Plots are
the same as described in Figure 4.1.

dependent on crvA. In a AcrvA mutant, the cells remained straight regardless of c-di-
GMP (Figure 4.4B), indicating CrvA is epistatic to changes in c-di-GMP.

Complementing the AcrvA strain with the native promoter driving crvA expression at a
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distal site on the chromosome restores the parent strain phenotype, with lower
curvature at high c-di-GMP conditions (Figure 4.4A,C).

Since c-di-GMP mediated effects on curvature were dependent on the
transcription factor VpsT, we hypothesized c-di-GMP negatively regulated crvA
expression by inhibiting transcriptional activity of the crvA promoter (Pcnva). To test this,
we generated a transcriptional reporter by fusing the crvA promoter to luciferase. This
fusion contained 358 bp upstream of the crvA translational start site, which was
sufficient to restore c-di-GMP inhibition of curvature in the crvA complemented strain

(Figure 4.4C). However, P.va transcriptional activity was similar under normal (QrgMYT)
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Figure 4.5: Regulation of crvA Expression Occurs at the Post-Transcriptional
Level.

A) Luciferase reporter activity (relative light units, logio transformed) of Pera —
luciferase transcriptional fusion as a function of estimated cell concentration (CFU/mL,
log1o transformed) under unaltered (QrgBMYT, white) and high (QrgB, black) c-di-GMP
conditions. Dots represent data for 4 biological replicates at different cell densities. B)
gRT-PCR analysis of relative crvA transcript levels between high (QrgB) and unaltered
(QrgBMYT) ¢-di-GMP conditions. Each dot represents 1 biological replicate, the bar
represents the mean fold change, and error bars indicate standard deviation.

or high (QrgB) c-di-GMP concentrations at all culture densities examined (Figure 4.5A).
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Pcrva transcriptional activity increased with cell density, in agreement with earlier studies

that observed increased curvature in high cell density conditions (Figure 4.5A) (142,

145).
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Figure 4.6: Regulation of crvA Expression Occurs at the Post-Transcriptional

Level.
A) Luciferase reporter activity (relative light units, log1o transformed) of Pera —

luciferase transcriptional fusion as a function of estimated cell concentration (CFU/mL,
logo transformed) under unaltered (QrgBMYT, white) and high (QrgB, black) c-di-GMP
conditions. Dots represent data for 4 biological replicates at different cell densities. B)
gRT-PCR analysis of relative crvA transcript levels between high (QrgB) and unaltered
(QrgBMYT) c-di-GMP conditions. Each dot represents 1 biological replicate, the bar
represents the mean fold change, and error bars indicate standard deviation.

Next, we tested if c-di-GMP impacted crvA mRNA abundance using gRT-PCR
from RNA isolated from cultures with unaltered and high intracellular c-di-GMP. We
found that strains with high intracellular c-di-GMP exhibited a significant 2.3-fold
reduction in crvA transcripts compared to cells with unaltered c-di-GMP (Figure 4.5B).

Together, these data suggest c-di-GMP negatively controls crvA expression at the post-
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transcriptional level, resulting in decreased levels of CrvA and decreased cellular
curvature.
4.4.4 — V. cholerae Adopts a Straight Morphology During Early Stages of Biofilm
Formation

The ability of V. cholerae to colonize a surface and initiate biofilm formation is
dependent on intracellular c-di-GMP as well as the transcription factors VpsR and VpsT.
Strains with low c-di-GMP or lacking VpsR and/or VpsT are unable to form mature
biofilms (49, 88, 144). Thus, that fact that decreased curvature under high c-di-GMP
conditions is dependent on VpsT suggests this phenomenon occurs during biofilm
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Figure 4.7: V. cholerae Has a Straight Cell Morphology in Microcolonies.

(Top) Representative images of V. cholerae from the inoculum and 2, 4, 5, 6, and 7
hours post inoculation onto glass coverslips. Cells were stained with FM4-64 prior to
imaging. Scale bar is 5 um. (Bottom) Curvature of individual cells at different times
during microcolony formation. Horizontal line indicates the curvature cutoff value (see
Methods and Materials) and values below graph are the mean percent of cells below
the curvature cutoff +/- the standard deviation. The experiment was repeated twice,
and results are from n = 500-1000 cells.
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formation, where c-di-GMP activated VpsT is concomitantly inducing expression of
genes involved in production of Vibrio polysaccharide and associated biofilm matrix
proteins (30, 31). To test the hypothesis that cells in biofilm inducing conditions adopt
straight cell shapes, we grew biofilms under static conditions and measured single-cell
morphology over time from initial attachment until early stages of microcolony formation.
We chose these timepoints because during later stages of biofilm formation under
similar conditions, V. cholerae grows in dense clusters with some cells in the biofilm
becoming vertical relative to the surface, which complicates two-dimensional
measurements of curvature (152, 153). Cells from the stationary phase cultures used to
inoculate biofilms appeared mostly curved, with 26.7% having a curvature less than or
equal to the mean curvature of the AcrvA mutant indicated by the horizontal line Figure
4.6. Between two and four hours of static incubation, cells attached to the glass
substratum retained a range of curvatures, however the average curvature decreased
from 0.304 um™" in the inoculum to 0.221 um™' (Figure 4.6). At five hours, however, the
average curvature of adhered cells had a curvature similar to the AcrvA background
with curvature decreasing at later time points (Figure 4.6). These data indicate cells
undergoing biofilm formation lose two-dimensional curvature and adopt a straight cell
morphology similar to that of the AcrvA deletion strain.

4.4.5 — Cell Shape Influences Biofilm Production at the Single-Cell and Population
Level.

Since cells undergoing biofilm formation in submerged conditions adopt a straight cell
shape, we wondered if locking cells in a curved morphology would impact biofilm

formation. To accomplish this, we expressed CrvA from a multicopy plasmid using the
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PBAD promoter and introduced it into the AcrvA background. We found basal
expression of this construct (i.e. - no inducer added) was sufficient to complement the
curvature phenotype (Figure 4.7). Thus, using the WT, AcrvA, and AcrvA-pCrvA strains,
we generated cells that are able to transition between curved and straight analogous to
the parent strain or are constitutively straight or constitutively curved (Figure 4.7). The
average microcolony size for the WT strain harboring the control vector pHERD20C at 8
hours was 16 um? (Figure 4.8A,B, left panel). This is approximately 5-times larger than
the average area of an individual cell within a microcolony (2.7 um?, calculated from
cells in Figure 4.6) indicating the WT strain is adhered in multicellular clumps (Figure

4.8A,B). Microcolonies formed by the AcrvA background harboring the control vector
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Complement pHERD20C pHERD20C pCrvA

Figure 4.8: Complementation of the AcrvA Background with pCrvA.

Analysis of curvature from complementation of AcrvA background with either the empty
vector (PHERD20C) or the CrvA expression plasmid pCrvA with varying concentrations
of L-arabinose to induce protein expression. Complementation experiments were
conducted in M9-glucose minimal media and LB with similar results. Data are pooled
from two sets of experiments with two biological replicates each. N = 2000-3000 cells
per violin plot.
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looked similar to the WT background, with an average microcolony area of 18 um?

indicating lack of curvature does not alter microcolony formation (Figure 4.8B).

87



Additionally, WT and AcrvA-pHERD20C strains had similar levels of surface coverage
(Figure 4.9). Next, we analyzed microcolony size with the AcrvA background harboring
the pCrvA expression plasmid. Development of V. cholerae biofilms is dependent on

proper cell-cell and cell-surface contact, thus we hypothesized having curved cells
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Figure 4.9: Curvature Influences Microcolony Development and Population Level
Biofilm Formation.

A) Representative images of V. cholerae microcolonies of WT harboring the control
vector pHERD20C (left panel), AcrvA harboring the control vector pHERD20C (center
panel), and AcrvA harboring the CrvA expression vector pCrvA (right panel).
Microcolonies were stained with FM4-64 prior to imaging. Scales in the bottom right of
each image are 10 um. B) Analysis of areas from objects detected in images from A.
Results are pooled from two sets of experiments and are from n = 700-2000 objects.
C) Biofilm formation at the population level measured by biofilm biomass
accumulation. Each dot is the value of one biological replicate, the bars represent the
mean value, and error bars are standard deviation.

88



during biofilm development would disrupt this process (153). Indeed, the average
microcolony area for constitutively curved cells was 6.6 ym?, which is 2.4-fold lower
than the WT strain, indicating that cells were attached as individual cells or small
microcolonies (Figure 4.8A,B). It is possible that constitutively curved cells were unable
to adhere to the surface; however, an analysis of the total area covered indicated this is
not the case as constitutively curved cells actually cover more of the substratum than
the parent or constitutively straight cells (Figure 4.9). We then hypothesized that the
decreased ability to form microcolonies in the AcrvA — pCrvA background would lead to
a decrease in biofilm formation. Using crystal violet to assess biofilm formation of static

culture in glass tubes, we found that WT and AcrvA harboring the control vector
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Figure 4.10: Curvature Does Not Alter Surface Coverage

Percent surface coverage of adhered objects was measured in WT (left), straight
(AcrvA-pHERD20C, middle), and curved (AcrvA-pCrvA, right) backgrounds. Images
from Figure 4.8A were used for analysis.
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displayed similar accumulated biofilm biomass (Figure 4.8C). The AcrvA-pCrvA
background, however, had decreased biofilm biomass compared to the other strains,
suggesting the lack of microcolony formation at the single-cell level reduces overall

biofilm formation (Figure 4.8C). We examined the growth rate between the WT and
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Figure 4.11: WT and Complemented AcrvA Have Similar Growth Curves and
Growth Rates.

A) Analysis of growth curves for WT — pHERD20C (triangles, gray), AcrvA —
pHERD20C (circles, gray), and AcrvA — pCrvA (circles, black). Each symbol indicates
the average ODsgs of four biological replicates and error bars indicate standard
deviation. Solid horizontal dashes for each curve indicate the region of the growth
curve used to calculate growth rates. Boxed Insert. Growth rates of WT-pHERD20C,
AcrvA-pHERD20C, and AcrvA-pCrvA calculated from growth curves in A. Bars indicate
means, error bars indicate standard deviation, dots are the value for four biological
replicates, and letters indicate statistically significant comparisons determined by One-
Way ANOVA followed by Tukey’s post-hoc multiple comparisons test (p < 0.05).

AcrvA mutant harboring pHERD20C or pCrvA (Figure 4.10). We observed that the
constitutively straight cells exhibited a decreased lag phage with increase growth rate
whereas the constitutively curved cells exhibited an increased lag phage with a growth
rate similar to the WT background. Given that both of these strains adhered to the
surface equal to or greater than the WT control, these differences in growth rate are not

sufficient to account for the differences in biofilm that we have observed.
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Taken together, these results indicate change in cell shape is a regulated
process during biofilm production and that decoupling of curvature from changes in c-di-
GMP negatively affects biofilm formation in V. cholerae (Figure 4.11).
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Figure 4.12: Model for c-di-GMP Regulated Transition from Curved to Straight
Cells

High c-di-GMP conditions causes activation of the c-di-GMP dependent transcription
factors VpsR and VpsT, which promote biofilm formation by inducing expression of
Vibrio polysaccharide biosynthetic operons (VPS operon 1 and VPS operon 2).
Through an uncharacterized mechanism (highlighted by the dashed, red lines), high c-
di-GMP negatively regulates crvA at the post-transcriptional level by decreasing crvA
mRNA abundance. As a result, CrvA is unable to decrease cell curvature as cells grow
and divide. This transition from curved to straight cells is an important process in
mature biofilm formation, as curvature retention decreases biofilm formation.

4.5 — Discussion

There is evidence that the rod-shape was one of the earliest established shapes
in the bacterial world. As such, derivatives of the rod-shape, such as helical or vibrioid
shapes, are novel adaptations produced by genes with specific functions in altering

shape. These mechanisms are under selection to alter the physical properties of
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bacterial cells and are likely to be differentially regulated by environmental conditions
(137). However, mechanistic examples of coordinated shape change during bacterial
lifestyle transitions are limited. In this study, we identified the bacterial second
messenger c-di-GMP as a regulator of cell shape in the aquatic organism V. cholerae.
Specifically, we found that c-di-GMP causes cells to decrease in curvature and appear
as straight rods. This response was dependent on the IF-like gene crvA and
transcription factors that control biofilm formation, prompting us to assess the
implications of shape in biofilm formation. We found cells exist mostly as straight rods
within microcolonies. Further, cells remaining curved had a defect in microcolony
formation and mature biofilm production, highlighting the importance of cell shape in
development of multicellular communities such as biofilms.

Our conclusion that c-di-GMP negatively regulates curvature and crvA mRNA
abundance is supported by several studies. V. cholerae utilizes quorum sensing (QS)
as one mechanism to change intracellular c-di-GMP, where cells in low-cell density
cultures tend to have higher c-di-GMP than cells in high-cell density cultures (88, 154).
Cell shape also correlates with culture density (142, 145). First demonstrated nearly
100 years ago, Alfred Henrici commented “The embryonic cells [those cells early in the
growth curve] are therefore large, plump, and straight... Therefore, the mature cells are
slender and curved, the typical Vibrio form” in his 1928 monograph on morphology and
growth rates (142, 145). Thus, the finding that cells in low-cell density appear straight,
as well as the finding that c-di-GMP can override QS signaling, support our conclusion
that c-di-GMP controls cell shape (88, 142, 145). Additionally, RNA-seq studies

measuring transcriptional changes between low cell density and high cell density
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determined crvA is decreased at low cell density conditions (155).

We also found VpsT was sufficient for curvature inhibition under planktonic
conditions (Figure 4.3D,G), suggesting VpsT negatively regulates crvA expression
directly or indirectly at the post-transcriptional level. Indeed, earlier transcriptomic
studies of VpsT identify crvA as a target of negative regulation (30, 49, 94). While we
could not test it directly because AvpsT backgrounds are unable to form biofilms, our
data strongly suggests VpsT is necessary for curvature inhibition during biofilm
formation (30, 31, 49, 94). Since curvature inhibition is necessary for WT-like
microcolony formation (Figure 4.8), our results outline a novel role for VpsR and VpsT in
the development of biofilm structures in V. cholerae.

We found that cells adhered to a surface adopted a shape that was more similar
to that of a AcrvA background rather than the canonical vibrioid shape (Figure 4.6).
Interestingly, in other studies of single-cell analysis of biofilm formation, cells appear
straight rather than curved (152, 153, 156). The fact that curvature alters two-
dimensional microcolony formation, which occurs prior to formation of densely packed
vertical cells, was surprising given the influence of cell shape on cell packing in dense
clusters (153, 157, 158). The mechanism driving this phenomenon is currently under
investigation, however, the fact that curved cells (AcrvA-pCrvA) were able to colonize
the substratum equally well as WT and straight cells (AcrvA-pHERD20C) (Figure 4.9)
indicate the difference is not due to decreased adherence. Instead, the spatial
distribution and area of cell clusters in the curved background suggests curved cells

colonize and detach from the surface at greater rates than WT or straight cells.
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Our results suggest a model where, under increasing c-di-GMP conditions,
curved V. cholerae attaches to a surface and begins forming a biofilm. Increased c-di-
GMP causes CrvA depletion in the founder cell and progeny, resulting in straight cells
during microcolony formation. As the microcolony grows, the straight morphology
allows for dense clustering and the formation of the “hedgehog”-like tertiary biofilm
structure (152, 153). We speculate that as nutrients become unavailable and the biofilm
lifestyle is no longer advantageous, decreases in c-di-GMP and increases of HapR
expression cause cells to adopt the curved-shape which could facilitate dispersal from
the biofilm matrix (142, 159).

Indeed, there are numerous examples of cell shape influencing the development
of multicellular structures and activities. The inability to transition from rod-shaped cells
to spores in Myxococcus xanthus causes detrimental effects to development of fruiting
bodies (160). Additionally, mutations that alter the rod-shape in Proteus mirabilis and
Rhodobacter sphaeroides negatively affects swarming motility and biofilm formation,
respectively (161, 162). In the vibrioid shaped C. crescentus, curvature is important for
biofilm formation under flow conditions but had no effect under static conditions (163).
Our findings, in contrast, demonstrate retention of curvature during biofilm formation is
detrimental toward mature biofilm production. These conflicting results are likely a
function of the different processes during biofilm formation in the two organisms: C.
crescentus attach and are positioned vertically through the use of a polar stalk while V.
cholerae attach to surfaces horizontally via interactions with flagella and Type IV pili and
transition to vertical positions as the biofilm grows (164, 152, 153). A recent study

analyzing pandemic V. cholerae found that nutrient-starved isolates grew as filaments in
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media mimicking natural conditions with fluid flow that allowed them to form dense
multicellular structures on chitin particles (165). Images of the strains suggested these
cells still retain curvature, with flamented cells appearing as corkscrew-like cells,
supporting the authors’ conclusion that biofilms by filamentous cells are independent of
c-di-GMP signaling and VPS production (165). Together, our data and others indicate
that maintenance or changing of shape can impact ecological adaptation through

development of multicellular structures such as biofilms.
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Chapter 5 — Concluding Remarks
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5.1 — Conclusions and Significance

The wide-spread bacterial second messenger c-di-GMP is associated with
adherence and motility in diverse microorganisms, including the human pathogen V.
cholerae. However, multiple lines of evidence suggest c-di-GMP controls a wider range
of bacterial phenotypes. Following a screen to identify c-di-GMP responsive genes, |
found that high c-di-GMP promotes expression the DNA repair gene tag and provides
tolerance to the DNA damaging agent MMS (Chapter 2). Additionally, | found that high
c-di-GMP promotes catalase activity and tolerance to H>O2 by increasing expression of
the catalase encoding gene katB (Chapter 3). Importantly, these two distinct, biofilm
matrix independent phenotypes were linked by the c-di-GMP transcription factor VpsT.

Bacteria in biofilms tend to be more tolerant to stress and antimicrobials. In
some cases, this can be attributed to the physical components of the biofilm, such as
exopolymeric substances with chemical quenching abilities (166, 167). Additionally,
cells within mature biofilms face environmental heterogeneity such as nutrient or oxygen
deprivation, causing changes to global stress response systems leading to stress
tolerance (168). My results, however, propose a different, more specific mechanism of
biofilm tolerance: control of genes involved in stress responses by second messenger
signal c-di-GMP. Further, the fact that VpsT is also necessary for c-di-GMP mediated
regulation of stress responses (Chapter 2 and Chapter 3) suggests that cells upregulate
tag and katB during biofilm formation or the biofilm lifestyle.

An interesting finding from this work is the potential for anticipatory or predictive
signaling by bacteria. Under the growth conditions described in this work, there were no

indications of DNA damage or oxidative stress. The only signal to change expression of
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tag or katB was different levels of intracellular c-di-GMP, suggesting c-di-GMP
modulation of tag and katB expression is in response to the stress they help mitigate,
such as DNA damage or reactive oxygen species. Mathematical modeling and
experiments in E. coli provide evidence for anticipatory regulation, where increases in
temperature (akin to digestion by an animal host) lead to a transcriptional response
promoting anaerobic metabolism, which could be beneficial during colonization of
gastrointestinal tract (169). The results from Chapter 2 and 3 differ in that there are
multiple signals that induce c-di-GMP production and biofilm formation in V. cholerae
(57, 88, 170-172). Thus, by linking stress responses with c-di-GMP rather than a
particular environmental signal assures cells are protected during the biofilm lifestyle.
Through evolution, bacteria encompass a diverse range of shapes that are likely
important for survival in certain niches. In V. cholerae, the ability to transition between
the well-known comma-shaped morphology to a straight rod has been acknowledged
for nearly 100 years; however, how this occurs, or the ecological benefit of this shift, is
not well understood (142, 145). In my thesis, | show that the transition between straight
and curved cells is controlled by c-di-GMP and VpsT. | found that cells transition from
curved planktonic cells to straight cells after they attach to a surface and form the early
stages of mature biofilms, with curvatures similar to that of the straight rod-shaped
bacterium E. coli or V. cholerae lacking the gene crvA. My finding that shape
determination is a regulated process influenced by c-di-GMP allowed a different
question to be asked: what is the role of shape transition in biofilm formation in V.

cholerae? | found that retention of curvature during the biofilm formation process
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results in decreased microcolony formation and biofilm production compared to
constitutively straight cells or the wild-type strain.

Sustained c-di-GMP signaling negatively affects virulence in V. cholerae, which
has been attributed to biofilm formation and down-regulation of expression of virulence
factors (173). Interestingly, my results demonstrate that high c-di-GMP promotes
generation of a straight cell phenotype. In separate studies of V. cholerae cell shape,
straight cells (AcrvA) have a virulence defect in animal models of infection compared to
WT-cells (142). Thus, my findings open the possibility that c-di-GMP mediated changes
in cell shape could also contribute to the virulence defect observed in high c-di-GMP
strains (16, 173).

These findings also have implications for the process of biofilm formation. In
mutants that disrupt cell shape in the Gram-negative rod-shaped Rhodobacter
sphaeroides or E. coli, cause defects in biofilm formation, thus my result that shape is
an important factor in V. cholerae biofilm formation aligns with data from other systems
(162, 174). While biofilm formation is a well-studied topic in V. cholerae, the influence
of cell shape on biofilm formation is largely uncharacterized (152, 153, 156, 157). A
recent study identified natural isolates of V. cholerae filament upon nutrient depletion,
which allowed cells to form multicellular communities on chitinous particles under flow
conditions (165). The authors concluded that the biofilms formed under these
conditions were independent of VPS, suggesting this phenotype is independent of c-di-
GMP and may represent a more generalized response to nutrient deprivation (165).
With the identification of crvA in V. cholerae, several research groups hypothesized

about the potential role of curvature in motility in matrices, such as host mucin or the
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biofilm matrix (139, 142). While | did not test it directly, these hypotheses make sense
given that c-di-GMP decreases curvature and promotes biofilm formation; thus, cells
dispersing from a biofilm likely have lower c-di-GMP and increased curvature.

| believe the mechanism connecting c-di-GMP, stress responses, and cell shape
is a niche specific adaptation in V. cholerae rather than a general phenomenon in
bacteria. While there are studies that link biofilm formation and an increase in stress
tolerance, most described mechanisms are not dependent on c-di-GMP or c-di-GMP
dependent transcription factors (166, 168). Further, there does not appear to be any
correlation between cell shape transitions between planktonic and biofilm conditions
and the presence or absence of c-di-GMP signaling systems (35). For example, the
human pathogen Helicobacter pylori has a helical shape in planktonic conditions while
approximately 80% of cells within in vitro biofilms appear as cocci or straight rods (175).
However, H. pylori lacks genes necessary for c-di-GMP signaling (35). Thus, the use of
c-di-GMP to modulate curvature and stress responses in V. cholerae may be a
beneficial adaptation in the ever-changing aquatic environments where V. cholerae
resides.
5.2 — Future Directions
5.2.1 — Single Cell Analysis Of tag And katB Expression During Different Stages of
Biofilm Formation

To further the studies from Chapters 2 and 3, analysis of the spatial and temporal
heterogeneity of tag and katB expressing cells would provide insight into how cells are
positioned within biofilms. For instance, in statically grown E. coli biofilms, oxygen

diffusion decreases toward the center of the biofilm (176). Similar dynamics are likely
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present in V. cholerae biofilms, thus, even though cells within a biofilm have high c-di-
GMP concentrations, the source for oxidative stress would be limited and there would
be little ecological benefit to producing catalase. However, by spatially arranging
catalase positive cells towards the periphery where damage by oxidative stress is
greater, producing catalase could be advantageous. Utilizing fluorescent reporters of
katB or tag and time-course confocal laser scanning microscopy (CLSM) on biofilms
grown in static conditions, one can begin to explore the positioning and timing of gene
expression within biofilms. Additionally, these gene expression patterns can be
correlated with single cell measurements of ¢c-di-GMP using fluorescent riboswitch c-di-
GMP reporter constructs (177). By combining information on gene expression, c-di-
GMP, and cell positioning, one can gain insights into how unicellular bacteria function
together to divide labor during development of complex multicellular structures.
5.2.2 — Mechanism of Negative Regulation by VpsT

An interesting finding from Chapter 4 is negative regulation of expression by
VpsT, which until now has only been characterized as a positive regulator of gene
expression (30, 31, 49, 94), however there is evidence that VpsT causes down-
regulation of genes at the mRNA level (30). Additionally, the fact that c-di-GMP causes
a decrease in crvA transcript abundance provides another wrinkle in the mechanism of
gene regulation by VpsT, which has only shown to act as DNA binding anti-repressor
(31, 96).

My data suggest VpsT indirectly regulates crvA expression by altering expression
of another factor that decreases mRNA stability. Thus, | propose a screen based on

Tn5 mutagenesis and high-throughput screening utilizing flow cytometry to identify
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genes necessary for curvature inhibition by VpsT. This screen requires an optimized
flow cytometry protocol to enhance detection of small cells and changes to cell shape
outlined by Sycuro et al. who implemented a similar experiment in Helicobacter pylori
(178). After generation of the Tn5 mutant pool in a AvpsT background, an expression
plasmid harboring VpsT would be moved into the pooled population by conjugation.
Following growth to late exponential phase and induction of VpsT in the mutant pool,
the cells would be introduced into the flow cytometer for shape analysis and sorting by
forward and side scatter. Flow cytometry parameters will be optimized by using a
straight cell population (AvpsT-pCMW132 (VpsT)) or a curved cell population (AvpsT —
pBRP333 (Empty vector)). Mutants that maintain curvature after VpsT induction will be
sorted and collected into LB medium and plated onto LB kanamycin plates. Isolated
colonies from these plates are assumed to be independent mutants that harbor
transposon mutations in genes necessary for curvature inhibition by VpsT. Clones will
be rescreened by microscopy and single-cell analysis. Positive clones will be identified
by either arbitrary PCR or plasmid rescue (179, 180).
5.2.2 — Mechanism of Curvature Mediated Decrease in Microcolony Formation

The finding that curvature inhibited microcolony formation is interesting but
warrants further exploration into the mechanism of how this occurs. The scattered
positions of the curved cells in Figure 4.8A suggests curvature influences the ability of
the cells to remain adhered to a surface during growth of a microcolony. To test this
hypothesis, the time of residence (length of time an individual cell remains on the

surface prior to dispersal) of curved and straight cells could be measured by time-
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course microscopy (as described here (181)). My hypothesis predicts that straight cells
would have a longer time of residence compared to curved cells.

A decreased time of residence would suggest curved cells are defective in
maintaining surface adherence as the microcolony increases in size. One potential
explanation is that curvature negatively feeds back into c-di-GMP pools and biofilm
matrix production, which is necessary to keep cells adhered to the surface (152, 156).
This hypothesis predicts that curved cells have lower intracellular c-di-GMP and vpsL
expression than straight cells, which can be measured in bulk populations or at the
single cell level using fluorescent reporters.

If WT, straight, and curved cell populations display similar levels of c-di-GMP and
biofilm matrix production, then the observed difference in microcolony formation could
be attributed to the physical consequences of curvature. Mathematical modeling and
analysis of verticalization of straight (AcrvA) V. cholerae cells in biofilms found that
horizontal cells become vertical only when the force of division of cells encased in a
matrix cells is greater than the force of adhesion between the cell and the surface (157).
Curved cells would have less points of contact with the surface, resulting in smaller
adhesion forces necessary for verticalization (157). Thus, curved cells become vertical
prior to straight cells under identical conditions. Since the timing of verticalization
coincides with matrix production, early verticalization could produce three dimensional
structures with less matrix, allowing cells to escape the matrix and colonize a new

location.
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Appendix 1

Using Vibrio cholerae as a Heterologous Host to Study c-di-GMP Signaling in
Burkholderia cenocepacia
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Appendix 1.1 — Introduction

Burkholderia cenocepacia is a Gram-negative opportunistic pathogen known for
its ability to chronically infect lungs of patients with cystic fibrosis (182). In its chronic
infective state, B. cenocepacia is able to withstand the host immune system, most likely
through its ability to form adhered microbial communities called biofilms (183). While
biofilms play an important role in B. cenocepacia pathogenesis and other chronic
infections, a more thorough understanding of how evolution shapes niche adaptation
within biofilms is needed. Specifically, how the process of biofilm formation selects for
adaptations that allow for better biofilm formation capability.

Experimental evolution is a powerful tool that utilizes selection for a trait as a
powerful means to isolate mutants with adaptive traits (184). Until recently, evolution
experiments in biofilms lacked appropriate generation times to uncover long-term
effects of biofilm growth (185). Therefore, our collaborators established a high-
throughput model of surface colonization, biofilm formation, and dispersal utilizing
polystyrene beads and daily transfers while continuously sampling for biofilm
phenotypes by colony morphology (185). Three distinct colony morphotypes arose (in
descending frequency): studded (S), ruffled (R), and wrinkled (W). Whole genome
sequencing (WGS) analysis uncovered the S and R morphologies have mutations in the
putative quorum sensing regulator RpfR (186).

RpfR is a multidomain protein with 4 characterized domains: 1) FI (RpfF
interaction), 2) PAS, 3) diguanylate cyclase (DGC) with a GGDEF active sit motif, and
4) phosphodiesterase (PDE) with an EAL active site domain (Figure 5.1). The PAS

domain of RpfR binds to the signaling factor Burkholderia Diffusible Signaling Factor
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(BDSF), which is synthesized by RpfF, an enzyme with fatty acid biosynthesis activities
(187). The Fl-domain binds to RpfF, which causes a decrease in BDSF production
(188). While the DGC domain has the appropriate residues for activity, there is no
evidence of DGC activity. Rather, Deng et al. determined that RpfR predominately
functions as a phosphodiesterase and that BDSF binding increases PDE activity (189).
The S morphotype is caused by a mutation that results in the amino acid substitution
Y355D (Figure 5.1, vertical purple bar in GGDEF domain) while the R morphotype is
caused by the amino acid substitution A106P (Figure 5.1, vertical purple bar between
the Fl and PAS domains) (186). In planktonic and biofilm conditions, these mutations
alone cause an increase in c-di-GMP concentrations in B. cencocepacia (Figure 5.2).

It is unclear how these evolved amino acid substitutions affect RpfR activity,

RpfF BDSF Diguanylate
Interaction Binding Cyclase

Phosphodiesterase

0 100 200 300 400 500 600 700

Amino Acids

Figure 5.1: Diagram of RpfR

Domains are labeled by color with functions above. Active site motifs for GGDEF and
EAL are vertical pink bars within the respective domain. Amino acid substitutions are
marked by vertical purple lines (A106P — between Fl and PAS domains, Y355D —
downstream of GGDEF active site motif).

specifically its ability to synthesize and degrade cyclic dimeric guanosine
monophosphate (c-di-GMP) to manifest the evolved colony morphology. However, the

positions of these substitutions suggest the mechanism is more complex than
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deactivation of PDE activity (Figure 5.1). Thus, we sought to explore the mechanism
driving increased c-di-GMP and biofilm production by the evolved RpfR variants. During
the course of our studies, we found that RpfR displays DGC activity when expressed in
the heterologous host Vibrio cholerae. Using this system, we determined the evolved
variants produce c-di-GMP and biofilms similarly to ancestor RpfR, suggesting the
substitutions do not alter DGC activity. Lastly, since selection in biofilm environments in
vivo are commonly associated with a decrease in acute virulence, we assessed the
virulence capacity of the ancestor and the in vitro evolved B. cenocepacia and found,
indeed, that selection during biofilm formation decreased acute virulence. Together,
these studies begin to provide mechanistic insights into how amino acid substitutions
arising through evolution can fine-tune signaling systems to allow adaptations to specific

environmental niches.

Biofilm
[ Planktonic

A106P
Y355D —
WT
N K D oD © N

Relative c-di-GMP
(12 h)

Figure 5.2: Evolved RpfR Alleles Have Higher Intracellular c-di-GMP Pools
Compared to the Ancestor

Intracellular c-di-GMP was measured in B. cenocepacia grown in biofilm and planktonic
conditions. Concentrations were normalized to the ancestor (WT) background. Bars
represent averages and error bars are 95% confidence interval. Data generated by
Eisha Marte, Dan Snyder, and Vaugh Cooper (Unpublished).
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Appendix 1.2 — Methods and Materials

A1.2.1 — DNA Manipulations and Growth Conditions

Plasmid were constructed using restriction enzyme cloning. Plasmid pEVS143 was
digested with Avrll and BamHI (NEB) and gel purified (Wizard Gel and PCR Cleanup,
Promega). Ancestor, Y355D, and A106P RpfR were amplified from genomic DNA
isolated from the respective B. cenocepacia mutants, digested with Avrll and BamHl,
and PCR purified. Inserts and vectors were mixed at a 3:1 insert:vector ratio in a 20 pyL
DNA ligase reaction with 800 U DNA ligase (NEB). Reactions were incubated at 16°C
overnight and were transformed into S17 E. coli. Correct clones were identified by
colony PCR and sequenced by sanger sequencing (Genewiz, Inc). V. cholerae strain
C6706 Str2 and B. cenocepacia HI12424 and evolved mutants were used in this study
and grown in 2 mL LB overnight prior to experiments. Antibiotics and reagents were
used at the following concentrations unless stated otherwise: Kanamycin (100 ug/mL),
100 uM isopropyl B-D-1-thiogalactopyranoside (IPTG), and 10 uM Burkholderia
Diffusible Signaling Factor (BDSF, cis-2-dodecenoic acid). Lyophilized BDSF was
resuspended in DMSO at a final concentration of 50 mM.

A1.2.2 — Crystal Violet Biofilm Assay

Overnight cultures of WT V. cholerae harboring ancestor, Y355D, A106P, or an empty
vector were diluted 1:100 in LB supplemented with Kanamycin, IPTG, and either BDSF
or equally diluted DMSO. 150 pL of diluted cell cultures were added to wells in a clear
96-well plate (Costar®) and cultures were grown at 35°C while shaking at 220 RPM until
late log-phase. Cultures were removed from the wells and analyzed for intracellular c-

di-GMP (see below). The wells were washed twice with 1X phosphate buffered saline
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(PBS) by adding 150 pL and aspirating the wash solution using a vacuum aspirator.
150 pL of crystal violet (CV) solution (0.41% crystal violet, 12% ethanol w/v) was added
and biomass was stained for 10 minutes. After staining, CV was aspirated away, and
the wells were washed twice with 1X PBS. CV was eluted by adding 150 pL 95%
ethanol to each well and gently pipetting to mix the solution. The absorbance at 570 nm
was measured using a Perkin Elmer Envision plate reader. For solutions that saturated
the absorbance range of the plate reader ( ODs70 > 2.0), 1:10 dilutions of eluted CV
were made in 150 pL final volumes using 95% ethanol and absorbance was measured.
Final ODs7o values were adjusted by multiplying the value by the dilution factor. For
experiments where BDSF was added, data presented are the percent reduction from
Xi—X,

BDSF addition (T * 100%), where X;is the biofilm biomass from untreated cultures

and X, is the biofilm biomass from untreated samples.

A1.2.3 — Quantification of Intracellular c-di-GMP

Cultures for each strain and condition from 4 wells (approximately 600 uL) were pooled
and analyzed for intracellular c-di-GMP and total protein concentration. For protein
concentration quantification, 100 uL of culture was removed from each sample, pelleted
by centrifugation at full speed (15,000 x g) for 1 minute, resuspended in 50 uyL 1X PBS
with 10% sodium dodecyl sulfate (SDS), and boiled at 95°C for 10 minutes. Lysed cell
solutions were centrifuged at 15,000 x g for 1 minute and the supernatant containing
protein was removed and placed in new tubes. Total protein was quantified using the
DC Protein Assay (Bio-Rad) following the instructions in the manual. Protein standards
consisting of bovine serum albumin (provided in DC Protein Assay kit) were used to

generate a standard curve to interpolate sample concentrations. 550 uL of the
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remaining culture were pelleted at 15,000 x g for 1 minute in a benchtop
microcentrifuge. The supernatants were removed, and the remaining pellets were
resuspended in 100 pL nucleotide extraction buffer (40:40:20
methanol/acetonitrile/water with 0.1 N formic acid). The extraction solution was
incubated at 20°C for 20 minutes and pelleted for 10 minutes at 15,000 x g. The
supernatants were placed into new microcentrifuge tubes, and the solutions were dried
overnight using a heated, vacuum centrifuge (SpeedVac Concentrator, Savant). The
resulting dried pellets were resuspended in 100 uL HPLC-grade water and subjected to
mass spectrometry analysis for quantification of c-di-GMP (128). Final c-di-GMP

concentrations are in pmol c-di-GMP * mg™" total protein. For BDSF treated samples,

X‘;_X" *+ 100%), where X;

data presented are the percent reduction from BDSF addition (

is the c-di-GMP concentration in untreated cultures and X is the c-di-GMP
concentration in untreated samples.

A1.2.4 — C-di-GMP Production in V. cholerae Cell Lysates

A1.2.4.1 — Lysate Generation.

Overnight cultures of V. cholerae harboring ancestral and evolved RpfR alleles or an
empty vector were diluted in 1:100 in 5 mL LB Kan in 25 mL baffled flasks and grown
until an ODego of 1.25. 100 uM IPTG was added to all cultures to induce RpfR and
cultures were grown for an additional hour. After induction, cultures were pelleted by
centrifugation (7800 RPM for 2 minutes) in 15 mL conical tubes. The cell pellets were
resuspended in cold 1 mL TELCA buffer (25 mM TRIS-HCI, 5 mM MgCl2, 5 mM NacCl,
pH —7.5) (190)and moved to a 1.5 mL microcentrifuge tube. Cells were lysed by

freeze-thaw cycles where cells were frozen in a dry ice/ethanol bath and thawed in a
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water bath set to 37°C. 6 freeze-thaw cycles were sufficient to lyse approximately 95%
of the population. Insoluble material was pelleted by centrifugation (15,000 x g for 1
minute) and supernatants were moved to new tubes. Protein concentrations in lysates
were determined by the DC Protein Assay (Bio-Rad). Lysates were stored at -20C for
up to 1 week.

A1.2.4.2 — In vitro DGC Activity in Lysates.

Analysis of in vitro DGC activity in lysates was derived from the TELCA assay with
changes (190). Lysates (1 mg/mL) were incubated with TELCA buffer and 1 mM "3C-
GTP in 100 uL final volume. Reactions were incubated at 37°C and 30 uL aliquots were
removed at 30, 60, and 120 minutes and heat inactivated at 95°C for 10 minutes. 30 uL
phenol:chloroform:isoamyl alcohol 25:24:1 were mixed with the reactions and
centrifuged for 30 seconds at 15,000 x g. 25 uL of the aqueous (top) layer were
removed, placed in mass spectrometry vials, mixed with 25 yL HPLC-grade water, and
both '2C-c-di-GMP and '3C-cyclic-di-GMP were detected by monitoring the m/z of the
precursor ion and fragment ion.

A1.2.4.3 — Galleria mellonela infection assay

Overnight cultures of ancestor, Y355D, or A106P B. cenocepacia were pelleted,
washed in sterile 1X PBS, and diluted to 1 x 10 CFU/mL in sterile 1X PBS. Larva of the
wax worm Galleria mellonela were purchased from Speedy Worm (Alexandria,
Minnesota). Prior to experiments, worms with a dry mass between .1 and .2 mg were
collected to normalize for worm size. 10 worms were injected with 10 yL of 1X PBS
(negative control) or ancestral, Y355D, A106P B. cenocepacia to deliver 10* CFU per

worm using insulin syringes (BD Veo™, 6 mm, 15/64” — 31G, 2 mL). Inoculated worms
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(10) were kept in 100 x 15 mm sterile petri dishes at 30°C. Each experiment included
three biological replicates of bacteria and 3 sets of 10 worms along with 1 set of 10
worms injected with 1X PBS. Survival, measured by lack of response to physical
stimuli, was scored after 2.5 days. Three experiments were carried out on separate
days and the 1X PBS (negative death control) had 100% survival in each experiment.
Data presented are the pooled data from each experiment, with each dot representing
the survival experiment from 1 biological bacterial replicate.

A1.2.4.4 — Statistical Analysis.

Data are represented as the mean + SD. Statistical analyses (details in figure legends)
were calculated with GraphPad Prism Ver. 6 (GraphPad, San Diego, CA). A p-value of
< 0.05 was considered statistically significant.

Appendix 1.3 — Results

A1.3.1 — RpfR Has Net DGC Activity in A Heterologous Host.

While in vitro measurements of enzymatic activity would be ideal for these
analysis, expression and purification of RpfR and the evolved alleles have been
challenging using conventional protein expression hosts and technology. After
troubleshooting conditions, we found the A106P and Y355D alleles had issues
expressing and producing working amounts of soluble protein in E. coli BL21 (DE3) —
pLysS. We then began exploring enzyme activity in vivo using the heterologous host
Vibrio cholerae. This host was chosen for the following reasons: i) c-di-GMP can be
measured directly through mass spectrometry (88), ii) changes in intracellular
concentrations can be inferred indirectly and qualitatively through measuring changes in

biofilm formation (2), and iii) V. cholerae has the capacity to withstand wide ranges of
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intracellular c-di-GMP without displaying growth defects, which is not the case for other
heterologous hosts such as E. coli (55, 191). Additionally, V. cholerae has been used
as a heterologous host for analyzing DGC enzymes from Clostridium difficile, an

anaerobic microorganism that does not display easily measured c-di-GMP regulated

phenotypes (192).
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Figure 5.3: Ancestor RpfR Influences Biofilm Formation in Vibrio cholerae

Biofilm formation was measured in V. cholerae expressing the ancestor RpfR or RpfR
with the inactive DGC motif GGAEF. An empty vector was included as a control. When
indicated, BDSF was added at a final concentration of 10 uM. Brackets indicate
comparisons with a. p-value < 0.05 determined by Two-Way ANOVA followed by
Tukey’s multiple comparisons testing. Bars indicate average and error bars indicate
standard deviation. N = 6.

Using the V. cholerae heterologous host system, we found that over-production
of ancestral RpfR increased biofilm formation in V. cholerae compared to the vector
control (Figure 5.3). To rule out the possibility that RpfR was altering biofilm formation
through some other, V. cholerae specific mechanism, we substituted aspartate for
alanine in the active site motif (GGDEF - GGAEF) and did not observe biofilm
formation relative to the vector control. Further, addition of exogenous Burkholderia

diffusible signaling factor (BDSF) which has shown to increase PDE activity of RpfR
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(189), causes a decrease in biofilm formation which was not observed in the empty
vector (Figure 5.3). Together, this data suggests RpfR has DGC activity in a
heterologous host model and that addition of BDSF changes activity from net DGC
activity to net PDE activity. In support of this hypothesis, we found that WT RpfR

increases intracellular c-di-GMP in V. cholerae compared to an empty vector control

(Figure 5.4A).
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Figure 5.4: RpfR Produces c-di-GMP in Vibrio cholerae

A) RpfR increases intracellular c-di-GMP in V. cholerae. RpfR was over-produced in V.
cholerae and intracellular c-di-GMP was measured using mass spectrometry. Bars
indicate average and error bars indicate standard deviation. * indicates a p-value < 0.05
determine by a Student’s T-test. N = 3. B) c-di-GMP synthesis was measured from cell
lysates generated from cultures over-producing ancestor RpfR. As a control, lysates
from cultures with the empty vector was included. At time 0, stable-labeled C'® GTP
was added to the reaction mixture and timepoints were removed at regular intervals.
C"3-c-di-GMP production was measured by mass spectrometry. Circles indicate
averages and error bars indicate standard deviation. * indicate a p-value < 0.05 when
comparing Ancestor RpfR to the empty vector at a given timepoint. N = 3.

We next wanted to directly measure c-di-GMP synthesis by RpfR. To do this, we
utilized a technique called TELCA where lysates from V. cholerae expressing RpfR
were mixed with stable-labeled C'3-GTP and C'3-c-di-GMP synthesis was measured by

mass spectrometry (190). We observed greater C' c-di-GMP synthesis when over-
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producing RpfR compared to the empty vector, indicating RpfR can synthesize c-di-
GMP (Figure 5.4B). The role of DGC activity of RpfR has not fully been addressed in
the literature, nor have there been any reported experiments to test DGC activity in vitro
or a heterologous host. Thus, this is the first example demonstrating the DGC activity of
RpfR.

A1.3.2 — Ancestral and Evolved RpfR Alleles Have Similar Biofilm and C-di-GMP
Phenotypes in V. cholerae

Since the evolved RpfR alleles A106P and Y355D resulted in hyper-biofilm phenotypes
in B. cenocepacia, we hypothesized expressing these variants in V. cholerae would also
cause hyper biofilm formation due to increased intracellular c-di-GMP. We tested this
hypothesis by expressing the ancestor and evolved alleles in V. cholerae and measured
biofilm formation and intracellular c-di-GMP. Similar to our initial findings we found that
ancestral RpfR had higher biofilm production compared to the empty vector (Figure
5.5A). A106P, interestingly, had decreased biofilm biomass compared to the ancestor
and was similar to the empty vector control (Figure 5.5A). Biofilm biomass was 20%
lower in the Y355D background; however, it was still higher than A106P and the empty
vector (Figure 5.5A). To determine if the changes observed in biofilm biomass by the
evolved alleles correlated with intracellular c-di-GMP, we measured c-di-GMP using
mass spectrometry. We found that, indeed, intracellular c-di-GMP mirrored biofilm
biomass (Figure 5.5C). Intracellular c-di-GMP was approximately 2-fold higher in
A106P compared to the empty vector, but this difference was not enough to alter the
biofilm biomass phenotype (Figure 5.5AC). Y355D had similar levels of intracellular c-

di-GMP compared to the ancestor background and 3-fold higher levels than A106P and

116



the empty vector (Figure 5.5C). Together, these results suggest that despite the hyper-
biofilm and high intracellular c-di-GMP phenotypes in B. cenocepacia, the evolved
alleles are unable to recapitulate similar phenotypes when expressed in the
heterologous host V. cholerae.

One potential explanation for the above results is that the amino acid
substitutions do not alter enzymatic activity per se, but rather they disrupt the ability of
BDSF to increase PDE activity (189). Thus, to determine if the evolved alleles still
responded to BDSF in V. cholerae, we repeated the biofilm biomass assay while adding
10 pM to the cultures prior to incubation. In V. cholerae expressing the ancestor allele,
we found that BDSF addition decreased biofilm biomass by nearly 50% (Figure 5.5B).
BDSF addition to strains expressing A106P caused a slight increase (12%) in biofilm
biomass, however, this was not statistically significantly different from the empty vector
control (Figure 5.5B). Similar to the ancestor, BDSF caused approximately a 40%
reduction in biofilm biomass in strains expressing Y355D. Since BDSF decreased
biofilm biomass in the ancestor and Y355D expressing strains, we hypothesized
intracellular c-di-GMP also decreased under these conditions. Additionally, since BDSF
had no effect on reducing biofilm biomass in strains expressing A106P, we
hypothesized intracellular c-di-GMP would be unchanged in this background. The
ancestor and evolved alleles had a similar 50% decrease in intracellular c-di-GMP in the
presence of BDSF (Figure 5.5D). As a control, we included BDSF in strains harboring
the empty vector and observed an 18% in intracellular c-di-GMP. Upon further
examination, however, we found that these data were not significantly different from a

percent reduction of 0, while the ancestor and evolved alleles were (One-sample T-test,

117



alpha = 0.05, Ancestor — p = 0.011, A106P — p = 0.0068, Y355D — p = 0.0259, EV —p =

0.7186). Thus, these data demonstrate that the evolved alleles of RpfR respond
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Figure 5.5: Biofilm and Intracellular c-di-GMP for Evolved Alleles in the Presence
and Absence of BDSF

A) V. cholerae biofilm biomass measured in strains expressing either the ancestral RpfR
or the evolved alleles (A106P, Y355D). Bars are means with error bars as standard
deviation. B) Biofilm biomass reduction caused by the addition of 10 uM BDSF during
biofilm formation (percent reduction equation in Methods section for Appendix 1). C)
Intracellular c-di-GMP measurements from V. cholerae strains expressing ancestral or
evolved (A106P or Y355D) RpfR. D) C-di-GMP reduction caused by the addition of 10
MM BDSF during incubation. For all graphs, different letters indicate statistically
significant differences (p < 0.05) determined by one-way ANOVA followed by Tukey’s
multiple comparison post-test. For experiments in panels A and B, N=12. For
experiments in panels C and D, N = 3. Experiments were repeated at least twice.

similarly to BDSF compared to the ancestor allele in V. cholerae. Additionally, these
data do not support the hypothesis of differential DGC and/or PDE activity as an

explanation for the evolved hyper-biofilm phenotypes in B. cenocepacia.
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A1.3.3 — B. cenocepacia Harboring the Evolved Y355D RpfR Allele Is Attenuated in a
Wax Worm Model of Acute Infection.

In bacterial pathogens that form in vivo biofilms in chronic infections, there is a
common trade-off between chronic infection and acute virulence: isolates form in vivo
biofilms tend to be less virulent in acute infection models (193). Thus, we were
interested in whether in vitro evolved biofilms also displayed a decrease in acute

virulence. To test whether the hyper biofilm mutants in B. cenocepacia, which have

B
100 °
°
© 801 T
2 °,
2
®
= A ole
O 40 o0 Y -
o °®
[¢}]
Q. oo
C L L
Ancestor A106P Y355D

B. cenocepacia Background
Figure 5.6: Hyperbiofilm Mutants of Burkholderia cenocepacia are Attenuated for
Acute Virulence in Galleria mellonella Model of Infection
G. mellonela survival was scored after 72 hours post inoculation with 10* CFU of
ancestor or evolved variants (A106P RpfR or Y355D RpfR) of B. cenocepacia. Each
dot represents an experiment where 10 wax worms were injected with B. cenocepacia.
Bars represent the average percent survival and error bars are standard deviation.
Different letters indicate statistically significant differences (p < 0.05) determined by one-
way ANOVA followed by Tukey’s multiple comparison post-test. N = 12 for ancestor
and Y355D and N=11 for A106P.

elevated levels of c-di-GMP compared to the ancestor (Figure 5.2), also demonstrated a

loss of acute virulence, we developed a Galleria mellonela larva in vivo infection model.
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This model has been used to assess acute virulence in other species of Burkholderia
and in other bacteria (194—196). After 72 hours post injection with 10*4 CFU of
ancestor B. cenocepacia, approximately 20% of the G. mellonela population remained
alive (Figure 5.6). Repeating the experiment with the evolved alleles of RpfR, we found
that both were attenuated in G. mellonela killing, with 30% and 60% remaining alive
when injected with A106P and Y355D, respectively (Figure 5.6). However, only Y355D
was significantly different from the ancestor strain (p < 0.05). These data support the
hypothesis that in vitro biofilm evolution undergoes similar processes as in vivo biofilm
evolution, demonstrating the utility of in vitro models of biofilm evolution.
Appendix 1.4 — Discussion
Whether in soil or during infection of a human host, biofilm formation is an important
part of the B. cenocepacia lifestyle. Importantly, the ability to form biofilms and disperse
when appropriate is integral to the colonization of new habitats. Repeated rounds of
biofilm formation, dispersal, and colonization of new surfaces allowed for the evolution
of hyperbiofilm variants of B. cenocepacia (185). WGS identified multiple targets of
selection, however one gene, rpfR, was targeted in multiple parallel experiments and
was strongly associated with increased intracellular c-di-GMP and biofilm formation
(186). In my work, | begin to uncover the molecular mechanism driving increased c-di-
GMP and biofilm formation by the evolved RpfR alleles.
A1.4.1 — Model for RpfR DGC Activity in WT and Evolved Alleles

The most prominent study of RpfR identified as an enzyme with primarily PDE
activity, despite having an intact active site in the DGC domain (189). Moreover, a

direct test of the potential DGC activity is missing in the literature. Thus, studies on the
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activity and biological role of the DGC domain were warranted in light of the evolved,
hyperbiofiim RpfR variants.

We found that expression of RpfR in the heterologous host V. cholerae caused
increased biofilm formation and c-di-GMP production and was dependent on the
GGDEF active site motif (Figure 5.3 & Figure 5.4). Additionally, the evolved variants
displayed similar abilities to produce c-di-GMP in V. cholerae (Figure 5.5). These data
suggest the hyperbiofilm phenotypes of the evolved RpfR alleles in B. cenocepacia may
not be caused by differences in DGC activity per se, but rather from activation of the
DGC domain through an unknown mechanism.

A1.4.2 — Evolutionary Trade Off Between Biofilm Formation and Acute Virulence

We found that our experimentally evolved alleles of RpfR, which form more
robust biofilms in vitro compared to the ancestor allele, were attenuated in a wax worm
model of acute infection (Figure 5.6). Y355D, which has higher intracellular c-di-GMP
and capacity to form biofilms than A106P and the ancestor, had the greatest
attenuation, followed by A106P and the ancestor. These data suggest RpfR could be a
potential target of selection during B. cenocepacia infection and colonization of human
hosts. Indeed, whole genome sequencing of a related Burkholderia species isolated
from a patient with cystic fibrosis identified non-synonymous mutations in RpfR (197).
Using the model of experimental evolution, we can further probe the mechanism driving
selection of RpfR variants in biofilm formation and potentially uncover novel
mechanisms and approaches to disrupt B. cenocepacia biofilm formation in complex

environments.
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Appendix 1.5 — Future Directions
A1.5.1 — Purification of HIS-tagged RpfR and Identification of RpfR Interacting Proteins
from B. cenocepacia

A possible explanation for the apparent lack of DGC activity when RpfR is
studied in B. cenocepacia is that RpfR functions within a complex of proteins that
regulate enzyme activity. An E. coli homologue of RpfR, PdeR, has a PAS-DGC-EAL
domain structure but there is no evidence that it can produce c-di-GMP in vitro or in vivo
(198, 199). Rather, PdeR acts to modulate expression of genes involved in curli
biogenesis by sensing and degrading c-di-GMP. During this process, intermolecular
interactions between PdeR and the transcription factor MIrA, allowing MIrA to activate
transcription (198).

RpfR differs from PdeR in that RpfR can produce c-di-GMP and, currently, is only
known to interact with the BDSF synthase RpfF (188) and a transcription factor GtrR
(200). Co-expression of RpfR with RpfF in V. cholerae does not alter biofilm formation,
motility, or intracellular c-di-GMP (data not shown), however in vitro and in vivo, RpfR
interaction with RpfF decreases BDSF production (188). Thus, future work on this
project will focus on identifying protein partners that modulate RpfR DGC activity.

To this end, we are currently cloning N-terminal and C-terminal 6 HIS-tagged
versions of ancestor and evolved alleles of RpfR. We plan to purify the proteins from V.
cholerae, rather than the conventional E. coli BL21 backgrounds, and assay enzyme
activity in vitro to compare activities across ancestor and evolved alleles. Future
experiments include co-expressing GtrR and RpfR together in V. cholerae and

measuring changes in biofilm formation and intracellular c-di-GMP. We hypothesize
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that GtrR will decrease biofilm formation and intracellular c-di-GMP when co-expressed
with RpfR compared to RpfR alone. Another approach could be an untargeted method
utilizing HIS-tagged RpfR in a pull-down assay with B. cenocepacia lysates. We
hypothesize that potential targets that inhibit DGC activity of RpfR would be abundant
under planktonic conditions where intracellular c-di-GMP concentrations are low and
scarce under biofilm conditions where intracellular c-di-GMP concentrations are high.
Protein partners would be isolated and identified using mass spectrometry, then tested

for interactions in vitro and in vivo.
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Appendix 2

Strains, Plasmids, and Oligonucleotides
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Table 1: Plasmid Names and Descriptions

Plasmid Description Chapter Reference
pBBRIux luxABCDE containing promoter-less plasmid, | 2,3,4 Lab
CamR collection
PEVS143 | pTac overexpression vector, KanR 2,3 (201)
pKAS32 Sucide vector for mutant construction, AmpR | 2,3 .4 (89)
pBRP333 | Control expression vector, KanR 2,3 (55)
6:C9 tag1 promoter in pBBlux, CamR 2 (81)
pALN17 tag2 promoter in pBBRIux, CamR 2 Chapter 2
pDS129 tag3 promoter in pBBRIux, CamR 2 Chapter 2
pNF022 tag4 promoter in pBBRIux, CamR 2 Chapter 2
pBRP1 qrgB* (inactive DGC) cloned into expression | 2,3,4 (55)
vector pMMB67Eh, AmpR
pBRP2 qrgB (active DGC) cloned into expression 2,34 (55)
vector, pMMB67Eh, AmpR
pCMW131 | vpsR in pEVS143, KanR 24 Chapter 2
pCMW132 | vpsT in pEVS143, KanR 24 Chapter 2
pNFO011 vpsT in pET28b (C-terminal HIS-tag), KanR 2,3 Chapter 2
pDS138 pKAS32 tag deletion construct, AmpR 2 Chapter 2
pDS139 tag in pEVS143, KanR 2 Chapter 2
pNF031 katB1 promoter in pBBlux, CamR 3 Chapter 3
pNF032 katB2 promoter in pBBRIlux, CamR 3 Chapter 3
pNF033 katB3 promoter in pBBRIlux, CamR 3 Chapter 3
pNF036 katB4 promoter in pBBRIlux, CamR 3 Chapter 3
pNF038 katB5 promoter in pBBRIlux, CamR 3 Chapter 3
pNF030 katG promoter in pBBRIux, CamR 3 Chapter 3
pHERD20T | Psap Expression vector 3,4 (125)
oNF057 ?:HEIEDZOT p.BAD exgression vector with 3,4 Chapter 3
am"® replacing Amp
pNF067 katB in pNF057, CamR 3 Chapter 3
pNF068 katG in pNF057, CamR 3 Chapter 3
pNF045 Deletion construct for katB in pKAS32, AmpR | 3 Chapter 3
pNF048 Deletion construct for katG in pKAS32, AmpR | 3 Chapter 3
oNF069 358 bp upstream of ATG of crvA (Pewa) in 4 Chapter 4
pBBRIux
pNF070 Deletion construct for crvA in pKAS32, AmpR | 4 Chapter 4
pNFO071 VC1807 knock-in construct, AmpR 4 Chapter 4
VC1807 knock-In construct with CrvA driven | 4
PNFO72 by native promoter Pcna, AmpR Chapter 4
?FE\ICFr?/;:;’ CrvA from C6706 gDNA into pNF057 4 Chapter 4
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Table 2: Strains Names and Descriptions

Strain | Description | Chapter | Reference
Escherichia coli

DH10b F-mcrA A(mrr-hsdRMS-mcrBC) ®80/acZAM15 Thermo

AlacX74 recA1 endA1 araD139A(ara, leu)7697 galU galK 2,3 Fisher

NrpsL nupG Scientific
S17-\pir Tpr Smr recA thi pro hsdR17(r«mk*) RP4::2-Tc::Mu Km 2,34, Lab stock

Tn7 Apir Appendix 1
BL21(DE |F ompT hsdSB(rems*) gal dcm (DE3) 23 Invitrogen
3) ’

Vibrio cholerae

Wild Type 2-4, Lab Stock

C6706 Appendix
1

NF02 C6706Atag 2 Chapter 2
CW2034 | C6706AvpsL 2-4 (88)
JC1195 CW2034AvpsT 2-4 (81)
WN310 CW2034AvpsR 2-4 (81)
DS12 CW2034AfIrA 2 (50)
DS14 CW2034Atag 2 Chapter 2
NFO03 CW2034AkatB 3 Chapter 3
NF04 CW2034AkatG 3 Chapter 3
NF05 CW2034AkatBAkatG 3 Chapter 3
JC1220 CW2034AvpsTAvpsR 4 Lab Stock
NF6 CW2034AcrvA 4 Chapter 4
NF7 AcrvA 4 Chapter 4
NF8 CW2034AcrvA VC1807::Pcrva-crvA 4 Chapter 4
HI2424 Clinical isolate of Burkholderia cenocepacia App<1and|x (202)
BcA106P | HI2424 RpfR A106P App?”d'x (186)
BcY355D | HI2424 RpfR Y355D App?”d'x (186)
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Table 3: Oligonucleotides for Vector and Strain Construction

Construct | Chp. F/R 5’ Overhang 3’ Gene Specific
pALN17 2 Forward gcggcecgctctagaa CGGTGCCTA
CAACATCCG
pALN17 2 Reverse cggccgcaactagag GGATCATACCGAGTA
pDS129 2 Forward gcggcecgctctagaa CTTTGTTTAAAACCATGC
pDS129 2 Reverse cggccgcaactagag GCTTATCCTTCTTCATTC
pDS138 2 Forward cgggccctatatatggatcc TCGGTGAAGGAGTCGC
(Upstream)
pDS138 2 Reverse AGCTCTTGGTGAATCAGC
(Upstream) TTATCCTTCTTCAT
pDS138 2 Forward ATGAAGAAGGATAAGCTGA
(Downstream) TTCACCAAGAGCT
pDS138 2 Reverse gctgatatcgatcgegegcea GCCAGCATGAACAAAA
(Downstream)
pDS139 2 Forward tttagcttccttagetectg AGGAGCTAAGGAAGCTAAAA
TGATGAATGCGGAACA
pDS139 2 Reverse gcttgctcaatcaatcaccg TCAGAGCTTGTCTGC
pNF022 2 Forward gcggcecgctctagaa CGAGCAAGGCCATAAACC
pNF022 2 Reverse cggccgcaactagag GCTTCTTGAGTCTTTCGG
pNF011 2 Forward ctttaagaaggagatatac ATGAAAGATGAAAACAAACT
pNF011 2 Reverse gcttgctcaatcaatcaccg TCAGAGCTTGTCTGC
pNF031 3 Forward cggtggceggecgcetctagaa | TTCACATTTGCTGGTTCAAAGG
pNF032 3 Forward cggtggcggecgcetctagaa | AAACGCCCGAGAATAGAGA
pNF033 3 Forward cggtggceggecgcetctagaa | TTGGCTTAAAATAATGACGGTTG
pNF036 3 Forward cggtggcggecgcetctagaa | AAGTCATCTAAAACTTTCGTTT
AAATCGATTTTC
pNF038 3 Forward cggtggceggecgcetctagaa | TTTCTCTATTAAATTCATCGTTA
TTTCCCATTTAG
pNF031- 3 Reverse | ccattttgcggccgcaactagag | GGTTGCTCTCCAATGCGAC
33,036,038
pNF030 3 Forward cggtggceggcecgctctagaa CAAACAGCGCGATATCTTCTT
pNF030 3 Reverse | ccattttgcggccgcaactagag | TTTAGCGCTTTAGGCCACC
pNF057 3 *Forward_ - CACATTTCCCCGAAAAGTG
1
pNF057 3 *Reverse - CTGTCAGACCAAGTTTACTC
1
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Table 3 (cont'd)

Construct |Chp. F/R 5’ Overhang 3’ Gene Specific
pNF057 3 #Forward_ gcacttttcggggaaatgtg TTAATGAATCGGCCAACG
2
pNF057 3 #Reverse_ gagtaaacttggtctgacag TGATCGGCACGTAAGAGG
2
pNF067 3 Forward atctgataagaattcgagct ATGCATATGTCAAAAAGCTTT
pNF067 3 Reverse tgcatgcctgcaggtcgact TTACATCGCGGCCAGTTTTG
pNF068 3 Forward atctgataagaattcgagct ATGGAGCACAATAAAGC
pNF068 3 Reverse tgcatgcctgcaggtcgact TTACACCAGATCAAATCG
pNF045 3 Forward agctatagttctagaggtac GGTGGTGGTGAAGACAATTC
(Upstream)
pNF045 3 Reverse gtggaattcccgggagagct ATTTTTACTTATCAACCGTCA
(Upstream) TTATTTTAAG
pNF045 3 Forward agctatagttctagaggtac CCGATAAAAATTTGCCCC
(Downstream)
pNF045 3 Reverse gtggaattcccgggagagct GATCACCCAAGTGATTGTC
(Downstream)
pNF048 3 Forward agctatagttctagaggtac ACCTGAGTTGCAATAACCAAAG
(Upstream)
pNF048 3 Reverse gtggaattcccgggagagct TGATTACTCCTTGCTTCGCAT
(Upstream)
pNF048 3 Forward agctatagttctagaggtac TCCATCTCACCATCCCTTTCA
(Downstream)
pNF048 3 Reverse gtggaattcccgggagagct GATGAGATGGTCGCCCCC
(Downstream)
pNF069 4 Forward cggtggceggcecgctctagaa GGTATCTCAAATTGCTTCAAAA
C
pNF069 4 Reverse | ccattttgcggccgcaactagag AAAGTGGGAAAGACAAAC
pNF070 4 Forward tgcgcatgctagctatagtt CAGTAGTAGCGGATCATC
(Upstream)
pNF070 4 Reverse ttttgtgcgg AAAGTGGGAAAGACAAAC
(Upstream)
pNF070 4 Forward ttcccacttt CCGCACAAAAATCCAACG
(Downstream)
pNF070 4 Reverse gtggaattcccgggagagct TGGTGAAGCTGACTTTTTG
(Downstream)
pNF071 4 Forward tgcgcatgctagctatagtt ATTTTTCAGTTGGCCTAC
(Upstream)
pNF071 4 Reverse ttttgtgcgg TAGTCACCTCTATTGTTAACTTG
(Upstream)
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Table 3 (cont'd)

Construct |Chp. F/R 5’ Overhang 3’ Gene Specific

pNF071 4 Forward ttcccacttt TAGTCGAAAATAAAAAAAAGA

(Downstream) GG

pNF071 4 Reverse gtggaattcccgggagaget | CGATGAGGATAAAAAACAC

(Downstream

pNF072 4 Forward acaatagaggtgactaggta | GGTATCTCAAATTGCTTCAAA
AC

pNF072 4 Reverse cgactagagctcaccggtac | CTAGCTGTCTTTGTTTGG

pNF073 4 Forward atctgataagaattcgagct ATGTGGCTAAACATAAATATG
TTG

pNF073 4 Reverse tctagaggatcccecgggtac | CTAGCTGTCTTTGTTTGG

* - Forward_1 and Reverse_1: Primers used for inverse PCR to amplify pHERD20T
backbone without the ampicillin resistance gene
# - Forward_2 and Reverse_2: Primers used to amplify the chloramphenicol

acetyltransferase from pBBRIux
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Table 4: Oligonucleotides for Experiments

Experiment Description Sequence (5’ to 3’) Chapter
gRT-PCR gyrA-For AAATTCATCTTCATGGCAAC 2,3,4
gRT-PCR gyrA-Rev GCGATGTTTTCTTCACAG 2,34
gRT-PCR katB-For CGTATGCCGATACACAGCTTTA 3
gRT-PCR katB-Rev ACGACTGGGTTGGTAGTTAATG 3
gRT-PCR tag-For CGTTACAACAGGAGTTCGGC 2
gRT-PCR tag-Rev CGGGTACATCGCTCATGC 2
gRT-PCR crvA-For GTACTCCCGTTGAACTCGTATT 4
gRT-PCR crvA-Rev CCGTAATCACACGATTGTAGGT 4

EMSA pBBRLux-FAM-For FAM - ATTTTGCGGCCGCAACTAGA 2,3
EMSA pBBRLux-FAM-Rev FAM - CCGCGGTGGCGGCCGCTCTA 2,3
EMSA (31) WT-VpsT Binding Site-For AAAGTAAACTAAAGTTTATTTT 2,3
EMSA WT-VpsT Binding Site-Rev AAAATAAACTTTAGTTTACTTT 2,3
EMSA MT-VpsT Binding Site-For AAAAGGTCTAAAACTAGGTT 2,3
EMSA MT-VpsT Binding Site-Rev AACCTAGTTTTAGACCTTTT 2,3
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