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Revathy Ramachandran
ABSTRACT
Pantoea stewartii subsp. stewartii is a bacterium that causes Stewart’s wilt disease in corn plants.
The bacteria are transmitted to the plants via an insect vector, the corn flea beetle Chaetocnema
pulicaria. Once in the plant, the bacteria migrate to the xylem and grow to high cell densities,
forming a biofilm by secreting excess capsular exopolysaccharide, which blocks water transport
and causes wilting. The timing of virulence factor synthesis is regulated by the cell-density
dependent quorum sensing (QS) system. Such temporal regulation is crucial in establishing
infection and is orchestrated by the QS-dependent transcriptional regulator EsaR. EsaR represses
expression of capsular exopolysaccharide at low cell densities. At high cell densities, an acylated
homoserine lactone (AHL) molecule produced during growth by the cognate AHL-synthase Esal
accumulates. The AHL binds to and inactivates EsaR, causing derepression of capsule

production.

EsaR is a member of the LuxR family of QS-dependent transcriptional factors. Most LuxR
homologs are unstable and/or insoluble in the absence of AHL which has hindered structural
studies. Chapter Two describes the changes in the structure of EsaR due to binding of AHL
ligand as determined through biochemical methods. EsaR was found to be stable and retain its
multimeric state in the absence or presence of AHL, but intra- and inter-domain changes

occurred that affect its DNA-binding capacity.



Apart from repressing expression of capsule at low cell-densities, EsaR represses its own
expression and activates production of a small RNA, EsaS, with unknown function. In Chapter
Three a proteomic approach was used to identify an additional 30 QS-controlled proteins. Genes
encoding three of these proteins are directly regulated by EsaR and the EsaR binding sites in the
respective promoters were defined. In Chapter Four, a high-throughput RNA-Seq method
identified even more genes in the QS regulon that the proteomic approach overlooked. RNA-Seq
analysis of rRNA-depleted RNA from two strains of P. stewartii was used as a screen to help
identify 11 promoters, subsequently shown to be directly regulated by EsaR in vitro. Most of the
genes controlled by QS grouped into three major physiological responses, capsule & cell wall
production, surface motility & adhesion and stress response. In Chapter Five, the role of two QS
regulated genes, dkgA (encoding 2, 5-diketo-D-gluconate) and /rhA (encoding a repressor of

chemotaxis, adhesion and motility), in plant virulence were examined.

These studies have better characterized the QS regulator EsaR and its interaction with the AHL
ligand, and shown that QS has a more global response in P. stewartii than previously recognized.
Further characterization of the genes identified in this study could facilitate identification of
factors crucial in plant pathogenesis or insect-vector symbiosis and aid in the development of

molecular-based approaches for possible disease intervention.
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Chapter One

Literature Review



INTRODUCTION

Quorum sensing (QS) is a process that allows a population of single-celled bacteria to behave in
a coordinated manner as a multi-cellular unit. Bacteria that possess components of QS can
coordinate expression of select genes, leading to the simultaneous production of the respective
protein products. During QS, microorganisms recognize and respond to others in a population by
measuring the concentration of self-produced intercellular signaling molecules, commonly
known as autoinducers. The concentration of autoinducer in the surrounding medium is directly
proportional to the population of cells in the batch culture. Receptors within the cell sense and
respond to a threshold concentration of the autoinducer to subsequently alter gene expression
patterns. This cell-density dependent response forms the basis of a simple communication
network that defines the concept of prokaryotic multicellularity (1). QS is a widely known
phenomenon in many bacteria, with more species being added to the list of QS proficient
organisms as research in the field progresses. Important bacterial processes are regulated in this
manner, including antibiotic production, release of exoenzymes, biofilm formation,
bioluminescence, production of virulence factors, induction of genetic competence and
conjugative plasmid transfer (2, 3). Such cooperation is expensive for an individual cell, mostly

due to the cost of signal production, but is beneficial to the population as a whole (4).

Historical perspective on quorum sensing

The term QS was first coined in 1994 by Fuqua et al. (5), although studies on QS-controlled
luminescence in Vibrio fischeri had been initiated as early as the 1960s. The presence of a
‘dialyzable substance’ was shown by Kempner and Hanson (6), but it was initially argued to be

an inhibitor of luminescence that was metabolically degraded by the bacteria during growth,



resulting in light production. It is now known that these Gram-negative proteobacteria were
producing a diffusible compound which accumulates in the growth medium and above a critical
concentration stimulated expression of the luminescence genes. The diffusible compound was
termed ‘autoinducer’, as it was first discovered while studying autoinduction of luminescence in

V. fischeri and Vibrio harveyi (7, 8).

The first autoinducer molecule identified was an acylated homoserine lactone, which can diffuse
across the plasma membrane (9). AHL molecules are produced by AHL synthase enzymes. At a
threshold concentration, autoinducer is sensed by a receptor protein within the cell that also
functions as a DNA-binding transcriptional regulator. These receptor proteins respond to
autoinducer binding by regulating gene expression when they associate with the DNA at or near

target promoter regions. Thus, gene expression is controlled in a cell-density dependent manner.

QS in Gram-positive bacteria has evolved to use short oligopeptides and two-component
regulatory systems including a surface-associated sensor that can recognize the oligopeptide
(10). Binding of the oligopeptide to the sensor histidine kinase triggers a phosphorylation
cascade that feeds to a transcriptional response regulator which then influences downstream gene
expression (11). A second QS system was discovered in Gram-negative proteobacteria that
resembles the Gram-positive phosphorelay system (12) and utilizes autoinducers, called Al-2,
that are sensed by receptors on the cell-surface. Binding of the autoinducer in this case leads to a
cascade of phosphorylation which feeds to a transcriptional regulator, affecting downstream gene

expression.



Diverse autoinducer structures

Many bacterial species use different compounds as autoinducers, such as the furanosyl borate
diester AI-2 signal of V. harveyi (13) , y-butyrolactone in Streptomyces (14), cyclic dipeptides in
some Gram-negative species (14), and bradyoxetin in Bradyrhizobium japonicum (16). However,
acylated homoserine lactones (AHLs) are the most common autoinducer signal used by
proteobacteria. AHLs have a homoserine lactone ring carrying acyl side chains 4-18 carbons in
length (3). Variations are usually in the length of the acyl side chain and the substituents on it,
like keto or hydroxyl groups and double bonds. AHL is produced by AHL synthases, which are
grouped into three families: the LuxI family, the AinS family, and the HdtS family (17).
V. fischeri LuxI synthesizes N-3-oxo-hexanoyl-L-homoserine lactone (3-ox0-C6-HSL) from S-
adenosyl methionine and 3-oxo-hexanoyl-acyl carrier protein (18). V. fischeri also produces two
other autoinducers, N-octanoyl-L-homoserine lactone and N-hexanoyl-L-homoserine (19). V.
harveyi, another bioluminescent marine bacterium, synthesizes three autoinducers and has three
systems in place to respond to each (20). Variation in AHL structures allows a particular LuxR

homologue to recognize its cognate AHL in an environment with mixed populations (17).

The LuxR-LuxI quorum-sensing model

The LuxR-LuxI system that controls QS in V. fischeri has served as a model for defining most
other QS systems in proteobacteria (5). LuxI produces the autoinducer 3-oxo-C6-HSL and is
encoded by luxl, the first gene in the /ux operon that consists of 6 other genes. Together, the
luxICDABEG genes are responsible for bioluminescence in V. fischeri. The luxR gene codes for
the cognate transcriptional regulator and is divergently transcribed from the /ux operon (FIGURE

1.1). LuxR complexed with AHL positively interacts with RNA polymerase to activate



transcription of the /ux operon, allowing for the cell-density dependent expression of genes
required for bioluminescence. LuxR belongs to a family of transcriptional activators defined by
sequence similarities in a C-terminal helix-turn-helix (H-T-H)-containing region (21). LuxR was
the first protein defined in the LuxR-type protein family of AHL-responsive QS transcription
factors. It is a 250 amino acid polypeptide consisting of two domains. The C-terminal domain
(CTD) functions in DNA binding while the N-terminal domain (NTD) functions in AHL binding
(22). Once the NTD is bound by AHL, LuxR forms a homodimer, and the CTD interacts with the
lux box on target promoters to activate transcription. The /ux box upstream of the /ux operon is a
20-bp palindromic sequence centered around -42.5 of the promoter, at which a dimerized LuxR
binds (23). Studies have shown that RNA polymerase cannot bind to the Class II type lux
promoter on its own; it requires interactions with the LuxR CTD (24). Apart from activating the
lux operon, LuxR positively autoregulates itself and regulates around 10 other promoters, which

comprise of the LuxR regulon (25-27).

The LuxR protein family

LuxR requires AHL to attain a proper fold during translation of the mRNA. However, the
formation of the LuxR-AHL complex is reversible (28). Once functionally folded and dimerized,
it can assume stable conformations both in the absence and presence of AHL, thus allowing V.
fischeri to adapt to sudden changes in population density rapidly. For this reason it has been
classified as a Class-2 QS regulator (FIGURE 1.2) (29). In contrast, Class-1 LuxR family
proteins, such as TraR from Agrobacterium tumefaciens, require AHL co-translationally and are
incapable of binding it reversibly (30). TraR is rapidly degraded by proteases when synthesized

in the absence of AHL (30). Class-3 receptors fold into an inactive form that is incapable of



binding DNA in the absence of AHL, but can bind DNA once associated with AHL. Class-5
receptors are the only class that remain monomeric when bound to AHL, (e.g; SdiA from E. coli
(31)). These four classes of receptors are similar in their necessity to be bound by the AHL
ligand in order to bind to DNA. However, Class-4 receptors function in an opposite manner.
They maintain functional conformation in the absence of AHL and are incapable of binding to
DNA when bound by AHL. EsaR, the master QS regulator in the corn pathogen Pantoea
stewartii is a Class-4 type LuxR receptor. EsaR controls exopolysaccharide production in P.
stewartii, which is a virulence factor responsible for causing Stewart’s wilt in corn. Other Class-
4 AHL-hindered LuxR homologues include ExpR of Erwinia chrysanthemi (32), YenR of

Yersinia enterocolitica (33) and EanR from Pantoea ananatis (34).

Structural information for the LuxR family is limited, in part due to the solubility issues during
purification and the instability of the structures in the absence of their ligands. Two LuxR
homologues, TraR from A. tumefaciens and the NTD of LasR from Pseudomonas aeruginosa,
have been crystallized with their cognate AHL molecules (35, 36). TraR is an assymetric dimer
with the two monomers at 90° to each other. LasR is also a dimer, but possesses a symmetric axis
between the two monomers. Crystal structure is also available for another LuxR homologue from
P. aeruginosa, QscR (37). AHL-bound QscR forms a dimer with a distinct cross-subunit
arrangement. NMR data exists for the NTD of the monomeric Class-5 LuxR homologue, SdiA
with a candidate AHL. Escherichia coli does not posses a cognate AHL and thus SdiA is thought
to serve as a sensor of AHLs produced by other bacterial species (31). Each receptor, though
sharing similarities in their monomeric subunits, possess variations in their quarternary structures

(29). The crystal structure of CviR bound to an antagonist ligand suggests a model for the



inactive state of LuxR proteins (38), but there is no structural information for any LuxR
homologue in the absence of the ligand. Class-4 QS receptors such as EsaR provide a unique
opportunity to study the structural changes associated with AHL binding in the AHL-hindered

subfamily of QS regulators.

The EsaR-Esal system of Pantoea stewartii

Similar to all members of the LuxR family, EsaR is a two-domain protein with an AHL-binding
NTD and a DNA-binding CTD (39). EsaR, as well as other members of the AHL-hindered
subfamily, also contain two unique regions in comparison to the rest of the larger LuxR family,
an extended linker region between the AHL binding NTD and DNA binding CTD (residues 171
to 178) and extra residues at the C-terminus of the polypeptide (residues 237 to 249) (29).
Deletion of either of these regions renders the protein nonfunctional (40). The promoter region of
esaR features a well conserved /ux box-like element, the esa box, centered on the -10 site.
Presence of dimeric EsaR on the palindromic esa box prevents transcription by RNA
polymerase. Biochemical confirmation for EsaR as a DNA binding protein came from
electrophoretic mobility shift assays (EMSAs) and surface plasmon resonance (SPR) studies.
These studies showed that purified, AHL-free EsaR specifically binds DNA fragments
containing the esaR box palindrome as a dimer. However in the EMSA assays, even excess
levels of synthetic 3-ox0-C6-HSL failed to induce EsaR/DNA complex dissociation (39, 41).
Genetic studies in an E. coli background showed that a PesaR::lacZ reporter was fully active in
the absence of EsaR, but was repressed by EsaR in a dose-dependent manner. Moreover, the
EsaR repressor activity was rapidly neutralized by addition of exogenous AHL (39). EsaR is also

capable of binding to esa boxes further upstream of transcriptional start sites and activating



transcription by positively interacting with RNA polymerase (40). Initially, EsaR was
demonstrated to bind to the /ux box in recombinant E. coli and activate transcription from the Jux
operon, although the recognition efficiency was about four-fold less than the native esa box (42).
The ability of EsaR to function as an activator was first demonstrated in its native host by
identification of an EsaR-activated native promoter of P. stewartii that controls the expression of

a small non-coding RNA, EsaS (40) (FIGURE 1.3).

Critical to plant virulence, EsaR regulates exopolysaccharide production by repressing
transcription of rcs4, which encodes a transcriptional activator involved in a two-component
environmental sensory pathway (43). At low cell density, EsaR represses itself by binding to the
esa box within its own promoter and also blocks transcription within the promoter of rcsA4. The
esaR gene is convergently transcribed with the constitutively expressed esal gene, which
encodes for the cognate AHL synthase, Esal. At high cell density, an EsaR-AHL complex forms,
which leads to dissociation of EsaR from DNA and expression of both esaR and rcsA
(FIGURE 1.3). RcsA in turn activates expression of the cps operons, leading to production of the
exopolysaccharide, stewartan (44, 45). A deletion in esaR results in an increase in
exopolysaccharide production, independent of AHL concentrations. Strains with inactivated
esaR are capable of synthesizing exopolysaccharide at low cell density and produce excess
amounts of capsule. Hypermucoid strains are less virulent than the wild-type parent and form
indeterminate ‘floating’ biofilms (46). Interestingly, strains without esal that possess EsaR at
high cell densities, are deficient in capsule production and are avirulent in plant infection assays.
This suggests that P. stewartii uses QS to delay the expression of stewartan during the early

stages of infection so that it does not interfere with other mechanisms of pathogenesis (47). Thus



in P. stewartii, AHL production is instrumental to pathogenesis by controlling the timing of the

QS response.

The plant pathogen Pantoea stewartii

P. stewartii, a Gram-negative proteobacterium is the causative agent of Stewart’s wilt disease of
corn. P. stewartii is an agriculturally relevant pathogen that has caused severe reductions in crop
yields during the 1930s. Seedlings can contract the disease from soil, manure or seed, but the
most common mode of transmission is via the insect vector Chaetocnema pulicaria, the corn flea
beetle. Incidence of wilt is directly proportional to winter temperatures and the survival of the
beetle (48). Currently, control of Stewart’s wilt in corn is achieved by using resistant cultivars,
disease-free seeds or eliminating vector populations (48). The Pantoea genus is similar to the
plant pathogenic Erwinia and Pectobacterium genera. Erwinia amylovora causes fire blight in
apples and pears and Pectobacterium carotovora causes bacterial soft rot in a wide variety of
plants. Other plant pathogenic Pantoea species include P. ananatis, known to cause soft-rot in
onions and Tautumella citrea (previously Pantoea citrea) that causes pink rot of pineapples (49,

50).

P. stewartii 1s carried in the mid-gut of the corn flea beetle and can be transmitted to plants
throughout the beetle’s life. Springtime feeding by beetles deposits the bacterium directly into
wounds on leaf tissue (51). Once within the plants, the bacteria express a Hrp-
Hrcl(hypersensitive response and pathogenicity)- Type 3 secretion system (T3SS) that secretes
effector proteins and induces electrolyte leakage and tissue watersoaking (52). This symptom is

characteristic of the early phase of infection when the bacteria reside in the host apoplast. The



bacteria subsequently migrate to the xylem where they grow to high cell densities and form a
biofilm. One of the characteristic symptoms of Stewart’s wilt is the extrusion of yellow bacterial
slime from the stems of infected plants. In the xylem, the bacteria overproduce the
exopolysaccharide stewartan that acts as a barrier against plant host defenses and obstructs the
free flow of xylem fluid, leading to seedling wilt. Blockage of water flow also causes the
chlorotic and necrotic parallel streaks on leaves (48) (FIGURE 1.4). Production of stewartan is
regulated by the EsaR/Esal Q-S circuit of P. stewartii as described above. P. stewartii possesses
another Type 3 secretion system, a PSI-2 (Pantoea secretion island 2) T3SS that is required for
persistence in the corn flea beetle (53). Interestingly, the Hrp-Hrcl T3SS is not under control by
QS, and it is not currently known whether the PSI-2 T3SS is regulated by QS. The function of
EsaR as a repressor and activator at low cell-densities allows for the temporal regulation of two
different sets of genes over growth. Identifying additional genes regulated by QS would elucidate
factors important in the pathogenesis of P. stewartii, aiding in the development of QS

intervention strategies.

QS strategies in plant pathogenic bacteria

Many plant-associated pathogens have been studied that utilize QS to regulate colonization and
disease progression in plant hosts, for example P. carotovora, E. chrysanthemi, Ralstonia
solanacearum, Pseudomonas syringae, Xanthomonas campestris and Xanthomonas oryzae (54).
A major goal of studying QS is to develop methods by which plants can be made resistant to
diseases caused by bacterial pathogens. One strategy of interest is the inactivation of AHL
signals by enzymes, which could be a convenient approach for engineering disease-resistant

plants (54). One such enzyme, AiiA, a lactonase from Bacillus cereus, has been well-studied for



degrading the lactone ring of many AHLs, thus reducing their potency by 1000-fold (55).
Expression of AiiA in trans in P. carotovora was shown to disrupt QS and reduce virulence (56).
Transgenic Amorphophallus konjac, an economically important crop affected by bacterial soft
rot, was highly resistant to infection by E. carotovora during expression of aiid4 in the genome
(57). The potential to create transgenic plants that express AiiA is attractive, but can also lead to
drastic consequences in the environment if the QS system is not studied thoroughly. AiiA
production in the economically important Sinorhizobium meliloti reduced formation of nodule
and interrupted QS signaling in the bacterium (58). More detailed studies on the effect of such
intervention strategies on pathogens, as well as beneficial symbionts, needs to be performed in

order to implement effective measures involving manipulation of the QS response.

Research Plan

P. stewartii provides an excellent model to study QS in plant pathogenic bacteria and to study
the AHL responsiveness of the QS regulator EsaR, a Class-4 LuxR homologue. There is an
evident gap in current literature about the structure of LuxR homologues in the presence and
absence of the AHL ligand, and how AHL binding in the NTD translates to changes in the DNA-
binding capacity of the CTD. Chapter Two describes attempts to better understand the structural
and functional changes in EsaR due to binding of AHL. Such information provides valuable
insights into the mechanism of action of LuxR homologues, which are difficult to study in vitro.
A lack of information exists about the extent of QS regulation in agriculturally-relevant plant
pathogenic bacteria. Chapter Three and Four describe efforts to identify the genes involved in the

QS regulon of P. stewartii and the genes whose expression is directly regulated by EsaR.

11



Chapter Five analyzes the function of two EsaR directly regulated genes in plant pathogenesis in
an attempt to understand their role in Stewart’s wilt disease. These studies will help in
broadening our understanding of QS and may aid in understanding the process of plant
pathogenesis. Ultimately this can lead to the development of specific therapies in combating
P. stewartii and could translate to other agriculturally relevant plant pathogens, especially those

causing wilt.
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FIGURE 1.1: Model of the QS circuit of Vibrio fischeri. The acylated homoserine lactone
signal, AHL (small red circles) are produced by the AHL-synthase LuxI. At high cell densities,
the diffusible signal is bound by the transcriptional regulator LuxR which in turn binds to the /ux
box and activates transcription of the /ux operon, causing the production of bioluminescence and

creating a positive feedback loop that further amplifies AHL signal production.
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FIGURE 1.2: The different classes of LuxR homologues. ‘Active/Inactive’ refers to the ability
of the protein to bind to DNA . Class-1 receptors require AHL to be folded functionally. Class-2
receptors require AHL during folding, but are capable of reversibly binding AHL. Class-3
receptors are folded into an inactive form in the absence of AHL, but are activated once bound
by the ligand. Class-4 receptors are active in the absence of AHL and inactive when bound by

AHL. Class-5 receptors are monomeric and can be activated by binding to a variety of AHLs.

Adapted from (29).
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FIGURE 1.3: Model of QS in Pantoea stewartii. The QS-dependent transcriptional regulator
EsaR binds to 20-bp palindromic sequences in promoter regions of rcsA (activator of capsular
synthesis operon) and esaS (small non-coding RNA of unknown function) and represses and
activates expression at low cell-densities, respectively. At high cell-densities, EsaR is bound by
AHL, 3-0x0-C6-HSL produced from the cognate AHL synthase, Esal. This causes EsaR to
release the DNA resulting in derepression of rcsA or deactivation of esaS. EsaR also

autorepresses its own expression at low cell-densities.
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FIGURE 1.4: Mechanism of P. stewartii infection in Zea mays. 1., The bacterium overwinters
in the mid-gut of the corn flea beetle, Chaetocnema pulicaria. 2., The beetle transmits the
bacteria into wounds on the leaf during feeding. 3., P. stewartii expresses a Hrp-Hrc Type III
secretion system (T3SS) that secretes water-soaking (wts) effector proteins causing electrolyte
leakage and tissue watersoaking. 4., The bacterium subsequently colonizes the xylem, where it
forms a biofilm and secretes excess stewartan. 5., The bacterium spreads basipetally to colonize

the entire xylem lumen, leading to blockage of water transport, causing systemic wilting and in

some cases, death.
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ABSTRACT:

The quorum-sensing regulator EsaR from Pantoea stewartii subsp. stewartiiis a LuxR
homologue that is inactivated by acyl-homoserine lactone (AHL). In the corn
pathogen P. stewartii, production of exopolysaccharide (EPS) is repressed by EsaR at low cell
densities. However, at high cell densities when high concentrations of its cognate AHL signal are
present, EsaR is inactivated and derepression of EPS production occurs. Thus, EsaR responds to
AHL in a manner opposite to that of most LuxR family members. Depending on the position of
its binding site within target promoters, EsaR serves as either a repressor or activator in the
absence rather than in the presence of its AHL ligand. The effect of AHL on LuxR homologues
has been difficult to study in vitro because AHL is required for purification and stability. EsaR,
however, can be purified without AHL enabling an in vitro analysis of the response of the
protein to ligand. Western immunoblots and pulse-chase experiments demonstrated that EsaR is
stable in vivo in the absence or presence of AHL. Limited in vitro proteolytic digestions of a
biologically active His-MBP tagged version of EsaR highlighted intradomain and interdomain
conformational changes that occur in the protein in response to AHL. Gel filtration
chromatography of the full-length fusion protein and cross-linking of the N-terminal domain
both suggest that this conformational change does not impact the multimeric state of the protein.
These findings provide greater insight into the diverse mechanisms for AHL responsiveness

found within the LuxR family.
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INTRODUCTION:

The ability of a bacterium to thrive in a particular environment is dependent upon its ability to
sense and respond to various environmental factors, including osmolarity, pH, temperature,
nutrient availability, or even the presence of other bacteria. Cell-cell communication, or quorum
sensing, has been characterized in a number of bacteria that produce and respond to signal
molecules commonly termed autoinducers. The well-studied Vibrio fischeri quorum-sensing
system has served as a model for quorum sensing in Gram-negative proteobacteria. In this
system, the LuxI autoinducer synthase protein produces an acyl-homoserine lactone (AHL)
autoinducer, N-3-oxo-hexanoyl-L-homoserine lactone (10). At a threshold concentration of
AHL, the LuxR receptor protein forms complexes with this ligand. Binding of the autoinducer
molecule permits LuxR to take on a functional conformation capable of binding DNA and
activating genes involved in the production of bioluminescence (reviewed in references 11, 30,

and 32).

Many other Gram-negative proteobacteria have been shown to carry out a similar type of
signaling and recognition. For the majority of the LuxR homologues identified in different
bacterial species, a model has been proposed whereby AHL binding induces multimerization of
the protein, leading to stabilization and DNA binding (18, 19, 26, 36). In the case of TraR
from Agrobacterium tumefaciens, in vivo experiments demonstrated that the half-life of TraR is
significantly shortened in the absence of its cognate AHL. More specifically, the Clp and Lon
proteases play a direct role in regulating the levels of TraR within the cell (37). Whether or not
this mechanism of posttranslational regulation is conserved across the entire LuxR family is

unknown.


http://jb.asm.org/content/193/22/6315.full#ref-10
http://jb.asm.org/content/193/22/6315.full#ref-11
http://jb.asm.org/content/193/22/6315.full#ref-30
http://jb.asm.org/content/193/22/6315.full#ref-32
http://jb.asm.org/content/193/22/6315.full#ref-18
http://jb.asm.org/content/193/22/6315.full#ref-19
http://jb.asm.org/content/193/22/6315.full#ref-26
http://jb.asm.org/content/193/22/6315.full#ref-36
http://jb.asm.org/content/193/22/6315.full#ref-37

It has been proposed that the LuxR family of proteins can be divided into at least five classes
(23). The majority of the LuxR family members are activators that become functional after
interacting with AHL. TraR (class I) is stable only when AHL is present during translation and
AHL binding is not readily reversible (37). LuxR (class II) is stabilized by the presence of AHL,
but AHL binding is reversible (26), while MrtR (class III) from Mesorhizobium
tianshanense (33) is stable without AHL but biologically active only when it is present. Class V
regulators, such as SdiA from Escherichia coli, have not been shown to dimerize yet are capable
of recognizing multiple noncognate AHLs (34). The class IV subset of LuxR homologues,
represented by EsaR from Pantoea stewartii subsp. stewartii, was initially described as
repressors that function using a reverse mechanism in comparison to the other classes of LuxR
homologues (29). The class IV proteins maintain a functional conformation and bind DNA in the
absence of their cognate AHL; biological activity is actually hindered by the presence of the
AHL N-3-oxo-hexanoyl-L-homoserine lactone, in the majority of cases (reviewed in reference
24). Examples of these homologues, besides EsaR from P. stewartii, include ExpR
from Erwinia chrysanthemi and Pectobacterium carotovorum (7,21), YenR from Yersinia
enterocolitica (1,25), and EanR from Pantoea ananatis (16). Structurally, the members of the
EsaR subfamily also share the characteristics of having an extended linker region between the
AHL-binding N-terminal domain (NTD) and an extended DNA-binding C-terminal domain

(CTD) (23).

At low cell densities, EsaR negatively regulates its own expression and the expression of RcsA,
an activator of exopolysaccharide (EPS) biosynthesis genes, which in turn positively regulates

EPS production (6, 15, 29). EsaR also positively regulates expression of a small RNA (sRNA)
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native to P. stewartii (20). In P. stewartii the Luxl homologue Esal synthesizes N-3-oxo-
hexanoyl-L-homoserine lactone (2), and at high cell densities this AHL interferes with the ability
of EsaR to regulate gene expression (15,28). Little biochemical information is available
regarding the mechanism whereby AHL regulates the EsaR protein subfamily. However, in
comparison to other members of the LuxR protein family, the relative stability and solubility of
EsaR in the absence of its cognate AHL make it an attractive model for analyzing the impact of

ligand binding.

A simple explanation for the AHL-dependent inactivation of EsaR would be a conformational
shift, which causes the protein to become more susceptible to proteolytic processing. Hence, the
susceptibility of EsaR to proteases in the absence and presence of its cognate AHL was
examined both in vivo and in vitro. The impact of the ligand on the multimeric state of EsaR was
also examined in vitro, as the conversion to and maintenance of a dimeric state are critical to the
activity of many LuxR homologues (reviewed in reference 23). It is clear that the mode of AHL
responsiveness by EsaR has distinctive features in comparison to the majority of quorum-sensing

regulators.

MATERIALS AND METHODS:

Measurement of EsaR stability in P. stewartii. Luria-Bertani (LB) broth was inoculated with
log-phase cells of P. stewartii DC283 (9) to an ODgyp nm 0f 0.025 and grown at 30°C. Aliquots
were taken at time points during growth, cells were pelleted by centrifugation and stored
at -70°C. LB supplemented with 10 uM N-(B-ketocaproyl)-L-homoserine lactone (AHL) (Sigma

Aldrich) was similarly inoculated with P. stewartii DC283, grown at 30°C to an ODggg nm of 1.5


http://jb.asm.org/content/193/22/6315.full#ref-20
http://jb.asm.org/content/193/22/6315.full#ref-2
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and the cell pellet was harvested. After resuspension, 50 pg of each protein sample, as
determined through a Bio-Rad Bradford protein assay, was analyzed via 12% SDS PAGE to
confirm equal protein loads and subjected to Western immunoblotting with a 1:500 dilution of
polyclonal antiserum generated against EsaR (28). Quantitation of bands of interest was

performed using BioRad Quantity One 1D-Analysis software.

Measurements of EsaR stability in recombinant E. coli. To measure the half-life of EsaR in E.
coli SG22163 (malP: :lacI”) (12), two plasmids, pT7-esaR and pJZ410 (37), were introduced into
the strain. Plasmid pT7-esaR was constructed by amplifying the esaR-coding region from
pBAD-EsaR (28) template. The reverse primer BAMESRI1 (IDT)
(5’GGATCCTTACTACCTGGCCGCTGACGCTG3’) included a BamHI site; the upstream
primer PCIES1 (IDT) (5’ACATGTTTTCTTTTTTCCTTGAAAATCAAACAATAACGG3’)
contained a Pcil site overlapping with the esaR ATG start codon. The PCR product was cloned
into pGEM-T (Promega) and sequenced. A 760-base pair (bp) Pcil-BamHI fragment was
digested from the pGEM-T construct, and ligated into Ncol-BamHI-digested pMLU115 (26). In
the resulting plasmid, pT7-esaR, esaR expression is controlled by the phage T7 promoter.
Plasmid pJZ410 (37) has a gene encoding T7 RNA polymerase under the control of a heat
inducible promoter. Cells were cultured in LB containing 100 pg/ml ampicillin (Ap) and 20
pg/ml gentamycin at 28°C to an ODgponm = 0.4. The cells were shocked at 45°C for 20 min to
induce expression of T7 RNA polymerase, and treated with 200 pg/ml rifampicin to inhibit the
host RNA polymerase. After 20 min at 45°C, the culture was shifted to 30°C for 30 min. At this
point half of the culture volume was transferred to a tube containing 10 pM AHL, then [*S]

methionine was immediately added to both cultures (+/- AHL) to a final concentration of
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5 uCi/ml. Radiolabeling was terminated after 3 min by adding excess nonlabeled methionine (5
mM). Aliquots were taken at time points up to 60 min, and cell pellets were placed at -20°C after
centrifugation. Samples were analyzed using 12% SDS-PAGE and a Storm phosphorimager (GE

Healthcare).

Generation and purification of HMGE fusion protein. A His6-MBP-Glys linker-EsaR
(HMGE) fusion protein was constructed through two rounds of PCR. Primers in the first round
were used to amplify esaR from pKK-EsaR (EcoRI fragment encoding esaR from pBAD-EsaR
[28] ligated into pKK223-3 [5] with the P,. promoter upstream of esaR). Forward primer
TEVESAR2 (IDT)
(5’ GAGAACCTGTACTTCCAGGGTGGTGGTGGTGGTATGTTTTCTTTTTTCCTTGAAAA
TC3’) contained a TEV cleavage site and sequences encoding part of the N-terminal end of EsaR
separated by 15 nucleotides coding for 5 glycine residues. Reverse primer ATTBR (IDT)
(5°GGGGACAACTTTGTACAAGAAAGTTGCATTACTACCTGGCCGCTGACGCTC3’)

contained an a#tB site downstream of sequences encoding the C-terminal end of EsaR. An 800 bp
PCR product was used as template in a second round of PCR. The forward primer ATTBTEV
(IDT) (5°GGGGACAACTTTGTACAAAAAAGTTGTGGAGAACCTGTACTTCCAG3’),
containing the attB site upstream of the TEV proteolytic site, and the reverse primer from the
first round of PCR were used in the second round of PCR. An 850-bp DNA fragment was
recovered containing attB-TEV-Gly5-esaR-attB. This DNA fragment was then used in a BP
reaction following the vendor’s protocol with the plasmid pDONR201 (Invitrogen). pDONR201
confers kanamycin resistance (Kn) at 50 pg/ml, and is an entry vector in the Gateway System

(Invitrogen). pDONR201 containing the fragment with esaR was recovered and screened by



PCR. Using the vendor’s protocol, an LR reaction was performed with the vector pDEST-
HISMBP (17) in which the vector contains a P;,. promoter controlling the expression of HMGE

(pHMGE). Recovered plasmid DNA was sequenced to confirm integrity.

E. coli Topl10 (13) harboring pHMGE was cultured at 30°C in LB broth containing 100 pg/ml
Ap, in the presence or absence of 10 uM AHL to an ODgypnm = 0.5-0.6, at which point 0.5 mM
IPTG was added, and the culture was then incubated overnight at 19°C. Cells were concentrated
by centrifugation at 4°C for 10 min at 7,000 rpm in a Beckman JA-10 fixed angle rotor and
resuspended in wash buffer (20 mM HEPES, 500 mM NaCl, 20 mM imidazole, 10% glycerol
(pH 7.4)). The resuspension was lysed using a French pressure cell at 18,000 psi, and the lysates
were cleared by ultracentrifugation at 40,000 rpm in a Beckman 70Ti ultra rotor at 4°C for 1 hr.
The clarified cell lysate was filtered using a 0.2 um syringe filter prior to loading it on to a Ni-
NTA column. HMGE was purified using FPLC chromatography at 4°C (AKTAprime plus, GE
Healthcare) with a 5 mL HisTrap HP column containing Ni-NTA resin (GE Healthcare). A linear
gradient elution with wash buffer containing 20 to 500 mM imidazole was used to elute the
HMGE from the column. All buffers utilized in purifying HMGE in the presence of AHL were

supplemented with 10 uM AHL.

Generation and purification of EsaR NTD178. Using pHMGE as the DNA template, the
forward primer ATTBTEV (IDT) and the reverse primer ATTBR178 (IDT)
(5'GGGGACAACTTTGTACAAGAAAGTTGCATTATCATTTGTCCGCGCTCTG3')  were
used to amplify a PCR product that contained a#tB-TEV-Glys-esaR (amino acids 1 to 178)-a#tB.

The PCR product was ligated into pGEM-T easy (Promega) and sequenced. After confirmation
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of sequence integrity, the plasmid was used for the BP and LR reactions of Gateway cloning
(Invitrogen) using the entry vector pDONR201 (Invitrogen) and the final destination vector
pDEST-HISMBP (17), as described above. The resulting plasmid pHMGNTDI178 was

transformed and propagated in E. coli BL21 (DE3) (Stratagene).

The HMGNTDI178 fusion protein (Hise-MBP-Glys-EsaR NTD) was purified from E. coli BL21
(DE3) cells in a manner very similar to that described above for HMGE, with the following
changes. IPTG (1 mM) was used to induce protein expression overnight at 19°C. In addition to
Ni-NTA resin, amylose resin (New England Biolabs) was used per the manufacturer's directions
followed by gel filtration over a HiPrep 26/60 Sephacryl S-200 column (GE Healthcare) to
further improve protein purify. After purification, fractions containing HMGNTD178, as
indicated by 12% SDS-PAGE visualization, were pooled and dialyzed against an excess of wash
buffer in the presence of TEV protease overnight at 4°C. The sample was then passed over a Ni-
NTA column. The flowthrough (correlating to cleaved NTD178) was collected and passed over
the Sephacryl S-200 column equilibrated with wash buffer without imidazole. Eluted protein was
visualized on a 12% SDS-PAGE gel, and protein fractions correlating with the predicted
molecular size of a monomer of NTD178 (~21 kDa) were pooled, concentrated, and stored at

—70°C.

EMSA analysis of HMGE activity. The ability of purified HMGE to bind to DNA was
analyzed through an electrophoretic mobility shift assay (EMSA) as previously described (15)
using the **P-end-labeled 28-bp double-stranded oligonucleotide containing the 20-bp esa box

sequence, PesaR28. HMGE (0 to 100 nM), additionally purified using a HiTrap Heparin HP



column (GE Healthcare) per the manufacturer's directions and the Sephacryl S-200 column, was
incubated with 2 nM probe DNA for 20 min in EMSA binding buffer [20 mM HEPES, 1 mM
EDTA, 30 mM KCI, 0.2% Tween 20, 10 mM (NH4),SO4, 50 ng/ul poly(dI-dC), 150 pg/ml
acetylated bovine serum albumin (BSA), and 10% glycerol] in a total reaction volume of 20 pl.
Samples were analyzed using 6% Tris-glycine-EDTA native PAGE with 1x Tris-glycine buffer
at 80 V for 2 h in an apparatus packed in ice. After electrophoresis, gels were dried and

visualized using a Typhoon Trio variable mode imager (GE Healthcare).

Partial in vitro proteolysis. Reaction mixtures of a 50-ul volume containing 13.5 pM purified
HMGE were incubated with 72 nM thermolysin in the absence or presence of 67.5 uM AHL (5x
concentration in relation to HMGE) for 1 h at 37°C under the following conditions: 25 ul of
HMGE in wash buffer without imidazole was added to 25 pl of 2x thermolysin buffer (4 mM
CaCl,, 10% glycerol, 300 mM NaCl, 20 mM Tris-HCI [pH 8.0]). Reactions with thermolysin
were stopped by the addition of 2 ul of 0.5 M EDTA (pH 8.0). Similarly, the fusion protein was
also separately exposed to 54 nM trypsin for 1 h at room temperature with and without 67.5 uM
AHL under the following conditions: 25 pl of HMGE in wash buffer without imidazole was
added to 25 pl of 2% trypsin buffer (40 mM MgSQO4, 40 mM Tris-HCI [pH 7.5], 20 mM CaCl,).
Reactions were stopped by adding 12.5 pl of sample buffer (0.624 ml 1 M Tris [pH 6.8], 0.2 g
SDS, 1.04 ml glycerol, 0.5 ml B-mercaptoethanol, trace bromophenol blue) and boiling prior to

analysis via 12% SDS-PAGE.

For the limited proteolytic analysis of EsaR NTD178, 13.5 uM protein was exposed to
decreasing concentrations of thermolysin (starting with 1.7 pM and serially diluted 2-fold to 110

nM). At each concentration of thermolysin, digestions were performed in the absence or
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presence of AHL (67.5 uM), in a final concentration of 1x thermolysin buffer and a final volume
of 25 ul. After 1 h of incubation at 37°C, reactions were quenched by boiling in sample buffer

prior to analysis on a 12% SDS-PAGE gel.

Similar control assays in the presence of thermolysin or trypsin were performed with 13.5 pM
BSA (New England BioLabs) in the presence or absence of AHL. Matrix-assisted laser
desorption ionization-tandem time of flight (MALDI-TOF/TOF) mass spectrometry analysis was

performed by the Virginia Tech-Mass Spectrometry Incubator on protein fragments of interest.

Gel filtration of HMGE. E. coli Top 10 cells expressing HMGE were grown separately in LB
medium without and with 10 puM AHL. HMGE samples (5 ml) purified as described above, in
the absence or presence of 10 uM AHL throughout the purification scheme, were passed over a
320-ml HiPrep 26/60 Sephacryl 200-S (GE Healthcare) gel filtration column using the
AKTAPrime system. The concentration of the HMGE sample without AHL was 5.7 uM, while
the sample with AHL was 7.8 uM. Each sample was separately loaded onto the column,
following equilibration with conjugation buffer (20 mM HEPES, 300 mM NaCl, 10% glycerol
[pH 7.4]) at 4°C, using a flow rate of 0.7 ml/min, and 5.0-ml fractions were collected. Peak
fractions were assayed on a 12% SDS-PAGE gel to detect the 73-kDa HMGE monomer. Gel
filtration molecular size markers (Sigma-Aldrich) were also passed over the same column under
identical conditions at the following concentrations: 3 mg/ml carbonic anhydrase (33 kDa), 10
mg/ml albumin (66 kDa), 5 mg/ml alcohol dehydrogenase (150 kDa), and 4 mg/ml B-amylase
(223 kDa). The elution volume of Blue Dextran (2,000 kDa) was used to determine the void

volume (V,) of 95 ml. The elution volume-to-void volume ratio (V/V,) of each of the protein



molecular size standards was used to generate a calibration curve for the Sephacryl 200-S

column.

BS® cross-linking of EsaR NTD178. EsaR NTD178 (10 uM) was cross-linked with 100 pM
BS® (Thermo Fisher Scientific) in the absence or presence of 50 uM AHL. The 15-pl reactions
were carried out in 20 mM HEPES, 500 mM NaCl, 10% glycerol (pH 7.4) at room temperature

and quenched at time points up to 30 min by boiling in sample buffer. The protein was then

visualized by 12% SDS-PAGE.

RESULTS:

EsaR is stable in vivo in the absence and presence of AHL. The majority of LuxR family
members are known to be unstable/less stable in the absence of AHL (reviewed in reference 23),
but very little is known about the actual mechanism of AHL responsiveness that stabilizes them.
Comparative experiments in protease-proficient and-deficient E. coli strains revealed that the Clp
and Lon proteases degraded TraR at a much higher rate when AHL was not present than when
AHL was permitted to complex with the protein during translation. Thus, TraR does not
accumulate to appreciable levels in the absence of AHL in protease-proficient E. coli (37). Using
similar logic, it was hypothesized that EsaR might be less stable in its inactive state when
associated with AHL. Anin vivo analysis of cellular levels of EsaR in the native
host, P. stewartii, from an ODgyp of 0.05 to an ODgy of 1.6 via quantitative Western
immunoblotting revealed that EsaR levels slowly increased from early to late exponential growth
(Fig. 2.1A). A sample at low AHL/ODg clearly has less EsaR per mg total protein than a

sample to which exogenous AHL was added (Fig. 2.1A). At low AHL/ODgq, EsaR is capable of
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autorepressing its own expression. However, at a high AHL/ODgg9, EsaR is inactivated and
derepression of EsaR expression occurs. If AHL-triggered proteolytic degradation of EsaR were
rapidly occurring, its levels would be anticipated to decrease at high AHL/ODgo. However, our
experiments showed no net reduction in EsaR levels, even when excess AHL was supplemented
in the growth medium (Fig. 2.1A). This suggests that extensive degradation by proteases is not

the means by which EsaR is inactivated in the presence of AHL.

Pulse-chase experiments were performed in recombinant E. coli to compare the turnover rates of
EsaR in the presence or absence of AHL in a more precise manner. EsaR has previously been
shown to respond to AHL in E. coli in the same manner as in its native host (20, 28). EsaR was
equally stable in the absence or presence of AHL for up to 60 min after synthesis of the protein
(Fig. 2.1B). Therefore, both the Western immunoblot and pulse-chase experiments demonstrate

that EsaR is not targeted for rapid proteolysis within the cell upon exposure to AHL.

A His-Maltose Binding Protein (MBP)-glycine linker-tagged EsaR construct (HMGE) is
biologically active. The native form of EsaR has been purified (15), but the method is time-
consuming and has not proven to be easily reproducible (S. B. von Bodman, personal
communication). An N-terminal MBP fusion to EsaR was successfully used to study the dimeric
structure of EsaR when it binds to DNA (15). To further analyze the activity of EsaR in vitro, we
have improved our ability to rapidly purify EsaR using a Hisc-MBP-glycine linker (Glys)-EsaR
fusion protein (HMGE) expressed from an IPTG-inducible promoter. TEV protease was unable
to completely cleave the His-MBP tag from EsaR, resulting in the production of mixed

heterodimers (data not shown). To determine if full-length HMGE was biologically active, its
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capacity to complement a chromosomal deletion of esaR was examined. Wild-type strain P.
stewartii DC283 (9) expressed some EPS at high cell density on CPG medium (Fig. 2.2A) while
a strain with a deletion of esaR and esal, ESAIR (29), without or with the vector control pDEST
HisMBP (17), exhibited a hyper-mucoid phenotype since EsaR is absent and rcsA is derepressed
(Fig. 2.2A). When the ESAIR strain is complemented with pSVB60 (15) (encoding the native
EsaR protein) or with pHMGE, EPS production is noticeably reduced due to constitutive
repression of rcsA4 (Fig. 2.2A). These strains regained a hyper-mucoid phenotype in the presence
of AHL due to inactivation of EsaR/HMGE and the subsequent derepression of rcsA4 (Fig. 2.2A).
Thus, HMGE is biologically active in vivo, and it is capable of repressing the rcsA promoter in
the absence of AHL and derepressing EPS production in the presence of the AHL ligand.
Purified HMGE binds to the esa box target, the native EsaR binding site within the esaR
promoter, in a manner similar to EsaR (15) as demonstrated by in vitro EMSAs (Fig. 2.2B). It is
also able to associate with AHL in vitro enabling for an analysis of the responses of HMGE to

the presence of ligand (see below).

Partial in vitro proteolysis reveals AHL-dependent protection and conformational changes
in EsaR. Limited in vitro proteolytic digestions with HMGE were performed to further assess
the effects of AHL binding on the conformation of EsaR. HMGE was purified in the absence or
presence of 10 uM AHL, with the AHL added cotranslationally during growth (and present
through protein purification) or posttranslationally after purification. Two different proteases
(thermolysin and trypsin) were used to produce cleavage patterns of HMGE that were analyzed

via SDS-PAGE. The activity of the two proteases, in the absence of EsaR, was not detectably
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altered by the presence of AHL as determined through control digestions of purified bovine

serum albumin (data not shown).

The highly stable His-MBP tag (45 kDa) was clearly seen in all of the HMGE samples digested
with thermolysin (Fig. 2.3A) in the presence or absence of AHL, but no band of the predicted
size for full-length EsaR was observed. However, two extra bands (~18 and 5 kDa) were
observed when HMGE was incubated in the presence of AHL (either co- or posttranslationally)
but not when HMGE was incubated without AHL (Fig. 2.3A). The bands were extracted,
peptides were generated, and their minimal amino acid sequence was determined via MALDI-
TOF/TOF (Virginia Tech-Mass Spectrometry Incubator). The bands produced from the
thermolysin cleavage reactions were minimally comprised of EsaR amino acids 1 to 160 (the
NTD of EsaR) and 23 to 74 (a region close to the putative AHL binding pocket) (Fig. 2.3C);
there may be additional residues in the N or C termini of these protein fragments that were not
detected. Both region 1 to 160 and region 23 to 74 of EsaR contain more than one thermolysin
cleavage site, as predicted by PeptideCutter (ExPASy), suggesting that the presence of AHL
produced a conformational shift that interfered with thermolysin cleavage. Subsequent
purification of the EsaR NTD (amino acid residues 1 to 160) indicated that the polypeptide

existed as a dimer (data not shown), which led to further analysis of the NTD.

Similar limited proteolytic digestion assays performed with trypsin produced the highly stable
His-MBP tag (45 kDa) (Fig. 2.3B) and weak residual bands corresponding to the predicted size
of EsaR (28 kDa) in all three samples “AHL. However, there was an extra band (~9 kDa)

present in the samples with AHL. Through MALDI-TOF/TOF (Virginia Tech-Mass
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Spectrometry Incubator) it was determined that this extra band corresponded minimally to amino
acids 130 to 213 of EsaR (Fig. 2.3B). This region includes the predicted linker region between
the NTD and CTD (Fig. 2.3C) and it contains more than one trypsin cleavage site, as predicted
by PeptideCutter (ExPASy). The fact that cleavage did not occur in this region as efficiently in
the presence of AHL suggests that interdomain conformational changes are occurring in response
to AHL binding, a phenomenon that has long been speculated to occur among all LuxR family
members (22) but has never before been biochemically demonstrated with a native ligand. In
sum, it appears that HMGE, whose activity is inhibited by AHL, alters its conformation such that
some proteolytic cleavage sites are less accessible in the presence than in the absence of AHL.
Interestingly, the finding that AHL affords protection from proteases has also been observed with

other members of the LuxR protein family that are stimulated by AHL (31, 37).

EsaR dimerizes in the absence and presence of AHL. Because EsaR was equally resistant to
proteolytic digestion in vivo both in the presence and in the absence of AHL and more resistant
to proteolytic digestion in vitro, another mechanism of AHL inactivation was considered. It is
known that most LuxR homologues function as dimers when AHL is present (3, 26, 33, 37).
Based on amino acid alignments, the corresponding dimerization interface for EsaR would be
predicted to encompass residues 132 to 161. EsaR is known to bind to DNA as a dimer in the
absence of AHL (15), but its quaternary structure in the presence of AHL has never been well
defined. The effect of AHL on the multimeric state of EsaR was therefore determined through a
combination of gel filtration chromatography and cross-linking experiments. During gel filtration
experiments, HMGE exposed to 10 uM AHL during growth and purification eluted with a single

peak at 122 ml from a 320-ml volume column (Fig. 2.4A). Through the use of four known
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molecular size markers, an apparent molecular size of 136 kDa was calculated for HMGE (Fig.
2.4B). The predicted monomeric molecular size of HMGE is 73 kDa, so a dimer would be ~146
kDa; these experiments suggest that HMGE is dimeric in the presence of AHL. Gel filtration
chromatography was also performed on HMGE in the absence of AHL. The protein eluted with a
single peak at 118 ml (Fig. 2.4A), just slightly earlier than the protein in the presence of AHL.
An apparent molecular size of 155 kDa was calculated for HMGE (Fig. 2.4B). AHL had no
effect on the protein standard calibration curve (data not shown). These in vitro results suggest
that at the concentrations examined, HMGE exists as a dimer in both the absence and presence of
AHL. The observation that HMGE has a slightly smaller calculated molecular size in the

presence of AHL suggests that the ligand promotes a tighter conformation of the protein.

The NTD of EsaR binds AHL and is capable of dimerizing in the absence and presence of
AHL. To further verify the finding that EsaR is capable of dimerizing in the presence of AHL,
cross-linking experiments were performed in the absence or presence of AHL using only the
NTD of EsaR from residues 1 to 178. The His-MBP tag was efficiently cleaved from the NTD
using TEV protease; apparently the presence of the CTD hinders complete cleavage of HMGE
by TEV. Limited proteolytic thermolysin digestion assays produced a similar banding pattern for
the EsaR NTD in the presence of AHL (Fig. 2.5A) as had been observed with HMGE (Fig.
2.3A). MALDI-TOF/TOF analysis of the two EsaR NTD bands of highest molecular size
determined that they were minimally comprised of amino acids 1 to 160 and 1 to 93. These
regions encompass most of the NTD and the region around the AHL binding site; they appear to

be protected from complete thermolysin digestion when AHL is present. Therefore, the EsaR
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NTD appears to be capable of binding AHL, independent of the CTD (Fig. 2.5A), consistent

with what has been observed in other LuxR homologues (3, 8,34).

The EsaR NTD protein was then exposed to the cross-linking agent BS®. Over a 30-min period,
the EsaR NTD was cross-linked to a level similar to that observed in cross-linking experiments
with full-length CarR, the LuxR-type activator from Erwinia carotovora (Fig. 2.5B) (31). The
apparent molecular size of the cross-linked product suggests that the NTD of EsaR has a
propensity to form dimers and that the CTD is not essential for this to occur. In addition, the
EsaR NTD maintains a similar quaternary structure independent of the presence of ligand,
further indicating that AHL binding does not significantly alter the multimeric state of the

protein.

DISCUSSION:

EsaR is the best-understood member of a distinctive subclass of the LuxR family of proteins
(23, 24). These proteins have been described as sharing several common attributes: they are
produced by Enterobacteriales, they preferentially bind N-3-oxo-hexanoyl-L-homoserine
lactone, they do not directly regulate their cognate AHL synthase genes, they can function as
repressors and activators depending on the position of the recognition site in the DNA, and their
genes are convergently transcribed with the genes for their respective AHL synthases. In
addition, all of these proteins have an extended interdomain linker region and an extended CTD
in comparison to the majority of LuxR homologues (24). They regulate gene expression using a
reverse mechanism whereby in the absence of AHL they are capable of binding DNA but take on

an inactive conformation in the presence of AHL. Structurally, EsaR and its closest relatives
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deviate from most LuxR homologues because they are stable in the absence of their cognate

AHL, making them amenable to in vitro analysis.

It has previously been demonstrated that EsaR is fully active as an apoprotein. In the absence of
AHL, EsaR is capable of repressing transcription from the esaR and rcsA promoters (6, 14, 15)
and activating transcription of an SRNA (20) at low cell density. AHL hinders the ability of EsaR
to regulate transcription at high cell density. However, the molecular basis for inhibition of EsaR
by AHL remains elusive. In this body of work, two possible ways that binding of AHL might
modulate the level of active EsaR, an enhanced rate of proteolysis of the protein and an inability

to dimerize, were examined.

This study established that EsaR does not appear to be extensively posttranslationally degraded
by proteases in vivo in response to AHL binding. In P. stewartii, EsaR levels gradually rose from
low cell density/low AHL to high cell density/high AHL, suggesting that rapid removal of the
protein via proteases is not the manner in which the protein is inactivated in the presence of
AHL. This is in stark contrast to the results of a similar analysis of TraR from A. tumefaciens
in E. coli, which showed that apo-TraR is quickly degraded by proteases in vivo. Upon binding
of AHL by TraR in vitro, the protein takes on an active conformation and in the process becomes
more resistant to these proteases, as the half-life increases 20-fold (36, 37). Similarly, CarR

from E. carotovora also exhibits enhanced protease resistance in the presence of AHL (31).

TraR is one of just a few members of the LuxR protein family for which detailed structural

information is available. The structure of AHL-associated full-length TraR and the NTD of LasR
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from Pseudomonas aeruginosa have been solved with their native ligands by X-ray
crystallography (3, 27, 35, 38), and the structure of CviR
from Chromobacterium violaceum bound to an antagonist is also known (8). The structure of the
NTD of SdiA from E. coli was examined using nuclear magnetic resonance (NMR) analysis
(34). No structural information exists for EsaR or any member of its subfamily. However,
previous studies of EsaR using fluorescence spectroscopy revealed that AHL altered the intrinsic
fluorescence emissions from tryptophan residues in the binding pocket (15). In addition, AHL
enhanced the thermal stability of EsaR (15). The in vitro limited proteolytic digestion assay
performed in this study reinforced the previous findings and further probed the structural
differences between apo-EsaR and ligand-associated EsaR. AHL binding to EsaR resulted in

altered patterns of protease susceptibility using two different proteases, thermolysin and trypsin.

In the presence of AHL, the ligand binding NTD of EsaR was less susceptible to thermolysin
digestion (Fig. 2.3A). Thermolysin attacks hydrophobic regions, and binding of AHL most likely
directly interfered with the ability of the protein to cleave target sites in the AHL binding pocket.
In the case of assays with trypsin, a region spanning from the NTD through the linker region into
the CTD of EsaR was found to be more resistant to the protease when AHL was present (Fig.
2.3B). This result is very intriguing because it suggests that AHL binding in the NTD may elicit
a conformational change across both domains of the protein, resulting in a tighter conformation
that protects the linker from degradation. For LuxR family proteins, it has long been proposed
that AHL binding at the NTD leads to subsequent changes in the CTD that alter the DNA
binding abilities of the protein (22). However, an inability to study LuxR proteins in vitro in the

presence and absence of their native ligand has limited a structural analysis of this mechanism.
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X-ray crystallography of CviR bound to an antagonist provides evidence in support of NTD-
CTD interactions (8). It has been speculated that the antagonism of EsaR by its native AHL

might work in a similar manner, resulting in a decreased affinity for the promoters it regulates.

In addition to intradomain interactions playing a role in the responsiveness of EsaR to AHL,
changes in the interface between the two polypeptides in a homodimer may also be important.
Binding of AHL may inhibit dimerization of the NTDs, leading to dissociation of EsaR into
monomers and subsequent dissociation from DNA. Both gel filtration analysis of HMGE and in
vitro cross-linking of the NTD demonstrate that EsaR has a propensity to form dimers at the
concentrations examined and that the presence of AHL does not decrease the capacity for
dimerization to occur. Further, only the EsaR NTD is required for both AHL binding and

dimerization to occur. Thus, AHL does not appear to alter the multimeric state of EsaR.

A complete understanding of the mechanism by which AHL binds to the NTD of LuxR
homologues and modulates the activity of the CTD remains an unresolved issue in the quorum-
sensing field. Clearly, diverse mechanisms for AHL responsiveness exist within the LuxR
family. Our report offers an explanation of the interaction between the AHL signal and its
cognate EsaR receptor, a system that is the model for a unique subset of quorum-sensing
regulators. In the case of EsaR, binding of AHL causes a conformational shift in the protein, in
which the protein appears to take on a tighter, more stable and likely less flexible conformation.
Under these conditions, EsaR is no longer able to make appropriate interactions with DNA,
leading to its dissociation. Future structural studies of EsaR would provide valuable insights into

the precise nature of this mechanism.
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FIG 2.1. EsaR accumulation and stabilityin vive. (A) Results fromin vivo Western
immunoblot experiments, in which EsaR accumulation was measured in P. stewartii DC283 at
the indicated OD600 values with natural AHL levels, except for one sample where exogenous
AHL was added as indicated. (B) Pulse-chase experiments, in which EsaR was labeled
in E. coli SG22163 in the absence or presence of 10 uM AHL. Stability was examined at time

points up to 60 min. The images are representative of experiments performed in duplicate.
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FIG. 2.2. HMGE activity assays. (A) Qualitative analysis of EPS production on CPG agar
medium (4) (0.1% Casamino Acids, 1% peptone, 1% glucose, and 1.5% agar), with Ap (50
pg/ml) or tetracycline (Tc) (10 pg/ml) as appropriate, following incubation at 30°C for 48 h: 1,
wild-type P. stewartii DC283 (9); 2,esaR esal double-deletion strain P. stewartii ESAIR (29),
and 3, P. stewartii ESAIR with the vector control pDEST HisMBP (Ap") (17); 4 and 5, P.
stewartii ESAIR pSVB60 (Tc") grown in the absence or presence of 10 uM AHL, respectively; 6
and 7, P. stewartii ESAIR pHMGE (Ap") grown in the absence or presence of 10 uM AHL,
respectively. (B) EMSA of HMGE with PesaR28 DNA probe. Radiolabeled PesaR28 DNA
probe (2 nM) (lane 1) was incubated with various concentrations of HMGE as indicated (lanes 2,
3, and 4) and shown to produce a higher-molecular-size complex. Specificity of binding was
verified by adding excess unlabeled PesaR28, which resulted in a downshift of the labeled probe

(lanes 5, 6).
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FIG. 2.3. Limited in vitro digestion of EsaR by thermolysin and trypsin. SDS-PAGE analysis
of resistance of EsaR to (A) thermolysin and (B) trypsin + AHL. Purified HMGE was used at a
final concentration of 13.5 uM for all conditions (lanes 1 to 4) as follows: 1, no protease; 2, no
AHL plus protease; 3, AHL present during growth and purification plus protease; 4, AHL added
after purification plus protease. The dominant band in lanes 2 to 4 is the His-MBP tag (45 kDa).
Arrows indicate EsaR-associated bands of interest, with the numbers providing the minimal
number of residues present in the protein fragment. The images are representative of experiments
performed in duplicate. (C) Cartoon model of the domain structure of EsaR. The AHL binding
NTD is white, with the AHL binding pocket region in light gray and the DNA binding CTD in
dark gray. Residues of EsaR found to be protected from thermolysin or trypsin digestion are

labeled above or below the diagram, respectively.
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FIG. 2.4. Multimeric state of HMGE fusion protein in presence and absence of AHL. (A)
UV absorption profiles (280 nm) of protein fractions containing HMGE eluted in the presence
and absence of 10 pM AHL over the 320-ml 26/60 Sephacryl 200-S gel filtration column (solid
line, HMGE without AHL in buffer; dashed line, HMGE with AHL in buffer). HMGE without
AHL eluted at 118 ml and HMGE with AHL at 122 ml. This corresponds to a molecular size of
155 kDa in the absence of AHL and 136 kDa in the presence of AHL, as determined by the
calibration plot generated using the elution volumes of molecular size markers in panel B. The
two additional minor peaks seen on the left and right of the major peak are aggregates and
truncated HMGE, respectively, as determined through SDS-PAGE analysis. (B) The data points
on the calibration plot represent the following: 1, P-amylase (200 kDa); 2, alcohol
dehydrogenase (150 kDa); 3, albumin (66 kDa); and 4, carbonic anhydrase (29 kDa). Plots are

representative of experiments performed in duplicate.
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FIG. 2.5. Ability of EsaR NTD178 to resist proteolytic digestion and to form dimers. (A)
Limited in vitro digestion of NTD178 by thermolysin. Purified NTD178 was used at a final
concentration of 13.5 uM. Samples were as follows: 1, size standards; 2, thermolysin; 3 and 4,
NTD178 with and without AHL (+ and —, respectively); 5 to 14, NTD178 with and without AHL
and digested with the indicated concentration of thermolysin. Arrows indicate EsaR-associated
bands of interest, with the numbers providing the minimal number of residues present in the
protein fragment, and the mobility of thermolysin (T). (B) Time course of NTD178 cross-linking
by BS®. NTD178 (10 pM) was exposed to 100 uM BS® cross-linker in the presence (+) and
absence (—) of AHL. Reaction pairs, left to right, correlate to 0, 1, 5, 10, 15, 20, and 30 min. The
two arrows highlight the bands associated with the 42-kDa dimer (D) and 21-kDa monomer (M)

of NTD178. The images are representative of experiments performed in duplicate.
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ABSTRACT:

The proteobacterium Pantoea stewartii subsp. stewartii causes Stewart’s wilt disease in maize
when it colonizes the xylem and secretes large amounts of stewartan, an exopolysaccharide. The
success of disease pathogenesis lies in the timing of bacterial virulence factor expression through
the different stages of infection. Regulation is achieved through a quorum-sensing (QS) system
consisting of the acyl-homoserine lactone (AHL) synthase, Esal, and the transcription regulator
EsaR. At low cell densities, EsaR represses transcription of itself and of rcs4, an activator of the
stewartan biosynthesis operon; it also activates esaS, which encodes a sRNA. Repression or
activation ceases at high cell densities when Esal synthesizes sufficient levels of the AHL ligand
N-3-oxo0-hexanoyl-L-homoserine lactone to bind and inactivate EsaR. This study aims to identify
other genes activated or repressed by EsaR during the QS response. Proteomic analysis identified
a QS regulon of more than 30 proteins. Electrophoretic mobility shift assays of promoters from
genes encoding differentially expressed proteins distinguished direct targets of EsaR from
indirect targets. Additional quantitative reverse transcription-PCR (qRT-PCR) and DNA
footprinting analysis established that EsaR directly regulates the promoters of dkg4,
glpF and IrhA. The proteins encoded by dkgA, glpF, and [rhA are a 2,5-diketogluconate
reductase, flycerol facilitator, and transcriptional regulator of chemotaxis and motility,

respectively, indicating a more global QS response in P. stewartii than previously recognized.



INTRODUCTION:

Quorum sensing (QS) is a cell density-dependent method of coordinating gene expression
employed by bacteria to regulate various cellular processes. Proteobacteria commonly detect and
respond to the concentration of a chemical signal, an acylated homoserine lactone (AHL),
produced by an AHL synthase homologous to LuxI from Vibrio fischeri. This signal is sensed by
an AHL-responsive transcription regulator homologous to LuxR (1). Thus, gene expression is
altered in relation to cell density such that physiological processes, such as bioluminescence,
virulence, and pigment or capsule production are affected (2, 3). QS is a central component in
the regulatory networks of proteobacteria, and along with other bacterial regulatory systems, it
allows the bacteria to colonize and grow efficiently in a particular environment or host-

associated niche (4).

The proteobacterium Pantoea stewartii subsp. stewartii is a phytopathogen known to utilize QS
to regulate virulence. P. stewartii is the causative agent of Stewart's wilt that affects maize
cultivars, particularly sweet corn. It is found in the midgut of Chaetocnema pulicaria, the corn
flea beetle where it overwinters. Within the plant, the bacterium colonizes the xylem after
migrating there from the sites of insect feeding on the leaves and stalks of maize (5). Once in the
xylem, P. stewartii forms a biofilm and overproduces an exopolysaccharide, stewartan, that
obstructs the xylem and likely causes the vascular wilting associated with Stewart's wilt by
blocking water transport (6, 7). P. stewartii also possesses a Arp and wts gene cluster encoding a
Hrp type III secretion system and effector proteins (8). Affected seedlings wither (wilt phase),
and affected mature plants develop necrotic lesions (leaf blight phase), leading to losses in the

crop yield (9). Other pathogenic Pantoea species include Pantoea ananatis, which causes soft rot
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of onions (10), and Pantoea citrea, which causes pink disease of pineapple (11). Pantoea species

are also found symbiotically associated with leaf-cutter ants (12).

The expression of stewartan, a key virulence factor in P. stewartii, is controlled by the cell
density-dependent QS system, consisting of Esal/EsaR, a signaling molecule synthase and the
cognate transcription regulator homologous to LuxI/LuxR (6). Esal constitutively synthesizes a
3-oxo-hexanoyl-homoserine lactone (AHL) signal that accumulates at high cell densities. EsaR is
a transcription factor that activates or represses expression of certain genes at low cell densities.
Binding of the AHL ligand at high cell densities inactivates it. EsaR regulates virulence by
repressing rcsA, an activator of the stewartan biosynthesis operon. RcsA in P. stewartii is
functionally interchangeable with the RcsA regulator in Escherichia coli that controls capsular
polysaccharide synthesis (13). Inactivation of EsaR at high cell densities by the AHL ligand
permits the RcsAB heterodimer to activate stewartan synthesis (14). At low cell densities, EsaR
also autorepresses itself and activates the expression of a small RNA of unknown function
(15, 16). Mutants lacking esaR constitutively overproduce stewartan and are less virulent than
the wild type, indicating that it is the temporal regulation of virulence factors during the stages of
infection that lead to success in establishing disease in the host (14). However, the full extent of

EsaR regulation and QS-controlled genes in P. stewartii is not known.

In this study, we have further defined the QS regulon using a proteomic approach. Two-
dimensional (2D) SDS-PAGE experiments revealed more than 30 proteins that are differentially
expressed in the presence of EsaR and, thus, are regulated by QS. Electrophoretic mobility shift

assays (EMSAs) revealed several direct targets of EsaR in the regulon. Regulation of three of the
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promoters at the level of transcription was confirmed through quantitative reverse transcription-
PCR (gqRT-PCR), and the binding sites of EsaR have been defined through DNase I footprinting
and additional EMSA analysis. Identification of these regulated targets provides a more robust

understanding of the QS regulon in P. stewartii.

MATERIALS AND METHODS:

Bacterial strains, plasmids, and growth conditions. A list of bacterial strains and plasmids
utilized is provided in Table 3.1. Both Pantoea stewartii and Escherichia coli strains were
grown in Luria-Bertani (LB) broth supplemented with ampicillin (100 pg/ml) or tetracycline
(10 pg/ml) as required. Pantoea strains were grown at 30°C, and E. coli strains were grown at
37°C. Conjugation was performed using E. coli strain CC118Apir carrying the conjugative helper
plasmid pEVS104 to facilitate transfer of pSVB60 or pPBBRIMCS-3 into P. stewartii ESAIR

(17) to generate an EsaR-complemented strain and the control with the same selectable marker.

Two-dimensional SDS-PAGE. To prepare cell extracts, P. stewartii strain ESN51 grown to
stationary phase was used to inoculate 1 liter of LB broth alone or supplemented with 10 pM
AHL [N-(B-ketocaproyl)-L-homoserine lactone (3-0x0-Ce-HSL)] (Sigma, St. Louis, MO) to an
optical density (OD) at 600 nm of 0.05 and allowed to grow at 30°C with shaking to an OD at
600 nm of 0.5. The cells were harvested by centrifugation and stored at —80°C. The cell pellet
was resuspended in 15 ml of cold 8 M urea plus 1% Triton buffer and lysed by passage through a
French press twice at a cell pressure of 18,000 Ib/in®. The lysate was then centrifuged for 10 min
at 5,000 x g at 4°C before being subjected to ultracentrifugation using a Ti70 rotor at 40,000 rpm
at 4°C for 1 h to clarify the cell extract. Protein samples were similarly extracted from P.

stewartii strains ESAIR (pBBRIMCS-3) and ESAIR (pSVB60).
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2D gel electrophoresis was performed by the Virginia Bioinformatics Institute (VBI) Core
Laboratory (Blacksburg, VA). Briefly, samples containing 150 pg of protein were focused in the
first dimension using 17-cm, pH 3 to 10 NL immobilized pH gradient (IPG) strips (Bio-Rad,
Hercules, CA) and then loaded along with Precision plus protein standard plugs (Bio-Rad) on
20-cm precast 12% SDS-polyacrylamide gels (Jule Inc., Milford, CT). The postelectrophoresis
gels were stained with Coomassie staining solution (2.5 g Coomassie brilliant blue R250, 450 ml
methanol, and 100 ml acetic acid per liter) and stored in 0.1% sodium azide. The gels were
scanned on a GS-800 calibrated densitometer (Bio-Rad) to analyze the differentially expressed

protein spots.

Mass spectrometry and protein identification. Differentially expressed proteins were
identified by excising the spots of interest from the 2D gels, and their sequence was determined
via matrix-assisted laser desorption/ionization tandem time of flight mass spectrometry
(MALDI-TOF MS-MS) (Virginia Tech Mass Spectrometry Incubator, Blacksburg, VA) as
described previously (18). Protein identifications were made by searching the peptide sequences
obtained from mass spectrometry analysis against the supplied P. stewartii genome v5 from the

ASAP database (19).

Purification of EsaR fusion protein. A His-tagged maltose-binding protein (MBP) fused to a
glycine linker-tagged EsaR protein (HMGE) was purified as previously described (20) with the
following modifications. To ensure that only DNA-binding competent protein was used in the
EMSAs, the purified HMGE was passed through a HiTrap heparin HP column (GE Healthcare

Life Sciences, Piscataway, NJ) and eluted using a gradient of 800 mM NaCl. HMGE was then


http://aem.asm.org/content/79/20/6244.full#ref-18
http://aem.asm.org/content/79/20/6244.full#ref-19
http://aem.asm.org/content/79/20/6244.full#ref-20

further purified in a HiPrep 26/60 Sephacryl 200-S (GE Healthcare Life Sciences) gel filtration
column using the AKTAPrime fast-performance liquid chromatography (FPLC) system,

equilibrated with 20 mM HEPES, 1 mM EDTA, 30 mM KCI, and 10% glycerol (pH 7.4).

EMSA analysis. Phusion DNA polymerase (Thermo Fisher Scientific Inc., Waltham, MA) was
used to amplify upstream promoter regions from genes of interest with specific forward and
reverse primers (IDT-DNA Inc., Coralville, IA) (see Table A.1 in the supplemental material).
The resulting PCR fragments were subsequently purified using the QIAquick gel extraction kit
(Qiagen, Valencia, CA). DNA fragments (2 to 10 pmol) were individually end labeled using [y-
2P]ATP (PerkinElmer, Waltham, MA) and T4 polynucleotide kinase (New England BioLabs,
Ipswich, MA) and resuspended in distilled H,O (dH,O) to a final concentration of 20 nM.
HMGE (0 to 100 nM) and 1 nM promoter DNA were incubated for 30 min in 20-pl reaction
mixtures with EMSA binding buffer at a final concentration in all samples of 20 mM HEPES, 1
mM EDTA, 30 mM KCI, 0.2% Tween 20, 10 mM (NH4),SOy4, 50 ng/ul poly (dI-dC), 150 pg/ml
acetylated bovine serum albumin (BSA), and 10% glycerol (pH 7.4). The constituents of the
EMSA reaction were based on previous experiments (14). The postincubation reactions were
separated on 6% Tris-glycine-EDTA native PAGE minigels (Bio-Rad) at 80 V for 2 h. The entire
apparatus was placed in an ice-packed container to maintain low temperatures. After
electrophoresis, the gels were dried and exposed to a Fisher Biotech autoradiography cassette
(Fisher Scientific, Pittsburgh, PA). The screen was then visualized using a Typhoon Trio

variable-mode imager (GE Healthcare, Life Sciences).
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Additional EMSAs performed to determine the precise bases essential for binding were
performed in a similar fashion as described above except 10 nM 6-carboxyfluorescein (FAM)-
labeled DNA fragments were used instead of radiolabeled fragments, but visualization was still

achieved through a Typhoon Trio variable-mode imager.

qRT-PCR. P. stewartii ESAIR (pBBRIMCS) and ESAIR (pSVB60) grown to stationary phase
were used to inoculate 5 ml LB supplemented with tetracycline (10 pg/ml) at an OD at 600 nm
of 0.05 and allowed to grow to a final OD at 600 nm of 0.5. RNAprotect bacteria reagent (10 ml)
(Qiagen) was used per the manufacturer's instructions to stabilize the RNA. The cell pellets were
stored at —80°C prior to total RNA extraction using the RNeasy minikit (Qiagen) with an
additional on-column DNase I digestion step using the RNase-free DNase set (Qiagen). RNA
was quantified using a NanoPhotometer (Implen, Westlake Village, CA) and submitted to the
VBI Core Laboratory Facility for analysis by an Agilent Bioanalyzer 2100 to check for quality.
All RNA integrity number (RIN) values were above 9.7. The extracted RNA was converted to
cDNA using the high-capacity cDNA reverse transcription kit (Life Technologies, Grand Island,
NY) per the manufacturer's instructions. The cDNA was quantified using a NanoPhotometer and
checked for purity by measuring absorbance ratios at 260/280 nm and 260/230 nm. The cDNA
samples were used as the templates in a 7300 real-time PCR system (Applied Biosystems, now

Life Technologies).

Primers were designed to enable amplification of coding regions of the EsaR
targets dkgA, fabF, glpF, IrhA, mglB, and rpsB (see Table A.1 in the supplemental material). The

amplified fragments were ligated into pGEM (Promega, Madison, WI), transformed into E.



coli Top10 cells (Table 3.1), and sequenced. They were then used as the template to optimize
gRT-PCR primers within 100% £10% efficiency. The primer pairs (Table A.1) for qRT-PCR
analysis of all direct targets of EsaR determined by EMSAs were designed using Primer Express
3.0 (Life Technologies). The parameters for primer design were set as follows: 18 to 24 bp in
length, melting temperature (7},) of 60°C, and amplicon length of 80 to 120 bp. Template DNA
(either plasmid or cDNA) was used at concentrations ranging from 10 ng to 0.001 ng per 25-ul
reaction mixture containing 300 nM (each) of the specific forward and reverse primer pair and
2x SYBR green PCR master mix (Life Technologies) diluted to a 1% concentration with dH,O.
Reactions were carried out in triplicate in a MicroAmp optical 96-well reaction plate (Life
Technologies). The thermal cycler settings were programmed for 10 min at 95°C followed by 45
cycles consisting of 15 s at 95°C and 1 min at 60°C, which was also set as the data collection
point. A dissociation stage was added at the end of the PCR run to confirm specific product
amplification. The data obtained were analyzed through a 7300 system SDS RQ software v1.4
(Life Technologies) using an automated cycle threshold, and the relative expression was
calculated using the PFAFFL method (21). In total, triplicate samples from two replicate

experiments were analyzed.

DNase I footprinting analysis. A modified DNase I footprinting approach (8) involved the use
of FAM-labeled and non-labeled primer pairs (see Table A.l1 in the supplemental material)
annealing to the promoter regions of dkgA4, glpF, and IrhA to amplify the regions of interest.
Fluorescently labeled DNA (50 ng) was incubated with 100 nM HMGE in 1x EMSA binding
buffer (see above) supplemented with 5 mM MgCl, and 2 mM CaCl,. The DNA was digested

using 50 ng of DNase I (Worthington Biochemicals, Lakewood, NJ) for 5 min at room
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temperature. The reaction was stopped by the addition of 125 mM EDTA and cleaned using the
QIAquick gel extraction kit (Qiagen). A 10-ul sample of DNA eluted in dH,O was processed at
VBI on the 3730 DNA analyzer (Life Technologies), with a G5 dye set, running an altered
default genotyping module with increased injection time and injection voltage (8). The
electropherograms of the probes generated from digestion in the presence of BSA and in the
presence of HMGE were overlapped using Peak Scanner v1.0 (Life Technologies) to reveal
bases that are protected from cleavage by DNase I. Simultaneous manual sequencing of the
labeled probe was performed using the Thermo Sequenase cycle sequencing kit (Affymetrix,
Santa Clara, CA) using specific FAM-labeled primers to generate 4 electropherograms for each
dideoxynucleotide, which were then overlapped to yield sequencing electropherograms that

could be compared to the DNase I-digested fragments.

RESULTS:

Identification of QS-regulated proteins. To identify proteins regulated by QS in P. stewartii,
2D gel electrophoresis was first performed using cell extracts from P. stewartii ESN51
(esal mutant) with and without exogenously added AHL (see Fig. A.1 in the appendix). Several
differentially expressed proteins were identified from this preliminary experiment. In order to
identify additional proteins of the QS regulon, 2D gel electrophoresis was repeated twice using
two other P. stewartii strains that exhibit an enhanced physiological response to QS,
P. stewartii ESAIR carrying pBBRIMCS-3 or pSVB60. ESAIR is a DC283 AesaR Aesal strain
that lacks the transcription regulator EsaR and the AHL synthase Esal, making it completely
deficient in QS. This QS defect is partially complemented by pSVB60, which carries the gene

coding for EsaR with its expression driven from the native promoter. The vector pPBBRIMCS-3
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serves as a negative control. In the absence of the AHL synthase, EsaR is constitutively active,
allowing for identification of proteins whose expression is activated by EsaR, as demonstrated by
qualitatively higher protein levels in strain ESAIR(pSVB60) versus ESAIR(pBBRIMCS-3),
while proteins that are repressed by EsaR are more highly expressed in ESAIR(pBBR1IMCS-3),
since EsaR is completely absent (Fig. A.l1). When plated on medium enhancing capsule
production, the AesaR Aesal mutant strain ESAIR(pBBR1MCS-3) exhibits a hypermucoid
appearance due to overproduction of capsule, whereas strain ESAIR(pSVB60) appears dry and
streaky due to constitutive repression of capsule production compared to the wild-type control
(20). Over the 3 cumulative 2D SDS-PAGE trials (Fig. A.1 in the appendix), 34 proteins were
observed twice or more to be differentially expressed, 22 EsaR-activated proteins and 12 EsaR-
repressed proteins (Table 3.2). Interestingly, RcsA, a known repressed target of EsaR was not
observed, highlighting an inherent drawback due to the limited sensitivity of the proteomic

approach.

Identification of direct targets of EsaR. In an attempt to ascertain indirect versus direct targets
among the 34 proteins identified from the 2D SDS-PAGE experiments (Table 3.2), the EsaR-
regulated genes with 24 promoters putatively controlling 26 of these proteins were tested for
direct regulation by EsaR via EMSAs utilizing 200- to 400-bp upstream promoter regions and
the EsaR fusion protein HMGE (His-MBP-glycine linker-EsaR) (20). The eight proteins whose
promoters were not subjected to EMSA analysis were encoded by genes located in the middle of
operons such that no promoter regions were observed in proximity to support EsaR binding, and
thus they were not analyzed by EMSA. EsaR directly binds to six promoters (Fig. 3.1), while the

rest were established as indirect targets (see Fig. A.l1 in the appendix). Specific binding was
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demonstrated when labeled promoter probes were bound by HMGE and the shift was
successfully competed using non-labeled promoter probes. The genes with the bound promoters
are as follows: dkgA, encoding 2,5-diketo-D-gluconate reductase A; fabF, encoding 3-oxoacyl-
(acyl carrier protein) synthase I; glpF, encoding glycerol facilitator (first in an operon consisting
of glpK [glycerol kinase] and glpX [fructose 1,6-bisphosphatase II]); /rhA, encoding DNA-
binding transcriptional repressor of flagellar, motility, and chemotaxis genes; mglB, encoding
periplasmic binding component of a methyl-galactoside transporter (first in an operon
with mglA4 [ATP-binding component] and mg/C [membrane component] of the methyl-
galactoside transporter); and rpsB, encoding 30S ribosomal subunit protein (Fig. 3.1). A
noticeable difference was observed, though not quantified, in the intensity of the bound probe of
PdkgA and PlrhA compared to the other probes, with PdkgA and PlrhA showing stronger, more-
complete shifts. Furthermore, in initial EMSA trials, three additional promoters, for the genes
CKS-5296, encoding  putative  lipoprotein, ga/U,  encoding  glucose-1-phosphate
uridylyltransferase, and fusA, encoding GTP-binding protein chain elongation factor EF-G, were
also seen to be weakly bound by HMGE but were unable to successfully compete with the same

unlabeled probe (Fig. A.2 in the appendix) and hence they were not pursued further.

Verification of transcriptional control of dkgA, gipF, and IrhA. To quantify the fold change in
expression of the six genes with promoters bound by EsaR, qRT-PCR was performed on RNA
extracted from P. stewartii strain ESAIR (pBBR1MCS-3) and ESAIR (pSVB60) (Fig. 3.2).
Relative mRNA expression of g/pF and /rhA was increased nearly 4-fold in the presence of EsaR
when normalized to the expression of a 16S rRNA gene. Expression of dkgA was repressed more

than 5-fold in the presence of EsaR. Thus, the 2D SDS-PAGE, EMSA, and qRT-PCR results are
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consistent for these three direct targets. Interestingly, the relative expression of fabF, mgiB,
and rpsB was not significantly altered in the two RNA samples. Although EsaR binds the
promoters of these genes as demonstrated by EMSA and the protein encoded by the genes was
differentially expressed in previous 2D SDS-PAGE experiments, the mRNA levels remain

unchanged in the presence of EsaR.

Determination of the EsaR binding site at the dkgA, gipF, and IrhA promoters. A modified
DNase I footprinting technique using fluorescently labeled probes and an automated capillary
DNA fragment analysis instrument (8) was optimized for the 181-bp Pg.4 DNA fragment, 226-
bp Pg,r DNA fragment, and the 284-bp P, DNA fragment (Fig. 3.3). Overlapping
electropherograms generated from digestion in the presence of BSA and in the presence of
HMGE revealed bases that are protected from cleavage by DNase I only in the presence of

HMGE.

The binding site on Py 1s 48 bases upstream of the predicted ATG start codon. This binding
site was further delineated by using EMSA analysis on probes that deleted two base pairs at a
time until a loss of binding was observed (Fig. 3.4). This allowed us to narrow down the 20 bp
that are essential for binding by considering similarity to previously known esa boxes (Fig. 3.5)
(14, 16). The newly discovered EsaR binding site at dkgA is conserved in 11 of 20 bases of the
previously known esa box in the esaR promoter (Fig. 3.5). The EsaR binding site is centered
around —22 bp from the initiation site of transcription (based on unpublished RNA sequencing
[RNA-Seq] data in A. M. Stevens' lab) and overlaps a putative —10 RNA polymerase binding

site, consistent with the repressed nature of this promoter in the presence of EsaR.
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A DNase I footprinting analysis of the EsaR-activated g/pF promoter revealed two 20-bp
protected regions ~275 bases upstream of the predicted ATG start site separated by 11 bases.
The 51-bp region was protected by cleavage by DNase I in the presence of EsaR (Fig. 3.3). The
binding sites were further delineated by using EMSA analysis on probes that deleted three base
pairs at a time to identify bases essential for binding (Fig. 3.4). The 20-bp sites sharing the most
homology with the esa box, with 8 and 9 out of 20 bases conserved with the esa box were

identified (Fig. 3.5).

Similar analysis of the EsaR-activated /rhA promoter using a fluorescently labeled 284-bp
upstream promoter DNA identified two distinct 20-bp binding sites separated by 2 bases (Fig.
3.3). EsaR binding at these two sites was confirmed using EMSA analysis of short probes that
deleted three base pairs at a time until a loss of binding was observed (Fig. 3.4). The newly
discovered EsaR binding sites, with the highest similarity to previously known esaR boxes, are
conserved in 10 and 11 of 20 bases present in the esa box in the esaR promoter (Fig. 3.5). These
sites are ~475 bp upstream of the predicted ATG start codon and centered at —170 bp from a
predicted transcriptional start site (based on unpublished RNA-Seq data in A. M. Stevens' lab).
The relative positions of the esa boxes in the promoters of EsaR direct targets are shown in Fig.

A.3 in the appendix.

Analysis of EsaR binding sites. Previously, only two native binding sites for EsaR had been
identified; the esa box in the promoter of esaR and the esa box in the promoter of rcs4 (15).
EsaR has also been shown to bind to the /ux box in a recombinant E. coli harboring a V. fischeri

luxI promoter in an in vivo experiment (16). Using these three known binding sites and the five
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newly identified 20-bp EsaR binding sites identified via DNase I footprinting and EMSAs, an
alignment was generated to identify a possible consensus sequence for EsaR binding,
ACCTGTACTNNAGTACAGNT (where N is any nucleotide) (Fig. 3.5). This sequence is highly
palindromic, similar to the conserved palindromes seen in other /ux box-like sequences (14).
Five bases, C3, T4, G5, C16, and Al7, are similar to five of the six essential bases of LuxR-
DNA interaction identified in the /ux box of V. fischeri (22). The sixth residue at position 18
however, was not conserved, as both A and G residues were observed with similar frequencies.
In addition, residues Al, A12, G13, T14, and T20 are also more conserved in the esa boxes and
could be critical for EsaR-DNA interaction, distinguishing the consensus from the LuxR-binding

consensus.

DISCUSSION:

In this study, we have completed a proteomic approach identifying and characterizing genes
involved in the QS regulon of P. stewartii. Comparison of the differentially expressed proteins in
the strains proficient and deficient in QS allowed the identification of over 30 proteins that were
previously not known to be regulated by EsaR (Table 3.2). These proteins were observed to play
possible roles in capsular synthesis, fatty acid metabolism, and virulence, indicating a more-
global cell density-dependent regulation of cellular functions in P. stewartii than previously
known. While establishing the physiological function of the newly discovered QS-regulated
proteins and definitively making connections to virulence in P. stewartii is beyond the scope of

this study, plausible roles for some of the EsaR-regulated proteins are discussed below.
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Two proteins essential in capsule production and previously shown to be not regulated
by rcsA have been shown to be repressed by EsaR. The genes encoding these two proteins, GalE
(UDP-galactose-4-epimerase) and GalF (a putative regulatory subunit for GalU), are found in an
operon downstream of the wcel operon needed for stewartan production (23). Another repressed
protein, GalU (glucose-1-phosphate uridylyltransferase), sometimes found in a complex with
GalF (24), is a limiting factor in the production of exopolysaccharide. Thus, by repressing
expression of these three proteins, EsaR further inhibits steps in the biosynthesis of stewartan at
low cell densities. Interestingly, another previously identified repressed target of EsaR, RcsA,
which activates the capsule operon (14), was not observed via 2D SDS-PAGE analysis. This may
be due to the specific growth conditions used here or the fact it was simply below the limits of
detection. However, OsmC, an osmotically induced membrane protein known to be activated by
the Rcs phosphorelay in E. coli, was observed to be repressed by EsaR (25). Thus, the proteomic
approach has revealed additional possible connections to the regulation of capsule production but

has likely still not provided a complete list of the involved factors.

In this study, six promoters that are directly regulated by EsaR were identified and the EsaR
binding sites in three of the promoters of the dkgA4, gipF, and IrhA genes (Fig. 3.3 and 3.4) were
fully characterized. DkgA belongs to the aldo-keto reductase (AKR) family that constitutes
NADPH-dependent oxidoreductases with broad substrate ranges. DkgA is hypothesized to
catalyze the conversion of 2,5-diketogluconate to 2-keto-L-gluconate in Erwinia species (26),
and it has been linked to furfural tolerance and ascorbic acid biosynthesis in E. coli (27, 28). In
Tatumella citrea, formerly Pantoea citrea (29), the production of 2,5-diketogluconate, is directly

responsible for the intense coloration characteristic of pink disease of pineapple (11), presumably
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due to pathways containing DkgA-like enzymes. While it is unknown whether 7.
citrea possesses a dkgA gene and a QS system similar to those of P. stewartii and whether a
similar regulation is observed, it is interesting to speculate that DkgA may play a role in causing

Stewart's wilt similar to its importance in causing the pink disease of pineapple.

The gIpF gene codes for a glycerol facilitator in the inner membrane and facilitates transport of
glycerol. It is the first gene in a tricistronic operon consisting of g/pK and glp.X, which code for a
glycerol kinase and a fructose bisphosphatase, respectively. Glycerol is found in the mid-guts of
beetles in winter, so activating the glycerol utilization operon at low cell densities may be
relevant, as a response to P. stewartii overwintering in hibernating beetles (30). The glpFKX
operon is regulated by other transcriptional regulators in E. coli, GlpR and the cyclic AMP
(cAMP)-cAMP receptor protein (CRP) regulator (31). Potential GlpR and CRP binding sites
were observed 87 and 406 bases upstream of the ATG start site, respectively, suggesting similar

repressor and activator functions by the two proteins in P. stewartii.

LrhA is an indirect repressor of the chemotaxis, motility, and flagellar biosynthesis operon and
also represses the expression of genes involved in the synthesis of type 1 fimbriae and the
expression of the master regulator FIhDC, through which it indirectly regulates many other genes
in E. coli (32, 33). In E. coli, the expression of /rhA is activated by itself and indirectly repressed
by the RcsCDB phosphorelay system and FtsK, the DNA motor protein (34). LrhA in P.
stewartii shares 69% identity with HexA from Pectobacterium carotovora, where it is known to
negatively regulate the small RNA rsmB and RpoS levels (35). In P. stewartii, motility at low

cell density from the initial site of plant inoculation to the xylem would logically seem to be
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necessary. However, the swarming motility exhibited by P. stewartii is more critical during
biofilm formation within the xylem (36). Swarming motility requires synthesis of capsule, which
occurs at high cell density once EsaR is inactive, and when LrhA would also be deactivated. In
addition, it is also possible that LrhA-mediated repression of fimbrial expression prevents
attachment at low cell density. It is interesting to note that the identified EsaR binding site in
P14 was more than 475 bases upstream of the ATG start site. This is not unusual however, as the
known esa box documented on the promoter of rcs4 is more than 400 bases upstream of the
ATG start site. The presence of two sites so far upstream of the start site for translation could be
due to the presence of a long 5’ untranslated region, indicating the possibility of further

regulatory elements such as small noncoding RNAs.

Three additional possible direct targets of EsaR were also found in the EMSA analysis but not by
qRT-PCR. The apparent absence of transcriptional control of EsaR of these three targets is
inconsistent with the proteomic and EMSA results and could be due to secondary methods of
regulation, such as posttranscriptional control by small noncoding RNAs. It is also possible that
transcriptional control occurred at an earlier stage of growth with differential protein expression
being maintained over a longer period of time. The fabF gene, at the end of a fatty acid
biosynthesis operon, codes for a 3-oxoacyl-(acyl carrier protein) synthase. Acyl carrier proteins
are acyl donors for AHLs and the sugars involved in capsule synthesis. FabF also regulates fatty
acid composition of the membrane phospholipids in response to cold in E. coli (37).
The mglB gene is part of a tricistronic operon coding for components of methyl-galactoside
transporter and functions as a galactose chemoreceptor and the periplasmic binding component

for the transporter in E. coli (38). Galactose in an important component of stewartan (39).
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The rpsB gene codes for a 30S ribosomal subunit protein S2p. There is one report describing
elevated levels of RpsB in biofilms of Listeria monocytogenes, wherein it was hypothesized to
serve as a sensor of physical and chemical changes in the surrounding environment (40). RpsB

may serve a similar role in P. stewartii.

Complete analysis of the QS regulon and the interactions of various other pathways with QS
could illustrate how the cumulative effect of subtle changes in gene expression confers
physiological benefits to the bacterium. Therefore, a transcriptomic approach would aid in
recognizing the complete picture of additional indirect and direct targets of EsaR. The detailed
analysis of the EsaR binding site in the promoters of dkgA, lrhA, and glpF has allowed the
development of a more robust consensus sequence for EsaR binding that may prove useful to
identify other EsaR-regulated genes using bioinformatic approaches. Deletion analysis of each
EsaR direct target individually would aid in understanding the precise roles of these genes in
plant pathogenesis and the necessity of regulation by QS in P. stewartii. It is probable that the
temporal regulation afforded by QS helps the bacterium in adapting to different physiological

conditions during colonization and infection.
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Table 3.1: Plasmids and strains used in this study

Bacterial strain or

plasmid Relevant Information® Reference
P. stewartii strains

DC283 Wild-type SS104; Nal' (42)

ESAIR DC283 AesaR Aesal mutant (7)

ESAIR (pBBRIMCS-3) DC283 AesaR Aesal mutant with vector control This study
ESAIR (pSVB60) DC283 AesaR, Aesal mutant with esaR expressed (14)

from native promoter

ESNS51 DC283, AHL deficient, esal::TnS5seqN51 (6)

E. coli strains

Top 10 F- mcrA A(mrr-hsdRMS-mcrBC) @ 80dlacZAM15 (43)
AlacX74 deoR recAl araD139 A(ara-leu)7697
galU galK rpsL (Str') endA1 nupG

CC1184pir A(ara-leu), araD, AlacX74, galE, galK, phoA20, thi- (44)
1, rpsE, rpoB, argE(Am), recAl, Apir

Plasmids

pBBRIMCS-3 Broad host range vector; Tet" (45)

pEVS104 Conjugative helper plasmid; tra trb Kn' (46)

pSVB-60 pBBR1MCS-3 with esaR controlled by native Pz, (15)
Tet"

pHMGE P, promoter-controlled HisMBP-GLY5-EsaR; Ap"  (16)

* Ap", Ampicillin resistance; Nal", naldixic acid resistance; Tet", tetracycline resistance;
Kn', kanamacyin resistance
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Table 3.2: The QS regulon of Pantoea stewartii regulated by EsaR

Category Gene*

Protein”

EsaR-activated CKS-1750
genes/proteins  CKS-5296
accA*

acel'*

ahpF

degP
fabF
fabl

JhkpA
fusA

glmU

glpK
hslU*

IrhA

mglB

nemA
ompA
pheT
rpsB
rplA*
rplC*
rplF*

EsaR-repressed CKS-2738

genes/proteins accC
dkgA
galE
galF
galU
htpG
osmC*
osmY
pgm
tetR
atpA*

N-acetylmuramoyl-L-alanine amidase

Lipoprotein, putative

Acetyl-CoA carboxylase, carboxytransferase, alpha subunit
Pyruvate dehydrogenase, dihydrolipoyltransacetylase component
E2

Alkyl hydroperoxide reductase, F52a subunit, FAD/NAD(P)
binding

Serine endoprotease (protease Do), membrane-associated
3-oxoacyl-(acyl-carrier-protein) synthase
Enoyl-(acyl-carrier-protein) reductase, NADH-dependent
FKBP-type peptidyl-prolyl cis-trans isomerase (rotamase)
Protein chain elongation factor EF-G, GTP-binding

Fused N-acetyl glucosamine-phosphate uridyltransferase acetyl
transferase

Glycerol kinase

Molecular chaperone of HslUV protease

DNA-binding transcriptional repressor of flagellar, motility and
chemotaxis genes

Methyl-galactoside transporter subunit periplasmic-binding
component of ABC superfamily

N-Ethylmaleimide reductase, FMN-linked

Predicted outer membrane lipoprotein

Phenylalanine tRNA synthetase, B-subunit

30S ribosomal subunit protein S2

508 ribosomal subunit protein L1

50S ribosomal subunit protein L3

508 ribosomal subunit protein L6

UDP-glucose dehydrogenase

Acetyl-CoA carboxylase, biotin carboxylase subunit
2,5-diketo-D-gluconate reductase A
UDP-galactose-4-epimerase

Predicted regulatory subunit of GalU
Glucose-1-phosphate uridylyltransferase

Chaperone protein HtpG

Osmotically inducible, stress-inducible membrane protein
Periplasmic protein

Phosphoglucomutase

Predicted TetR-family transcriptional regulator

F1 sector of membrane-bound ATP synthase

“ Genes not analyzed in EMSA analysis are indicated by an asterisk.
b CoA, coenzyme A; FKBP, FK506-binding protein; FMN, flavin mononucleotide.
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FIG 3.1. Electrophoretic mobility shift assays of putative QS regulon promoters with the
His-MBP-glycine linker-EsaR fusion protein, HMGE (20). Gray arrows indicate free,
unbound probe; black arrows indicate probe bound by HMGE. The black asterisk to the left of
the Pjs4 gel indicates a DNA fragment not bound by EsaR that was produced during PCR
amplification of P;;4. The concentration of DNA probe in all lanes is 1 nM. The lanes within
each panel consist of the following: from left to right, DNA probe, DNA probe with 50 nM
HMGE, DNA probe with 100 nM HMGE, and DNA probe with 100 nM HMGE plus 100 nM
unlabeled DNA probe. From left to right, the gene promoters analyzed are P4 (dkgA encodes
2,5-diketo-D-gluconate reductase A), Pgur (fabF encodes 3-oxoacyl-[acyl carrier protein]
synthase 1), Pg,r (glpF encodes glycerol facilitator), Pjs4 (lrhA encodes a DNA-binding
transcriptional repressor of flagellar, motility, and chemotaxis genes), P,gqs(mglB encodes a
periplasmic binding component of ABC superfamily methyl-galactoside transporter), and

P, (rpsB encodes 30S ribosomal subunit protein).
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FIG 3.2. Relative change in mRNA expression in P. stewartii ESAIR (pSVB60) versus
ESAIR (pBBRIMCS-3). Genes activated (A) or repressed (B) by EsaR. Error bars were
calculated from triplicate samples obtained from two replicate experiments. All values are

normalized with respect to the change in mRNA expression of 16S rRNA which was set at 1.
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FIG 3.3. DNase I footprinting assay of EsaR binding sites in the noncoding strand of P4,
coding strand of P,;,r, and noncoding strand of P;,4. (A to C) Capillary electrophoresis of
FAM-labeled DNA fragments P4 (A), Pgppr (B), and P4 (C) from DNase I protection assays
in the presence (black) and absence (gray) of HMGE, demonstrating that HMGE binds to
specific sequences in the three promoter regions and protects against DNase I digestion. The
rounded rectangles highlight the binding regions. The protected sequences are shown at the
bottom of the rounded rectangles, and the bases believed to be the 20-bp binding site determined
through EMSAs are indicated by underlining. The x axis denotes size in base pairs, and the y axis

denotes relative fluorescence units.
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FIG 3.4. Nested deletion EMSA analysis of EsaR direct targets. (A to C) The region
protected by DNase I digestion in Py (A), Pgpr (B), and P4 (C) is the gray-shaded sequence
(5" to 3"), and the underlined bases are the 20-bp EsaR binding sites. Sequences above and below
the bold sequence are forward and reverse primers used to identify the required bases, and the
bold letters in the primer sequence indicate the 5’ start base for the primer. EMSAs in boxes
denote the point where binding by EsaR is lost upon removing flanking bases of the EsaR
binding site. The concentration of DNA probe in all lanes is 10 nM. Lanes within each panel
consist of the following (from left to right): DNA probe, DNA probe with 50 nM HMGE, DNA
probe with 100 nM HMGE, and DNA probe with 100 nM HMGE plus 100 nM unlabeled DNA
probe.
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FIG 3.5. Alignment of esa boxes recognized by EsaR in P. stewartii. The distances of
the esa box elements from the translational start sites of the downstream open reading frames are
indicated. EsaR binds to esa boxes on the esaR and rcsA promoter and to the /ux box on the
luxI promoter in in vitro assays (14, 16). The five newly discovered esa boxes were added to the
alignment to generate a consensus sequence. In the consensus sequence, n denotes either one of

four nucleotides. The sequence logo was constructed using Weblogo 3.0 (41).
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ABSTRACT:

Pantoea stewartii subsp. stewartii is a proteobacterium that causes Stewart’s wilt disease in corn
plants. The bacteria form a biofilm in the xylem of infected plants and produce capsule that
blocks water transport, eventually causing wilt. At low cell densities, the quorum-sensing (QS)
regulatory protein EsaR represses expression of the capsule, esaR itself and dkgA, encoding a 2,
5-diketogluconate reductase. Under these conditions, EsaR also functions as an activator and
directly enhances expression of esaS that encodes a small non-coding RNA, glpFKX that
encodes the glycerol utilization operon and /724 that encodes a repressor of chemotaxis, motility
and adhesion. At high bacterial cell-densities, this regulation is relieved by the binding of EsaR
to the acylated homoserine lactone (AHL) signal which is synthesized constitutively over
growth. QS-dependent gene expression is critical for the establishment of disease in the plant.
However, the identity of the complete set of genes controlled by EsaR/QS is incomplete. A
proteomic approach previously identified around 30 proteins in the QS regulon. In this study, a
whole transcriptome, next-generation sequencing analysis of rRNA-depleted RNA from QS
proficient and deficient P. stewartii strains was performed to identify additional targets of EsaR.
A gRT-PCR analysis of differentially expressed genes was also used to confirm EsaR-dependent
transcriptional regulation of a subset of genes. Eleven newly identified promoters were shown to
be directly bound by EsaR using EMSA assays. Overall, the QS regulon of P. stewartii
orchestrates three major physiological responses; capsule & cell wall biosynthesis, surface

motility & adhesion and stress response.
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INTRODUCTION:

Stewart’s wilt is a disease affecting maize cultivars caused by the proteobacterium Pantoea
stewartii subsp. stewartii. Transmission to plants is possible through an insect vector, the corn
flea beetle Chaetocnema pulicaria that carries the bacterium in its alimentary canal and transmits
bacteria during feeding (1). P. stewartii possesses hypersensitivity response and pathogenicity
(hrp/hre) type III secretion system (T3SS) and water-soaking effector (wts) gene clusters that
encode proteins responsible for water-soaked lesions in leaves during the early stages of
infection (2). In the later stages of infection, the bacteria colonize the xylem and form a biofilm
by secreting the exopolysaccharide stewartan. The formation of biofilm blocks water flow and
leads to wilting, necrosis, and possible death, causing severe reductions in crop yield (3).
Stewart’s wilt is a serious concern for susceptible sweet corn hybrids (1). Bacterial wilt diseases
that cause disease by blockage of the vascular systems are seen in many other economically
important plant species, such as the bacterial wilt of cucurbit by Erwinia tracheiphila (4), black
rot of cruciferous plants by Xanthomonas campestris (5), Pierce disease of grapes caused by

Xylella fastidiosa (6) and the broad host-ranged plant pathogen Ralstonia solanacearum (7).

In P. stewartii, the production of stewartan is controlled by quorum sensing (QS) via the DNA-
binding regulatory protein EsaR (8). EsaR controls stewartan production at low cell densities by
repressing expression of rcs4, which encodes a DNA-binding transcriptional activator of the
capsular synthesis operon (9). EsaR senses changes in cell density by recognizing an acylated
homoserine lactone (AHL) signal, 3-oxo-hexanoyl-L-homoserine lactone, which is synthesized

by the cognate AHL synthase, Esal. Production of the diffusible AHL is constitutive during



growth in P. stewartii, thus the concentration of AHL in the surrounding medium serves as an
indicator of population density. In the absence of AHL, EsaR binds to specific 20-bp regulatory
sequences in promoter regions called esa boxes and affects transcription of downstream genes
(8). At high cell density, AHL binds to EsaR leading to derepression or deactivation of

downstream gene expression.

Previous studies using a proteomic approach have shown that the QS regulon in P. stewartii
consists of at least 30 proteins. The production of three other proteins is known to be directly
regulated by EsaR; DkgA, 2, 5-diketogluconate reductase that is repressed at low cell densities
and LrhA, a repressor of chemotaxis, adhesion & motility, and GlpFKX, glycerol utilization
proteins that are activated at low cell-densities (10). Proteomic approaches suffer from a
limitation of detection of the protein product. Thus, in this study a high-throughput RNA-Seq
analysis was used as a screen for the identification of additional genes involved in the QS
regulon of P. stewartii. Bioinformatics, qRT-PCR, and electrophoretic mobility shift assays were
employed during the analysis of select targets in the regulon. Eleven newly identified promoters
were shown to be directly regulated by EsaR. Importantly, it has been shown that the regulation
of three physiological functions, capsule production, surface motility/adhesion and stress

response appear to be coordinately controlled by EsaR.
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MATERIALS AND METHODS:

RNA purification and rRNA depletion for RNA-Seq. Cultures of P. stewartii DC283 ESAIR
(pBBRIMCS-3) and DC283 ESAIR (pSVB60) (10) grown overnight at 30° C were used to
inoculate 5 ml RM medium (1x M9 salts, 2% casamino acids, 1| mM MgCl, (8)) supplemented
with tetracycline (10 pg/ml) and grown to an ODg of 0.5. Ten ml RNA protect Reagent
(Qiagen, Valencia, CA) was added and incubated with cells for 5 min at room temperature to
stabilize mRNA, before samples were centrifuged for 10 min at 5000 x g. Cell pellets were
resuspended in 200 ul TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 7.0) supplemented with
15 mg/ml lysozyme (Qiagen) and 30 mAU/ml proteinase K (Qiagen). QIAzol lysis reagent was
then added and the total RNA harvested using a miRNeasy kit (Qiagen) per the manufacturer’s
protocol. Quantity and quality of total RNA was assessed on an Agilent Bioanalyzer 2100 at the
Virginia Bioinformatics Institute (VBI, Blacksburg, VA). Total RNA of each sample was
depleted for ribosomal RNA using the Ribo-zero rRNA removal kit for Gram-negative bacteria
(Epicentre, Madison, WI) per the manufacturer’s protocol. The rRNA depleted sample was
assessed for quality a second time prior to sample processing for Illumina sequencing (VBI) with

single-paired read ends of 75-bp length.

Processing of Illumina sequencing data. The P. stewartii subsp. stewartii transcriptome
sequencing read files in FASTQ format were transformed into FASTA format using the SeqlO
module of BioPython (11) v.1.63 (www.biopython.org) through Python 2.7.6 on a dual 4-core
Opteron workstation with 64GB of RAM running the OpenSUSE 12.3 Linux distribution. Then

the standalone BLAST+ suite (12, 13) v.2.2.29



(ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/2.2.29/) was used to align the reads to the
partially assembled version v5b P. stewartii DC283 genome sequence provided on the ASAP
website (14). First, a BLAST database and its index were created using the FASTA files for each
of the samples using the makeblastdb and makembindex BLAST+ routines. Second, for each
sample, standalone blastn queries were performed using the nucleotide sequences for the
P. stewartii DC283 protein coding genes against the BLAST databases for each sample. In
blastn a wordsize of 16 and a maximum e-value of 1.e-10 were chosen for alignment. The table
format output (-outfmt 6) of each blastn query was subsequently processed using an awk-based
shell script to count and list the total number of blastn hits for each of the protein-coding genes in
the P. stewartii subspecies stewartii data set. Subsequent data processing was done using
Microsoft Excel and Lasergene (DNASTAR Inc., Madison, WI). Analysis of +1 transcription
start sites was performed by viewing the alignment on reads for presence of a sharp cliff of at
least 10 reads, when view in the Megalign (Lasergene) browser. The analysis described above
was repeated for the updated genome version v8 made available on the ASAP website. The data
for both analyses, using versions of the genome v5b and v8, have been deposited in the NCBI

sequence read archive (SRA database) (BioProject identification [ID] PRINA236462).

EMSA analysis. 6-carboxyfluorescein (FAM)-labeled forward and unlabeled reverse primers
(IDT-DNA Inc., Coralville, TA) (Table B.1) were used to generate FAM-labeled DNA
fragments. A His-Maltose Binding Protein-Glycine linker tagged EsaR protein (HMGE) was
purified as previously described (15) with the following modifications. To ensure only DNA-
binding competent protein was used in the EMSA assays, the purified HMGE was passed

through a HiTrap Heparin HP Column (GE Healthcare Life Sciences, Piscataway, NJ) and eluted
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using 10mM NaH,PO, buffer with a gradient of 0 to 800 mM NaCl. HMGE was then transferred
into the EMSA binding buffer (20 mM Hepes, | mM EDTA, 30 mM KCl and 10% glycerol, pH
7.4) using a 5 ml desalting column (GE Healthcare Life Sciences). HMGE (0-100 nM) was
incubated with 5 nM of FAM-labeled DNA for 30 minutes in EMSA reaction buffer (20 mM
Hepes, 1 mM EDTA, 30 mM KCI, 0.2% Tween 20, 10 mM (NH4),SOy4, 50 ng/ul Poly d(I-C),
150 pg/ml acetylated BSA, 10% glycerol, pH 7.4) in a total reaction volume of 20 pl. The post-
incubation reactions were separated on pre-chilled 4.5% Tris-Glycine-EDTA native PAGE mini-
gels (Bio-Rad, Hercules, CA) at 80V for 2 hrs. Visualization was achieved through a

TYPHOON Trio Variable Mode Imager (GE Healthcare, Life Sciences) using the blue laser.

Quantitative Real-Time PCR (qRT-PCR). P. stewartii DC283 ESAIR (pBBR1MCS-3) and
DC283 ESAIR (pSVB60) cells were grown, treated with RNA protect (Qiagen) and harvested as
described above for RNA-Seq. RNA was quantified using a NanoPhotometer (Implen, Westlake
Village, CA) and checked for quality using an Agilent Bioanalyzer 2100 (VBI). All RNA
integrity number (RIN) values were 10.0. The extracted RNA was converted to cDNA using the
High Capacity cDNA Reverse Transcription Kit (Life Technologies, Grand Island, NY) per the
manufacturer’s instruction. The cDNA was quantified using a NanoPhotometer (Implen) and
checked for purity by measuring absorbance ratios at 260/280 nm and 260/230 nm. The cDNA
samples were used as templates in a 7300 Real-Time PCR system (Applied Biosystems, now
Life Technologies). The primer pairs (Table B.1) for qRT-PCR analysis were designed using
Primer Express 3.0 (Life Technologies) and optimized to 100 + 10% efficiency using cloned
coding regions of each gene as template. Primers used for cloning template regions are listed in

Table B.1. Parameters for gqRT-PCR primer design were set as: 18-24 bp in length, Ty, of 64°C



and amplicon length of 80-120 bp. Template DNA (either plasmid or cDNA) was used at
concentrations ranging from 80 ng to 0.001 ng per 25 ul reaction containing 300 nM each of the
specific forward and reverse primer pair and 2x SYBR green PCR master mix (Life
Technologies) diluted to a 1x concentration with dH,O. Reactions were carried out in triplicate
in a MicroAmp Optical 96-well Reaction Plate (Life Technologies) on samples from two
separate experiments. The thermal cycler settings were programmed for 95°C for 10 min, 45
cycles of 95°C for 15 sec and either 60°C, 62°C or 64°C for 1 min depending on the primer pair
(Table B.1), which was also set as the data collection point. A dissociation stage was added at the
end of the PCR run to confirm specific product amplification. The data obtained was analyzed
through 7300 system SDS RQ software v1.4 (Life Technologies) using an automated cycle-

threshold and the relative expression calculated using the PFAFFL method (16).

RESULTS:

RNA-Seq analysis of the QS regulon in P. stewartii. A RNA-Seq analysis was performed as a
screen to identify genes in the EsaR regulon using ribosomal-RNA depleted RNA from the QS
proficient esaR "/ esal strain DC283 ESAIR (pSVB60) and the QS deficient esaR/esal strain
DC283 ESAIR (pBBR1IMCS-3) described previously (10). Thirty million reads of 75-bp length
were obtained for each sample that aligned with nearly 100 x coverage for most genes, when
aligned to the v5b P. stewartii DC283 genes available at the ASAP database. The genome of P.
stewartii contains 30 identical transposases, which were excluded from the analysis during
normalization of reads. Insertion sequence IS66 Orf2, genes coding for hypothetical proteins and

putative protein products were also excluded. From the refined dataset of 3125 genes, roughly
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200 genes were observed to be differentially regulated two-fold or higher in the two strains
(Table B.2). Approximately 150 genes were seen to be repressed and around 60 genes were
activated (Table B.2, Figure 4.1). The mRNA transcripts for the EsaR-repressed rcs4 gene were
five-fold higher in DC283 ESAIR (pBBR1MCS-3) (the esaR, esal deletion strain) whereas the
esaR gene was 3.6-fold higher in DC283 ESAIR (pSVB60) (the esaR/esal deletion strain with
esaR complemented in multicopy). Two previously identified EsaR direct targets, dkg4 and lrhA
were seen to be repressed seven-fold and activated three-fold, respectively, consistent with
published results (10). However, no change in expression was observed in the expression of the
glpFKX operon, another directly activated target of EsaR (Table B.2). Some mRNA reads were
seen to align to non-coding regions of the genome, indicating the presence of possible non-
coding sSRNAs and additional regulatory systems. EsaS, the SRNA activated by EsaR (15) was
found to be activated nearly ten-fold in DC283 ESAIR (pSVB60). The mapped transcriptome
also allows for visualization of 5’ untranslated regions, aiding in prediction of transcriptional

start sites, upstream regulatory elements and genome assembly.

Bioinformatic approach to identify direct targets of EsaR. To identify genes that are directly
regulated by the master QS regulator EsaR, a bioinformatics approach was first attempted. Such
an approach was attractive, as it helps in reducing the number of possible targets in the large
amounts of data available from high-throughput analyses like RNA-Seq. A position specific
weight matrix (PSWM) was constructed using the alignment of eight published 20-bp EsaR
binding sites (esa boxes) (10). Using the PATSER program (17) the entire P. stewartii database
was scanned to identify promoters that possess an esa box with similarity to the PSWM. This list

was next cross-referenced with the list of differentially expressed mRNAs determined through



RNA-Seq to identify genes that were regulated at least two-fold. Ten genes were identified
including three previously known genes, esaR, dkgA and IrhA, which possessed high-scoring esa
boxes in the PATSER program (Table 4.1). EMSA analysis was carried out on the promoters of
the seven remaining genes. Two promoters, Pcxs 5453 and Pexs.gs7s were shown to be bound by
the His-MBP-Glycine linker-EsaR fusion protein (HMGE) (15) and the shift was successfully
competed by the specific competitor, the 28-bp PesaR28 DNA fragment (8) (Figure 4.2). As
positive and negative controls, the 181-bp Pyg4 promoter probe (10) and a 32-bp MCS from
pUCI18 generated by annealing complementary primers were used, respectively (Figure 4.2). The
remaining four promoters were found to be not bound by EsaR, despite possessing very high-
scoring predicted esa boxes. Additionally, one promoter, P,y showed very weak binding by
EsaR. Analysis of the region upstream revealed a divergently transcribed gene uspA, repressed
2.3 times by EsaR in the RNA-Seq data and possessing a lower-scoring esa box in its promoter,
possibly shared with uspB. EMSA analysis revealed that this promoter, P4, is strongly bound
by EsaR, possibly regulating both usp4 and uspB (Figure 4.2). Taken together, these findings
suggest that the scoring and sorting of potential targets based on a predicted PSWM scores was
not highly effective, possibly due to the limitations of the bioinformatics tools applied or the

consensus sequence utilized.

Validating transcriptional control and identifying putative direct targets. A second set of
criteria was established to broaden the potential list of predicted direct targets of EsaR from
among the differentially expressed genes seen in the RNA-Seq analysis. Promoters of the most
differentially regulated genes that possessed a clear transcriptional start site (+1) and a possible

EsaR binding site in or around the +1 were analyzed. This approach placed less emphasis on the
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scoring of the possible esa boxes. Twenty-six genes that were differentially expressed four-fold
or higher in the presence of EsaR were studied for predicted +1 sites. A potential +1 was
characterized by a sharp rise in the number of aligned reads at a particular nucleotide residue
upstream of the ATG start codon. The +1 of previously known direct targets of EsaR showed
similar sharp rises. The putative EsaR binding sites were identified by using the PATSER
program as described above (18). Of the 26 genes regulated four-fold or higher, eight genes did
not possess a clear +1 and were not analyzed further. Four other genes were targets seen
previously, esal, esaR, rcsA, and dkgA. The remaining 14 genes, putatively controlled by 12
promoters, were analyzed further (Table 4.2). Quantitative RT-PCR was performed to validate
the changes in gene expression observed in the Illumina sequencing. Two separate RNA samples
extracted independently of the sample generated for RNA-Seq analysis were used. The
16S rRNA coding region was used as reference to normalize expression of other genes. All genes
showed fairly similar levels of regulation as seen in RNA-Seq analysis, except CKS-3373 and
elaB which appears to be minimally regulated and wceG2, which was down regulated 14-fold in
the presence of EsaR in the qRT-PCR assays, but only four-fold in RNA-Seq. Although the
ratios of change in expression obtained via RNA-Seq and qRT-PCR differed slightly, all genes

displayed similar trends in regulation (activation vs. repression) (Figure 4.3).

EMSA analysis on putative targets: The 12 putative EsaR-controlled promoters (Table 4.2)
were subsequently analyzed for direct binding using EMSA analysis with the same positive and
negative controls described above. Eight promoters were shown to bind the His-MBP-Glycine
linker-EsaR fusion protein (HMGE) (15) and the shift was successfully outcompeted in the

presence of a specific competitor, the 28-bp PesaR28 DNA fragment (8) (Figure 4.4). Three



promoters did not successfully bind HMGE. However a fourth promoter, Pz, did exhibit weak
binding at the highest concentration of HMGE used. The promoter of CKS-3373 which failed to
show any regulation in the qRT-PCR assays also did not seem to be bound by EsaR. However,
the promoter of elaB showed strong binding to the EsaR fusion protein, despite the lack of
transcriptional regulation seen in qRT-PCR assays. This difference in assay output between

EMSA and qRT-PCR has been observed previously for g/ipF (10).

DISCUSSION:

RNA-Seq analysis was performed on strains of P. stewartii proficient and deficient in QS to
broaden the defined EsaR regulon. Transcriptome data consisting of 30 million reads from a
single RNA-Seq experiment was generated and aligned to 66 contigs and for nearly 3000 gene,
allowing the visualization of the alignment of overlapping reads for each mRNA fragment. The
alignment of reads to the genome allowed for estimation of putative +1 transcriptional start sites,
a read pile-up profile of the mRNA and the presence of any 3’ or 5’ untranslated sequence.
Subsequent validation and confirmation of genes directly regulated by EsaR, the master QS
regulator in P. stewartii, was performed using qRT-PCR and EMSA assays respectively. In total,
11 promoters were newly identified as direct targets of EsaR. All of the promoters are repressed
by EsaR, which could be the result of a bias during the selection process for putative targets. The
genes putatively controlled by these promoters can be broadly classified into the functional
categories of cell wall and capsule biosynthesis (WceG2, WceL, YjbE, CKS-5453), surface
motility & adhesion (CKS-0458, CKS-0459, CKS-0461) and stress response (YciF, ElaB, CKS-

1103, OsmY, CKS-088, UspA, UspB) (Figure 4.5). With the addition of UspA as a directly
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regulated target, EsaR controls three regulators RcsA, LrhA and UspA for each of the 3 broad

functional classifications under which the directly regulated genes lie.

EsaR indirectly represses the expression of stewartan via the RcsA-dependent pathway (19).
Here it is shown that EsaR directly regulates four additional genes involved in synthesis of
capsule, weceG2, wcel, yjbE and CKS-5453. Wcel, a UDP-glucose-4-epimerase and WceG2,
undecaprenyl-phosphate UDP-galactose phosphotransferase, are two proteins expressed by genes
in the stewartan I cluster (20) by promoters independent of the RcsA-controlled promoter.
Interestingly, wceG2 possesses a nearly 100-bp untranslated region in the RNA-Seq read
alignment with considerably higher expression than the coding region, suggesting the presence
of a small regulatory RNA that would add to the complexity of regulation by EsaR. Regulation
of capsule production in P. stewartii appears to be an example of a coherent feedforward loop, in
which a master transcription factor EsaR regulates a downstream regulator RcsA and genes at the
end of the cascade concurrently (21). Such kinetics is critical for filtering out noisy inputs in an
environment, while yet achieving rapid response. In P. stewartii, this multi-layered control could
help in varying the amounts of capsule produced by fine tuning the expression of each target

when appropriate environmental cues are received.

P. stewartii mutants of wceL are deficient in EPS and proficient in adhesion (22). Synthesis of
stewartan begins with WceG2, which has redundant function with WeceG1 (23). Another EsaR
target, CKS-5453 codes for N-acetylmuramyl-L-alanine amidase, and is homologous to ampD
from E. coli. The role of CKS 5453 in capsule biosynthesis is less clear, but it is involved in cell

wall degradation that could release by-products utilizable in stewartan synthesis (24). P,



although only weakly bound by EsaR, is still interesting to study. YjbE is a predicted protein
thought to play a role in exopolysaccharide production and overexpression of the yjbEFGH
operon. These genes influence colony morphology and production of a non-colanic acid
polysaccharide (25). P. stewartii possesses an intact yjbEFGH operon which is seen to be
repressed by EsaR in our RNA-Seq experiments. Coincidentally, in E. coli, the heterodimer
RcsAB also binds to and activates the expression from Py, giving further evidence to a possible

coherent feed forward regulatory mechanism adopted by EsaR (25).

Three of the most highly regulated genes seen in the RNA-Seq data belong to a sigma-fimbriae
operon, whose expression is repressed in the presence of EsaR (Figure 4.5). It is interesting to
note that EsaR activates /rhA, a predicted repressor of chemotaxis, motility and fimbriae
expression (10). The timed expression of fimbriae may be critical to biofilm formation or
adhesion in the xylem since both LrhA and EsaR seem to work together to ensure repression at
low cell density. P. stewartii utilizes surface motility at high cell densities to form a biofilm and
spread systematically in the xylem. Its motility is dependent on expression of flagella and
stewartan (26). Perhaps the expression of the sigma-fimbriae operon at high cell-density within
the xylem aids in adhesion of the biofilm to the lumen. Of the many flagella-associated proteins
that P. stewartii possesses, levels of fliC (flagellin subunit), fliD (flagellar hook-associated
protein) and fliR (flagellar biosynthesis protein) are repressed more than 2-fold at low cell-

densities in the presence of EsaR in the RNA-Seq data, further supporting this hypothesis.

The majority of the genes seen to be directly regulated by EsaR are involved in stress response.
UspA, the universal stress response regulator was repressed, along with five other proteins

involved in stress response of which yciF, elaB,CKS1103 and osmY are part of the alternative

97



sigma factor for stress, o°, regulon. How EsaR affects the expression of ¢° is not known.
However, rpoS, was seen to be nearly 2-fold repressed in the RNA-Seq dataset. It would be
interesting to further elucidate this mechanism and study the effect of deletion of uspA4 and rpoS
in P. stewartii pathogenesis. ElaB is an inner membrane protein associated with the ribosomes
whose function is unknown (27). Interestingly, elaB expression is under regulation by QS in
another plant-associated microbe. A moderate effect in expression of elaB in response to C8-
HSL induced QS regulation in Burkholderia ambifaria, a bacterium found normally in the pea
rhizosphere, has been observed (28). YciF is an uncharacterized protein belonging to the
DUF892 family that is putatively involved in stress response and part of the ¢° regulon (29).
Expression of yciF was repressed in a mutant of the master QS regulator MqgsR in E. coli,
although via an autoinducer 2 dependent pathway which P. stewartii is not known to possess
(30). OsmY was seen to be repressed by EsaR in previously carried out proteomic studies (10).
OsmY is a periplasmic protein that is induced under hyperosmotic stress and is under complex
regulation by many global regulators in E. coli (31). CKS-1103 is a 55 aa long peptide that is
induced in response to stress and shares 71% identity with YciG of E. coli. CKS-0881 is another
stress induced protein that shares 35% identity with YhcN, a hydrogen peroxide stress-induced
protein of E. coli. Independent of the RpoS regulon, uspA codes for the universal stress global
response regulator and is divergently transcribed from uspB, encoding the predicted universal
stress response protein B. Universal stress proteins (USPs) are overproduced in response to a
variety of stresses and afford the organism a mechanism to survive in unsuitable conditions,
though by unknown pathways (32). EsaR represses production of UspA and other genes at low
cell-density, tamping down the apparent stress response of P. stewartii when it’s present in the

leaf tissue during early stages of infection.



The studies described in this manuscript were performed on the then-available version 5b (v5b)
of the P. stewartii DC283 genome on the ASAP website (14). During the course of the analysis,
a newer, more complete version of the P. stewartii genome was released. Version 8 (v8) consists
of 4490 protein coding genes. Upon repeating the analysis with the newly available version v8 of
the genome additional putative direct targets have been identified that this study may have
missed. After aligning the Illumina sequencing reads to the v8 database, normalization was
performed and the transposases and IS66 Orf2 elements were excluded similar to analysis using
v5b. However, the hypothetical genes were included in the later analysis using v8 due to their
large numbers. The new alignment mapped to 4440 genes, and around 400 genes were seen to
differentially regulated two-fold or higher (BioProject ID PRINA236462). Most of these
regulated genes (around 200) are annotated to code for hypothetical proteins. Four newly
annotated genes seen to be regulated four-fold or higher were discovered, that were not analyzed
in this study and maybe of interest. CKS-4376 coding for a putative transcriptional regulator and
CKS-2108 coding for a putative type I secretion protein are repressed by EsaR and CKS-2806
coding for a putative formate dehydrogenase oxidoreductase protein and yebE coding for an

uncharacterized DUF533 family protein are activated by EsaR.

In summary, genes relevant to three physiologically responses, capsule & cell wall biosynthesis,
surface motility & adhesion and stress response were seen to be regulated by QS in P. stewartii.
Eleven promoters were identified to be direct targets of EsaR, considerably broadening the
defined QS regulon of P. stewartii. Three second-tier regulators may be involved in controlling
the three major physiological responses that are directly regulated by EsaR. Additionally, some

of the genes downstream of these regulators are also direct targets of EsaR suggesting a coherent
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feedforward mechanism of regulation control that may permit a fine-tuned response to different
environmental inputs. Further analysis into the function of each direct target will elucidate the
role, if any, in plant pathogenesis. Such information could be useful in the development of
disease prevention strategies in maize, and perhaps be adaptable to other important crops

affected by bacterial wilt diseases.
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Table 4.1: Genes in the RNA-Seq dataset that possess high-scoring predicted esa boxes in their
upstream promoter regions and are differentially expressed two-fold or higher.

Accession | Gene | Protein Product Fold Predicted esa | Promoter
no. name regulation® | EsaR binding | box bound by
sequence score | EsaR
CACY- Quorum-sensing GCCTGTAC
0290094 esaR transcriptional 5.39 (A) TATAGTGC | 14.87 | Yes (8)
activator EsaR AGGT
c . AGCTAGAC
ACV- | kga | B>-diketo-D- 6.73(R) | TTAAGCAC | 11.58 | Yes (10)
0290502 gluconate reductase A
AGCG
. ACCGGCAC
023%}1/1_ s | uspB Un“’r‘z)rtﬁlsg ©s8 239 (R) | CGCAGAAC | 10.58 |  Yes
p AGTG
N-acetylmuramoyl-L- ACAGGGAC
029773 . gf; alanine amidase 204(R) | GAAAATGC | 9.07 |  Yes
AmpD AGCT
CACV- LysR family AGAGCATC
0285805 IrhA transcriptional 3.15(A) TTTAGTAC | 8.89 | Yes(10)
regulator /rhA AGGT
Und 1-
ACV- weeG phos;h':f: Ig;larlelgc(:)tose- GGCTCAAC
329 (R) | ATCAGTAC | 8.84 No
0289544 1 phosphotransferase
. TGTT
/O-antigen transferase
Pyridoxal-5'- CCCTGCCC
0?9((:);/0 . gf%' phosphate-dependent | 2.59 (A) | GGCAATAC | 8.5 Yes
enzyme, -subunit TGGG
. ACCTATCC
ACV- CKS- | Endoribonuclease L-
2.15(A) GGTATTGC | 841 No
0291078 | 1289 PSP AGAT
ACV- Elicitor of the AGCGGCAC
0286411 hrpN hypersensitivity 2.15(A) TTAATAAA | 8.1 No
reaction HrpN AGCT
. GCATTGCC
ACV- uspA Universal stress global 23 (R) TGTATTGC | 736 Yes
0288415 response regulator AGGT

*(A) denotes fold activation, (R) denotes fold repression by EsaR as seen in the RNA-Seq data.
®Score generated using PATSER program (http://rsat.ulb.ac.be/rsat/patser_form.cgi) and

consensus published previously.
¢ Previously identified direct targets of EsaR, not analyzed by EMSA assays in this study.
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Table 4.2: Genes in the RNA-Seq dataset differentially expressed four-fold or higher that
possess a clear +1 and a possible esa box nearby.

A ion Fold Promoter

€Cess1o Gene name Protein Product o a | bound by

number regulation

EsaR?
ACV.- Sigma-fimbriae
CKS 0458 | uncharacterized paralogous 11.47 (R) Yes
0290526 .
subunit

ACV- spy Envelope stress induced

0289766 | [CKS 3373] | periplasmic protein 9.55(A) No
ACV- . .

0238878 VjbE Secreted protein 7.69 (R) Weakly
ACV- Conidiation-specific protein,

0287180 CKS_1103 stress-induced 6.68 (R) Yes
ACV- . Uncharacterized DUF892

0290380 YiF | fmily protein 376 (R) Yes
ACV- . . .

0288895 CKS 4689 | Conjugative transfer protein 5.75 (R) No
ACV- Uncharacterized DUF1471

0288505 | CKS0881 | & ity protein >-67(R) Yes
ACV- Exopolysaccharide

0289538 weel biosynthesis protein 4.67(R) Yes
ACV- . .

0289613 lysP Lysine-specific permease 4.36 (R) No
ACV- Osmotically inducible

0287610 osml | rotein 431 (R) Yes
ACV- Undecaprenyl-phosphate

0286879 weeG2 galactose phosphotransferase 419 (R) Yes
ACV- Protein of unknown function

0287347 ¢laB | puFsss 403 (R) Yes

*(A) denotes fold activation, (R) denotes fold repression seen in the RNA-Seq data.




100000

Expression in ESAIR p(SVB-60)

0.36 10 100 1000 10000 100000

0.1 - Expression in ESAIR (pBBR1MCS-3)

Figure 4.1: Comparison of mRNA expression. Whole transcriptome data of two P. stewartii
strains, DC283 ESAIR (pBBR1MCS-3) and DC283 ESAIR (pSVB60) was obtained from RNA-
sequencing. Each filled circle represents an mRNA. Change of expression of most genes fall
around a line of slope of 1 indicating that they are equally expressed in both strains. The
expression of gene transcripts that fall above the green threshold line is activated two-fold or
higher by EsaR. The expression of genes that fall below the red threshold line is repressed two-

fold or higher by EsaR in the RNA-Seq data.
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Figure 4.2: EMSA analysis to confirm direct binding by EsaR. Promoters of potential direct

targets of EsaR identified via a bioinformatic approach were analyzed for binding by the EsaR

fusion protein, HMGE. The promoter of dkgA4 (10) was used as positive control, and a 32-bp

pUC18 MCS DNA fragment used as negative control. The concentration of FAM-labeled DNA

probe in all lanes is 5 nM. The lanes within each panel consist of the following (left to right):

DNA probe, DNA probe with 100 nM HMGE, DNA probe with 200 nM HMGE, DNA probe

with 400 nM HMGE, DNA probe with 400 nM HMGE and 1 uM specific competitor PesaR28

DNA fragment, DNA probe with 400 nM HMGE and 1 puM non-specific pUC18 MCS DNA

fragment.
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Figure 4.3: Validating transcriptional control of putative EsaR direct targets. Comparison
of change in gene expression seen in RNA-Seq analysis (light grey) versus qRT-PCR assays
(dark grey) of the 12 potential targets of EsaR assayed for direct regulation. Y-axis represents the
fold repression (>1) or activation (<I) in the presence of EsaR. CKS-3373 is the only gene seen
to activated in the subset. Data represents two experimental samples analyzed in triplicate. Error

bars denote standard error.
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Figure 4.4: EMSA analysis to test direct binding of 12 promoters by EsaR. EMSA assays

were performed with EsaR fusion protein, HMGE, The promoter of dkg4 (10) was used as

positive control, and a 32-bp pUC18 MCS DNA fragment used as negative control. The

concentration of FAM-labeled DNA probe in all lanes is 5 nM. The lanes within each panel

consist of the following (L to R): DNA probe, DNA probe with 100 nM HMGE, DNA probe

with 200 nM HMGE, DNA probe with 400 nM HMGE, DNA probe with 400 nM HMGE and 1

uM specific competitor PesaR28 DNA fragment, DNA probe with 400 nM HMGE and 1 uM

non-specific pUC18 MCS DNA fragment.
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Figure 4.5: Genetic organization of the gene loci of P. stewartii directly regulated by EsaR.
Gene architectures near the 11 promoters assayed for direct binding by EsaR fusion protein in
this study and 2 promoters identified in previous studies (/rhA and rcs4). Two EsaR direct
targets with unknown physiological function, esaS encoding a small RNA and dkgA4 encoding a
2, 5-diketo gluconate reductase, are not included in the above diagram. Star denotes approximate
location of promoter probes upstream of genes analyzed for direct binding. Differentially
regulated genes from the RNA-Seq data are colored black, unregulated genes are colored in

white and genes for which no transcriptome data is available are outlined in grey.
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Chapter Five

Role of Two Quorum-Sensing Controlled Genes, dkgA and IrhA, in

the Virulence of the Phytopathogen Pantoea stewartii subsp. stewartii



ABSTRACT:

The proteobacterium Pantoea stewartii subsp. stewartii causes Stewart's wilt disease in corn.
P. stewartii is transmitted to plants during feeding by the corn flea beetle, Chaetocnema
pulicaria. Once within the plants, the bacteria migrate to the xylem and secrete large amounts of
stewartan, an exopolysaccharide, causing blockage of water transport and wilting of the plant.
Production of stewartan is under control of the quorum-sensing (QS) regulator EsaR, which
represses production of stewartan in the early stages of infection. At low cell-densities EsaR
represses or activates expression of its regulon. Derepression or deactivation occurs at high cell
densities when EsaR is bound by the acylated homoserine lactone (AHL) signal that is
synthesized constitutively during growth by the cognate AHL synthase, Esal. EsaR is known to
directly regulate expression from 17 promoters. Two such directly regulated genes, dkgA,
encoding 2, 5 diketo-D-gluconate reductase and /rhA4, encoding a repressor of chemotaxis,
motility & adhesion, were studied for their role in plant virulence. Phenotypically, the DC283
AlrhA strain has less capsule production and reduced motility in comparison to the wild type,
whereas the DC283 AdkgA strain showed no changes in mucoidy or motility. Deletion of dkgA
(DC283 AdkgA) resulted in a loss of virulence in in planta assays and was complemented by
expressing DkgA in trans. Similar plant virulence assay on DC283 AlrhA remain to be

performed. Thus, these two QS regulated proteins appear to play a role in plant pathogenesis.
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INTRODUCTION:

Stewart’s wilt of Zea mays is caused by a Pantoea stewartii subsp. stewartii infection. The
bacterium is transmitted to plants via the corn flea beetle, Chaetocnema pulicaria, within which
it overwinters (1). P. stewartii is an agriculturally relevant pathogen that caused severe
reductions in crop yields during the 1930s and still remains a concern for susceptible varieties of
sweet corn. Severity of Stewart’s wilt depends on the survival of the insect vector during winter
and is directly proportional to the severity of the winter (2). Other plant pathogenic Pantoea
species include P. ananatis, known to cause soft-rot in onions and a similarly related Tatumella
citrea (previously Pantoea citrea) that causes pink rot of Pineapples (3, 4). The Pantoea genus is
similar to the plant pathogenic Erwinia and Pectobacterium genera. Erwinia amylovora causes
fire blight in apples and pears and Pectobacterium carotovora causes bacterial soft rot in a wide

variety of plants (5, 6).

P. stewartii is carried in the mid-gut of the corn flea beetle and forms lifelong associations.
Springtime feeding by the beetles deposits the bacterium directly into wounds on leaf tissue (1).
Once within the plants, the bacteria expresses a Hrp-Hrcl (hypersensitive response and
pathogenicity-HR and conserved) Type 3 secretion system that secretes effector proteins and
causes tissue water-soaking (7). The bacteria then migrate to the xylem where they grow to high
cell densities and secrete an exopolysaccharide, stewartan, forming a biofilm (8). Mutants that do
not produce stewartan are avirulent, but interestingly, mutants that overproduce stewartan are
non-virulent in plant assays as well (9). Different proteins are required to successfully allow the

bacterium to survive in the mid-gut of the beetle, the leaf tissue and eventually in the xylem as a



biofilm. P. stewartii utilizes quorum sensing (QS) to temporally regulate the expression of

critical genes.

QS is a form of bacterial communication wherein the bacteria synchronize expression of certain
genes and their encoded proteins (10). Two important proteins are necessary for QS in P.
stewartii. EsaR, a transcriptional regulator, binds to certain promoters and alters gene expression
based on cell density. An acylated homoserine lactone (AHL) synthase, Esal, constitutively
produces a chemical signal, 3-ox0-C6-HSL, that is sensed by EsaR as an indicator of cell density
(11). At low cell-densities, dimeric EsaR binds to 20-bp palindromic sequences upstream of
promoter regions where it either represses or activates transcription of downstream genes. At
high cell-densities and correspondingly higher concentrations of AHL, EsaR is inactivated upon

ligand binding, leading to loss of DNA binding and hence derepression or deactivation (12).

While the identity of some of the genes regulated by EsaR is known, the function of their protein
products is less understood. Two genes, dkgA which codes for 2, 5-diketo-D-gluconate reductase,
and /rhA which encodes a repressor of chemotaxis, motility & adhesion, were studied for their
role in plant pathogenesis. Both genes are annotated in the genomes of Pantoea, Erwinia, Xylella
and Pectobacterium genera. Identification of their role in virulence and the mechanism of action
would aid in developing intervention strategies that could prevent the progression of disease in

these agriculturally relevant crop pathogens.
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MATERIALS AND METHODS:

Bacterial strains, plasmids and growth conditions. A list of bacterial strains and plasmids
utilized is provided in Table 5.1. Both P. stewartii and Escherichia coli strains were grown in
Luria-Bertani broth supplemented with antibiotics nalidixic acid (30 pg/ml), ampicillin
(100 pg/ml), kanamycin (50 pg/ml), tetracycline (10 pg/ml), chloramphenicol (20 pg/ml),
streptomycin (100 pg/ml) or gentamycin (20 pg/ml) as required. P. stewartii strains were grown
at 30°C and E. coli strains at 37°C, respectively. The specific growth media used for phenotypic

assays are described below.

Construction of unmarked DC283 AdkgA and DC283 AlrhA. The Gateway cloning kit (Life
Technologies, Gran Island, NY) (13) was used to generate unmarked deletions of dkgA or IrhA.
Primers were used to amplify 1000-bp DNA fragments flanking the coding sequences (Table
5.2). Overlapping complementary sequences in the primers were used to anneal the two 1 kb
sequences together, generating a 2 kb deletion fragment with flanking a#tB sites. The deletion
fragment was cloned into pGEM vector and verified by sequencing (Virginia Bioinformatics
Institute (VBI), Blacksburg, VA). A BP reaction was used to move the deletion fragment from
pGEM to pDONR201, followed by an LR reaction to insert the deletion fragment into
pKNG101::attR-ccdB-Cm® (pAUC40). pAUC40 is a suicide-vector in P. stewartii (14). The
resulting plasmid was transformed into competent E. coli S-17 A pir cells (15). Conjugation was
used to transfer this suicide vector into P. stewartii DC283 (16) using E. coli strain CC118Apir
carrying the conjugative helper plasmid pEVS104 to facilitate suicide vector transfer (9). Double
recombinants were selected using 5% sucrose, 0% salt LB plates as counter selection and

screened via colony PCR utilizing primers (Table 5.2) that amplify fragments spanning the



deleted region. The resulting PCR fragment spanning the deleted gene was sequenced at VBI

core laboratory (Blacksburg, VA) to verify accuracy.

Generation of complementation strains. The deletions of /rh4 or dkgA in P. stewartii were
complemented using the native gene promoters and coding sequences cloned into pPBBR1IMCS-3
and pBBRIMCS-5, respectively. Briefly, primers (Table 5.2) were used to amplify the required
region and ligated into pGEM-T vector (Promega, Madison, WI). Purified plasmid DNA
sequence was verified by sequencing (VBI). Plasmid was digested with restriction enzymes Spel
and Sacl generating the desired promoter and gene DNA fragment. The pPBBRIMCS vectors
were similarly digested and ligated with the appropriate DNA fragments. The resulting
recombinant vector was subsequently conjugated into P. stewartii DC283 AdkgA and DC283
AlrhA strains respectively. Screening of successful conjugants was performed by colony PCR
utilizing the same primer pairs that were used to amplify the required region described above

(Table 5.2).

Capsule production assays. Qualitative capsule production was examined on agar plates
consisting of 0.1% casamino acids, 1% peptone and 1% glucose (CPG) plates (17). Cells grown
to an optical density (OD) at 600 nm of 0.5 were used to streak plates using a sterile loop.
Capsule production was qualitatively assessed after incubation at 30°C for 48 hours by the

amount of mucoidy observed on the surface of the cross streaks.

Surface motility assays. Swarming motility assays were conducted as previously described (18).

Cells were grown to an OD at 600 nm of 0.5 and 1 ml of the culture was harvested and washed
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with 1x PBS buffer (phosphate buffered saline, 137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,
and 1.8 mM KH,PO,, pH 7.4). The cells were then resuspended in 1 ml of 1x PBS and 5 pl of
this was spotted on the center of a swarming agar plate (LB supplemented with 0.4% agar, 0.4%

glucose) and incubated at 30°C for 2 days prior to observation of growth patterns.

Plant infection assays. The procedure for studying virulence of P. stewartii strains in Zea mays
seedlings was adapted from published literature (19) with the following modifications. Sweet
corn seedlings (Zea mays cv. Jubilee, 2bseeds, Broomfield, CO) were grown in Sunshine mix
soil in an incubator at 28 °C, 80% relative humidity, 16 h light and 8 h dark cycle, 100 mE m-2
s-1 light intensity. Plants were inoculated 5 days after germination with 5 ul of bacterial
suspension in PBS containing roughly 107 cells. 1 cm long incisions approximately 1 mm deep
were made 1 cm above the soil line using a sterile needle, and the bacterial suspension was
inoculated into the wounds. 10 plants were inoculated for each strain tested. Symptom severity
was rated 10 days post inoculation on the following scale (17): 0 = no symptoms; 1 = few
scattered lesions; 2 = scattered water soaking symptoms; 3 = numerous lesions and slight

wilting; 4 = moderately severe wilt; 5 = death.



RESULTS

Phenotypic analysis of P. stewartii DC283 AdkgA and DC283 AlrhA. Unmarked single
deletions were successfully generated individually in dkg4 and lrhA in P. stewartii DC283
respectively (Figure 5.1). The plasmids pPBBR3-PdkgA+ and pBBRS5-PL+ expressing dkg4 and
IrhA from their native promoters were conjugated into DC283 Adkgd or DC283 AlrhA
respectively to generate the complementation strains. DC283 AdkgA was analyzed for
phenotypic changes as compared to wild-type DC283. No difference was seen in capsule
production between the wild-type and the mutant on plating on casamino-peptone-glucose (CPG)
plates and motility was not altered on 0.4% agar plates (Figure 5.2) (18). The DC283 AlrhA
strain qualitatively showed reduced capsule production when compared to wild type and was
deficient in motility as indicated by growth on 0.4% agar plates. Surface motility in P. stewartii
is dependent on the production of stewartan, so the lack of motility in DC283 Alrh4 may be due
to the absence of capsule, or it could be due to another unknown mechanism (9). The DC283
AlrhA (pBBRS-PL+) complementation strain showed excess mucoidy. However, DC283 AlrhA
(pBBR5-PL+) was unable to complement the motility defect. The presence of a lac promoter
upstream of the multiple cloning site in pPBBR1IMCS-5 could contribute to higher levels of

expression of [rhA on the multi-copy plasmid, resulting in an altered phenotype.

Role of dkgA in P. stewartii virulence. The severity of Stewart’s wilt in Zea mays caused by P.
stewartii strains DC283 (pBBRIMCS-3), DC283 AdkgA (pBBRIMCS-3) and DC283 AdkgA
(pBBR3-PdkgA+) was quantified by a plant infection assay. The empty vector pBBR1IMCS-3
was conjugated into DC283 and DC283 AdkgA as a control. Seedlings were manually inoculated

by mimicking insect scratches on the stalk and the virulence was blindly rated by two individuals
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independently, 10 days after inoculation. The wild-type strain was virulent with an average
severity of 2.8 under the conditions tested (Figure 5.3). The DC283 AdkgA mutant was reduced
in virulence and failed to cause wilt in the seedlings. The DC283 AdkgA (pBBR3-PdkgA+)
complementation strain was able to overcome the defect and successfully establish disease, with

an average severity rating of 2.8. Similar assays with DC283 AlrhA are planned.

DISCUSSION:

QS is a global regulatory system in P. stewartii that regulates production of genes dependent on
cell density, including genes that may play a role in plant virulence (20). In this study, the role of
two QS regulated genes, dkgA and IrhA, has been analyzed with regard to the establishment of a
successful infection in Zea mays. The results contribute to understanding how these genes affect

virulence and could also facilitate in developing strategies for preventing disease in plants.

DkgA is a 2, 5- diketo-D-gluconate reductase that belongs to the aldo-keto reductase (AKR)
family constituting NADPH-dependent oxidoreductases with broad substrates ranges. The
enzyme catalyzes the conversion of 2, 5 diketo-D-gluconate to 2 keto-L-gluconate in Erwinia
species (21). Interestingly in plant virulence assays, no DC283 AdkgA cells were recovered from
the xylem of infected seedlings 10 days after post-inoculation, whereas the wild type and the
complementation strains were isolated with ease (data not shown). It seems that the deletion of
dkgA causes a deficiency in the ability of P. stewartii to establish a viable infection in the xylem.
Since DkgA is a metabolic enzyme, perhaps it is required to assimilate nutrients from the
breakdown of the xylem during infection. Production of 2, 5-diketo-D-gluconate is directly
responsible for the intense coloration characteristic of pink disease of pineapple caused by

Tatumella citrea (22). 1t is not known whether 7. citrea possesses a dkgA-like gene or a similar



QS system, but it is interesting to speculate that DkgA or its products may play a similar role in

the xylem of Zea mays as in pink disease of pineapple (23).

LrhA is a LysR-type transcriptional repressor of chemotaxis, motility and adhesion seen in many
gamma-proteobacteria. In P. carotovora, a homologous protein HexA is responsible for
repressing motility and suppressing exoenzymes production (24). LrhA shares 69% amino acid
identity with HexA (23). Virulence in P. carotovora is dependent on cell-density as well, and it
is possible that HexA is under control of CarR, the homologous QS regulator (25). Similarly,
PecT, another LysR-type regulator in P. chrysanthemi regulates production of pectinase (26). In
E. coli, LrhA is the indirect repressor of chemotaxis, motility and the flagellar synthesis operon.
Expression of /rhA is indirectly repressed by the RcsCDB phosphorelay system and FtsK, the
DNA motor protein (27). It is possible that such regulation is seen in P. stewartii as well, along
with the added regulation by EsaR. P. stewartii possess flagellar genes and exhibits a stewartan-
dependent surface motility phenotype. Motility is not critical for the bacterium for movement
from the leaf to the xylem, since this occurs passively. However, surface motility is critical for
the establishment of a biofilm once in the xylem (18). It is possible that LrhA is activated at low
cell densities by QS to ensure that the bacterium moves passively to the xylem. Once in the
xylem, deactivation of LrhA could allow the bacterium to spread basipetally (against the flow of
water) and colonize the entire xylem. The QS control of motility seems to be multi-tiered in P.
stewartii. First, EsaR directly represses production of RcsA at low cell densities, blocking
production of capsule which is needed for surface motility (12). Second, EsaR directly activates
IrhA causing further repression of motility. Final, RcsA-B is known to repress expression of
fIhDC in E. coli, adding another level of possible indirect QS regulation in P. stewartii on

motility, since the RcsAB system is fairly similar between E. coli and P. stewartii (28, 29).
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Completion of plant virulence assays would determine the effect of /rh4 in the virulence of P.

stewartii.

A transposon-insertion in /rhA was previously generated by collaborator Susanne von Bodman
(unpublished data) and sheds some light on the possible function of /rhA4 in P. stewartii. Briefly,
the mutant was generated using transposon mutagenesis and insertion of a kanamycin resistance
cassette within the coding sequence of the lrhA4 gene. The AlrhA::Kn" strain showed similarly
abolished mucoidy when grown on CPG plates, consistent with the DC283 AlrhA phenotype
examined in this study. Capsule production was restored by expression of wceO, encoding a -
1,6-glucosyltransferase, in trans. LrhA was shown to directly bind and repress expression of
wceO, but not other genes in the capsule-producing loci in P. stewartii, wcel and wcell
(unpublished data, data not shown). Preliminary plant virulence assays of AlrhA::Kn" performed
at Virginia Tech suggest a decrease in virulence, however statistically significant replicates need

to be performed.

Cumulatively, this study examines the effect of deletion of two genes directly regulated by EsaR
on plant virulence. Given that these genes are fairly conserved in other plant pathogenic bacteria
known to possess QS regulatory systems, the results from this study may be translated to other

agriculturally-relevant plant diseases, especially bacterial wilt.
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Table 5.1: Strains and plasmids utilized in this study

Strains Genotype and notes” References
Pantoea stewartii strains
DC283 Wild-type strain; Nal" (16)
DC283 AdkeA Unmarked deletion of dkgA coding sequence; This study

Nal"
DC283 AlrhA Unmarked deletion of /rhA4 coding sequence; Nal" This study
DC283 DC283 transposon mutant with Kn' cassette SVB, Unpublished
AlrhA::Kn' inserted between coding region of IrhA; Nal', Kn' data
E. coli strains
CC118Apir A(ara-leu), araD, AlacX74, galE, galK, phoA20, (15)

thi-1, rpsE, rpoB, argE(Am), recAl, Apir
S17-1 Apir recA pro hsdR RP4-2-Tc::Mu-Km::Tn7 (30)
Top 10 F- merA A(mrr-hsdRMS-mcrBC) @ 80dlacZAM15

AlacXT74 deoR recAl araD139 A(ara-leu)7697 (31)
calU galK rpsL (Strr) endA 1 nupG

Plasmids
pGEM-T Cloning vector Promega
pDONR201 Entry vector in the Gateway system Life Technologies
pAUC40 pKNG101::attR-ccdB-Cm" ; Cm", St* (14)
pEVS104 Conjugative helper plasmid, #ra trb, Kn' (32)
pBBR1MCS-3 Broad host range vector; Tet" (33)
pBBRIMCS-3 Broad host range vector; Tet" (33)
pBBR3-PdkgA+ | pPBBRIMCS-3 with P4 and dkgA ligated into .

Sacl and Spel sites; Tet' This study
pBBRS5-PL+ pBBRI1MCS-5 with P4 and /rhA ligated into )

Sacl and Spel sites; Gm' This study

“ Ap", Ampicillin resistance; Nal", nalidixic acid resistance; Tet", tetracycline resistance; Kn',
kanamacyin resistance; Gm', gentamycin resistance; Cm', chloramphenicol; St', streptomycin
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Table 5.2: Primers utilized in this study

Primers Sequence (5’ to 3°) Used for
DUPF GTCGACACTTCCTCACCCGGC Amplify 1 kb
DUPR AGTGGAATATAGGCGGCCGCTTTTCAGGCT | upstream region of

GCCTG dkgA
DDNF gr}gGGCCGCCTATATTCCACTTACGGGCGCA Amplify 1 kb
downstream region
DDNR GGATCCCTGTGGGTATACGTGCGGGA of dkgA
DkgA-1kbUPF- | GGGACAAGTTTGTACAAAAAAGCAGGCTGT Amplify 2 kb
attB1: CGACGTCACGCCAAAGTAGCGCTTAAAC deletion fragment
DKGA- GGGGACCACTTTGTACAAGAAAGCTGGGTG of dkgA with
1kbDNR-attB2: | GATCCGGAAAGGCGTACATCCACA flanking attB sites
PdkgA-F GCTGACACAGTAAGTCGTGG .
Screen for potential
DkgA-Seq-R ATCTGCTGCCATGGAAGGT
DkgA-F-EcoR | GAATTCGATATGGCAGACCAACC Amplify coding
region of dkgA, and
DkgA-R-Sma | CCCGGGCTATTAGCCGTTAAACG sereening
conjugants
LrhA-UPF GTCGACATTGTCCAGTTTGCCGG Amplify 1 kb
LrhA-UPR AGTGGAATATAGGCGGCCGCCTTCACTTAT | upstream region of
A TAGAG IrhA
LrhA-DNF GCGGCCGCCTATATTCCACTATCCCGTCTTC Amplify 1 kb
LrhA-DNR GGATCCCCAATGCGCACCAG “pStrea?:hrjg“’n of
LrhA-1kbUPF- GGGGACAAGTTTGTACAAAAAAGCAGGCT Amplify 2 kb
attB1 GTCGACGTTTGCCGGATTTATCAATTTG deletion fragment
LrhA-1kbDNR- | GGGGACCACTTTGTACAAGAAAGCTGGGTG of IrhA with

attB2

GATCCGCGCACCAGATAAACCAGGC

flanking attB sites

UP-LrhA-SeqF

GTATGACAGACCCATTTACCCCG

IN-LrhA-SeqF

GCGATCCCTCTGGTATTGCTGG

DN-LrhA-SeqR

GCC CTG TTG GCC AGA GTA TG

Sequencing of
mutants for
deletion of /rhA

Spel-LrhA-F

ACTAGTCATAGCGTAAGTAGGGTGTGAC

Sacl-LrhA-R

GAGCTCCTATTACTCTTCATCGTCCAGCAG

Amplify promoter
and coding region
of IrhA, and for
screening
conjugants




SO0 OR0

DC283 DC283 DC283 DC283
DC2gs (PBBRIMCS-3)  (pBBRIMCS-5) DC2ss (PBBRIMCS-3)  (pBBRIMCS-5)
DC233 DC283
DC283 AdkgA DC283 Adkg4 DC283 AdkgA4 DC283 AdkgA
Adkgd & & Adkgd £ &

(PBBRIMCS-3)  (pBBR3-Pdkgd+) (PBBRIMCS-3)  (pBBR3-PdkgA+)

oje o

DC283 DC283 Alrh4 DC283 Alrh4 DC283 DC283 Alrh4 DC283 AlrhA
AlrhA (pPBBR5-PL+) (pBBRIMCS-5) Alrh4 (pPBBR5-PL+) (pBBRIMCS-5)
(A) Capsule production (CPG agar) (B) Motility (LB + 0.4 % agar)

Figure 5.1: Phenotypic characterization of DC283 AdkgA and DC283 AlrhA. (A) Capsule
production by growth on CPG agar (B) motility assay by growth on 0.4% agar for P. stewartii

strains indicated.
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Figure 5.2: Plant virulence assays in sweet corn seedlings. Symptoms were blindly rated 10
days after inoculation on the following scale: 0 = no symptoms; 1 = few scattered lesions; 2 =
scattered water soaking symptoms; 3 = numerous lesions and slight wilting; 4 = moderately
severe wilt; 5 = death. The data presented is the mean of 10 replications. Asterisks denote

statistically significant difference between DC283 and AdkgA (P-value <0.05).
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Quorum sensing (QS) is a global regulatory system that allows bacteria to sense their
surroundings and coordinate efforts across the population. Studies on QS aid in understanding
the complex regulation via which bacteria respond to the environment and survive in a niche (1).
Armed with this knowledge, strategies can be developed that interrupt or corrupt the bacterial
communication to society’s benefit. QS strategies can be utilized to prevent diseases, enhance
desirable symbioses or increase production of bacterial valuables, such as organic acids (2). In
order to implement these strategies, however, a complete understanding of how a bacterium

utilizes QS is necessary.

Pantoea stewartii subsp. stewartii is a plant pathogenic proteobacterium that causes Stewart’s
wilt disease in corn plants (3). It is a xylem-associated pathogen that colonizes vascular tissue
and causes blockage of water transport by producing a biofilm. It is transmitted to plants via an
insect vector, the corn flea beetle Chaetocnema pulicaria (4). P. stewartii utilizes QS to regulate
virulence by controlling the production of capsule, a key virulence factor (5). Two proteins form
the core of the QS regulatory system in P. stewartii; the enzyme Esal, which synthesizes the QS
signal, an acylated homoserine lactone (AHL), and the master QS regulator EsaR, which alters
gene expression depending on concentration of the AHL signal. EsaR is active at low cell
densities in the absence of the AHL signal and either activates or represses transcription from
select target promoters (6). This regulation is relieved at high cell densities upon binding of the
AHL ligand by EsaR. At the molecular level, understanding how EsaR responds to AHL will
help elucidate the mechanism of ligand interaction in the LuxR protein family, especially within
the EsaR subfamily. In a broader sense, recognizing what EsaR regulates in P. stewartii allows

for the identification of possible targets for disease intervention in plant pathogens with less



studied QS systems. Thus, P. stewartii is a model organism to study LuxR family

structure/function as well as QS based regulation of crucial genes and their role in pathogenicity.

The mechanism of AHL binding in LuxR homologues and the resultant conformational changes
it causes have been difficult to study due to the inability to purify ligand-free protein. Since EsaR
is active in the absence of its ligand, the responsiveness of EsaR to AHL binding was examined
using biochemical studies (7). A biologically active fusion protein of EsaR was purified and
analyzed in vitro for changes in proteolytic cleavage patterns and multimeric state.
Conformational changes occur upon AHL binding, but the oligomeric state of apo-EsaR and
bound-EsaR remains unchanged. This raises the challenging question of how ligand binding
causes drastic changes in activity, by modifying only the conformation of the dimeric EsaR
protein. High-level structural information such as X-ray crystallography or Forster resonance
energy transfer (FRET) based analysis of EsaR without and with AHL would aid in

understanding the AHL responsiveness of this model LuxR-subfamily protein.

Prior to this thesis project, EsaR was known to repress its own expression and the expression of
resA which encodes an activator of the capsular biosynthetic genes, and to activate the
expression of a small RNA, EsaS, at low cell densities (6). At high cell densities, derepression or
deactivation occurs allowing RcsA to activate expression of the capsule synthesis operon that
leads to production of the capsular polysaccharide, stewartan (8). It is known that the temporal

regulation of stewartan is crucial to the establishment of Stewart’s wilt.
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In order to identify additional genes temporally regulated by EsaR during QS, two approaches
were used. First, strains of P. stewartii proficient and deficient in QS were analyzed for their
proteomic profiles using two-dimensional SDS-PAGE gels (9). More than 30 proteins were
identified to be differentially regulated in the two strains. Three promoters controlling expression
of the respective genes were shown to be directly bound by EsaR and analyzed in-depth for their
20-bp EsaR binding sites. Next, a high-throughput whole transcriptome sequencing approach
was undertaken. This RNA-Seq method allowed for visualization of gene expression in strains of
P. stewartii proficient and deficient in QS. Eleven newly identified promoters were shown to be
directly regulated by EsaR. Future work to define the precise EsaR binding sites on the identified
promoters may lead to a more robust consensus sequence. The direct targets of EsaR can be
broadly classified under three physiological responses: capsule production, motility & adhesion

and stress response, that appear to be coordinately regulated.

These studies have added to the existing knowledge of the QS regulon in P. stewartii but have
also opened up many interesting questions. The most pressing question is the role of the EsaR
direct targets in plant pathogenesis and the mechanism by which these genes function. For two
genes directly controlled by EsaR, dkgA and IrhA, gene deletions were carried out, and the
mutant strains were analyzed phenotypically. The deletion of dkgA4, encoding 2, 5 diketo-D-
gluconate reductase, causes a loss of virulence in plant infection assays, possibly by affecting the
ability of the bacterium to colonize and/or persist in the xylem of corn plants. The deletion of
IrhA, encoding a repressor of chemotaxis, adhesion & motility, causes a loss of capsule
production and motility. Preliminary experiments suggest that this affects the virulence of P.

stewartii as well.



The set of genes known to be regulated by QS may be involved in plant pathogenesis and/or play
a role in insect-vector colonization. While it is currently beyond the scope of this research to test
the latter hypothesis, it is important to recognize the function of these genes in the natural
environment of the plant pathogen. At the molecular level, the hierarchy of regulation between
EsaR controlled genes, especially the regulatory proteins RcsA, LrhA and UspA, a stress
response regulator, will prove informative. A coherent feed-forward model has been proposed
for the regulation of these three proteins. Understanding the individual second-tier regulons
controlled by each regulatory protein downstream of EsaR will elucidate the cascade of gene
expression changes ensuing QS. It will be interesting to observe whether some QS regulated
genes respond to lower concentrations of AHL and whether others require a higher threshold
level of AHL. This would illuminate the temporal control of targets across the phases of growth.
Additional deletion analysis of directly regulated targets of EsaR would allow for a better
analysis of the pathogenesis process and proteins critical to virulence. Cumulatively, these
findings will aid in understanding QS in this plant pathogen, a model organism for wilt disease,

leading to the development of future plant disease intervention strategies.
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Table A.1: Primers utilized in this study

Primer Name Sequence (5’ to 3°)

Additional notes

Primers used to amplify promoters for EMSA assays

Used to amplify promoter of

p480-F CTGACACGCAGGCCGGGGCACC CKS-1750
p480-R CTGTGCCGGACATCCGGCTG

p711-F CGTATGACGGTGTTCTGTCTGG CKS-5296
p711-R GCGCTATCTGTTGATTCTTGG

PACCC-F GGTCGTTAATCGCATCCCTGTG accC
PACCC-R GGCTTTTAGTCGGCTTCATCG

PAHPF-F GCAAAATCTAATTTCCGCATCGC ahpF
PAHPF-F GGTATCAAGCATAGTGAGTTCC

PDEGP-F GGCGGTGGAATAACCCGAG degP
PDEGP-R CTAAGCGCCAGGGCGCTTAAC

PDKGA-F GCTGACACAGTAAGTCGTGG dkgA
PDKGA-R CGCTGTGCTTAAGTCTAGC

PESAR28F* TCTTGCCTGTACTATAGTGCAGGTTAAG esaR (as positive
PESAR28R" CTTAACCTGCACTATAGTACAGGCAAGA control)
PFABF-F GGAAGAAGTGACCAACTCTGC fabF
PFABF-R CGCTTAGACACGTTCGTC

PFABI-F GCGTGGCAACGCCAGCGTTG fabl
PFABI-R CCTTATGGTCATGGTAGTTGGC

PFKPA-F GTCAGCAGACCTCGGCAGAGC fkpA
PFKPA-R CGGACTGAGGGCCCACAC

FUSAF GGCCTGGAAGCTTTTGAGGTTGC SfusA
FUSAR GTA CGA GCCATTTTATTCCTCG

PGALF-F GAACCGTGGCTGTAAGTGTC galF, galE
PGALF-R GACATGCGTCAATTATGCCG

PGALU-CDN CTTACCCGCAAGACAGTGCCAGAAGTTAGC galU, CKS 2738
PGALU-F CGTCTGAGCAATAAACACCG

PGLM-F CGTTCTGGCCGATACCGCTATTCG glmU

PGLM-R

CTGAGGAACGTTAAACGATTTAGC




PGLPF-F
PGLPF-R

PHTPG-F
PHTPG-R

PLRHA-F
PLRHA-R

PMGLB-F
PMGLB-R

PNEMR-F
PNEMR-R

PNHAR-F
PNHAR-R

POMPF-F
POMPF-R

POSMY-F
POSMY-R

PPGM-F
PPGM-R

PPHES-F
PPHES-R

PRPSB-F
PRPSB-R

CCTGCAAGGCGTTGATGATGC
GTTGTTCCTGAAGCGAGG

TGACATCAGCAAAGCCGATCG
CTGCACGTAGAGTTTCAGACC

CAGAGAGCATCTTTAGTACAGG
GCGGGAAGCTGTGTAGTTGTC

GCGATTCCGCGATGTAACCG
GCTGCGTCAAGCCGCGGAAG

CTGTCGCTGTATTGCAGCC
CATCCTGGTAGACCAATCG

CCGTCCATTGCGCACCACTG

GACATGCGTCAATTATGCCGGATG

CGCCTATGTCACAGGCGTAC
CCAGAATGTTGCGCTTCATC

CGCGTTTTCAGGGCCATTCTC
CAACGCTACTGCGGCACAGG

CGTCTGGATACGGCCGCGTTTGC
GGCCATTGGCGCTTCTCC

CATACTTTACGGGCAGGCATAGC

GTTCTGCTAGTTGGGACATG

GAGATTGCCATTAAATTATTCCGC

GTATCCCATACAACCGACCTC

Primers for amplifying coding regions for qRT-PCR

DKGA-CDNF
DKGA-CDNR

FABF-CDNF
FABF-CDNR

RPSB-CDNF
RPSB-CDNR

GGCAGCCTGAAAATTGTTAGC

CGTATTAGCCGATAAACGTATCCG

GGAGGACGAACGTGTCTAAGC
CGCCAGGTTTAGATTTTACGG

GAGGTCGGTTGTATGGGATAC
CAGAGCAAACCTTAATTAAGC

glpF, glpK

hipG

IrhA4

mglB

nemR

nhaR

ompA, down-stream

of ompF

osmY

pgm
pheT, downstream

of pheS

rpsB

Gene amplified
dkgA

fabF

rpsB
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LRHA-CDNF
LRHA-CDNR

GLPF-CDNF
GLPF-CDNR

MGLB-CDNF
MGLB-CDNR

27F
1429RLONG

CTTGTAATAACACCAGGATAGTAG
GAAGACGGGATTTACTCTTCATCG

CAACTATCATGAGTCAGACTACAACC
GAACTTACGCTTTACGTTCATGC

CTTACCCGATGTTCTTCCGC
CTGAGACAGGTTTTCCTGATC

AGAGTTTGATCATGGCTCAG
ACCTTGTTACGACTTCACC

qRT-PCR Primers

DKGA-RTF
DKGA-RTR

FABF-RTF
FABF-RTR

RPSB-RTF
RPSB-RTR

LRHA-RTF
LRHA-RTR

GLPF-RTF
GLPF-RTR

MGLB-RTF
MGLB-RTR

16S-RTF
16S-RTR

GCCCGGAGAAAGATCAGTACGTTG
GCTTTTGACCAGGCCTTGTTGC

CGTCAATATGGTGGCGGGACATC
AGGCGGTCGCAATGGAAATGC

GCTCAAGGCTGGTGTTCACTTCG
ACGCGCACCGAAAATGAATGG

CGTCCGGTGGAGATGATGA
ATCCTTCTGCTGCACCCATT

TCTGGCCGGCATTTTCTC
CCTGGCCCACGGAAATC

GATACGGCGATGTGGGATACCG
GCGTTAGGGCCTGACAGC

GCCAGCAGCCGCGGTAAT
CGCTTTACGCCCAGTAATTCC

DNase I footprinting assays
FAM-PDKGA-R2 /6-FAM/-TTGGTCTGCCATATCCTGC

PDKGAF

FAM-PLRHA-R2

PLRHA-F2

PGLPF-FAMF
PGLPF-R

GCTGACACAGTAAGTCGTGG

/6-FAM/-TCTGTCATACACACACGCTG
GCCGTGCATTAATCGTTAATACGG

/6-FAM/-CCTGCAAGGCGTTGATGATGC
GTTGTTCCTGAAGCGAGG

IrhA

glpF

mglB

16S rRNA

Target gene
dkgA

fabF

rpsB

IrhA4

glpF

mglB

16S rRNA

Promoter amplified

Pikgu

PlrhA

PglpF

? Primer pair annealed to form EsaR binding site in Pz
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Figure A.1: Two-dimensional SDS PAGE experiments of P. stewartii DC283 strains. Panel

A (1) ESN51 and (ii) ESN51 supplemented with 10 uM AHL; panels B and C (i) ESAIR
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pBBRIMCS-3 (esaR-/esal-) and (ii) ESAIR pSVB60 (esaR complemented) depicting the three
trials identifying differentially expressed protein spots. Locations of protein spots of DkgA, GlpF
and LrhA are marked as examples in panel A, B and C, respectively. The positions of molecular
weight standards are indicated on the left (in kDa) and the isoelectric pH (pl) gradient is

indicated at the top from left to right.
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Figure A.2: Electrophoretic mobility shift assays on the promoters of genes in the QS
regulon. Concentration of DNA probe in all lanes is 1 nM. Lanes within each panel labeled with
gene promoters consist of (left to right): DNA probe, DNA probe with 50 nM HMGE, DNA
probe with 100 nM HMGE, and DNA probe with 100 nM HMGE plus 100 nM unlabeled DNA
probe. The identity of the second band produced during PCR amplification of the gene promoters

Pogms Paegps Poners Pcks-1750, Paipa, and Po,py is not known.
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Figure A.3: Relative positions of esa box on the promoters of the direct targets of EsaR.
Numbers above or below the esa boxes denote base pairs from translational (ATG) start sites of
the downstream open reading frames. The ‘x’ in front of the directional arrows indicates

repression; absence of ‘x’ indicates activation. Model not drawn to scale.
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Table B.1: Primers utilized for amplifying EMSA probes and for qRT-PCR.

Promoter Size of
Primer name Sequence (5’ to 3°) . product
amplified
(bp)

Primers used for amplification of DNA probes for EMSA
PDKGA-F GCTGACACAGTAAGTCGTGG P (l) 181
PDKGA-R CGCTGTGCTTAAGTCTAGC dkgA

/56-FAM/TACGGACGTCCAGCTGAG
PUC-TMP-E-FAM |\ retecTAGGGGCC

TACGGACGTCCAGCTGAGATCTCCTAGG | pUCI18-
PUC-TMP-F GGeC MCS 32
PUC-CDN.R gg%gCCTAGGAGATCTCAGCTGGACGTC
PESAR2SF TCTTGCCTGTACTATAGTGCAGGTTAAG PesaR28 58
PESAR28R CTTAACCTGCACTATAGTACAGGCAAGA )
P9766-F-FAM /56-FAM/AGGCGTTACCTCTCTGAACG p 318
P9766-R AGTTTACGCATAACAGTGTCC Py
P0526-F-FAM /56-FAM/ACAGACAGGCAAAACAGTTCTG | Pcxs.osss 313
P0526-R GCTTGAATTTCATAACCATTCC 04590461
YJBE-F GGTATTTTGTTGCCCTATACTGG . 176
YJBE-R-FAM FAM-AAGAGACGGCGACGAGTAAT WhE
P8505-F-FAM /56-FAM/AGACCGTAACTGGCAAATTTC P 173
P8505-R CCTTCATTTGTCTACCCTCATTC CKS-0881
CONI-F-FAM /56-FAM/AATATCCCGCTCCGCTTGCSS. P 554
CONI-R TTTGAAATTACCGCCGCCGC CKS-1103
P8895-F-FAM /56-FAM/TGGACGGTAACCAGACATAAC P ",
P8895-R GCAGGGAAAACCAGAACGGAA CKS-4659
YCIF-F-FAM /56-FAM/AGGTGAGGCGGAGCATTTA b 519
YCIF-R TTGACAGTCATAAAAGAGCCTC yelt
PWCEL-F-FAM /56-FAM/ACGAAAAGCTAAGCGCTAAG p 268
PWCEL-R ATGGAGCCATGGTGTGATTC weel
PLYSP-F-FAM /56-FAM/CACGCTTTATCGCATCC P 300
PLYSP-R CGCAGGTTGTTGTGTTG st
POSMY-F CGCGTTTTCAGGGCCATTCTC P 197
POSMY-R-FAM | /56-FAM/CAACGCTACTGCGGCACAGG osm
PWCEG2-F-FAM | /56-FAM/CGTAAGCCCGGAGGATTAC P 396
PWCEG2-R GTACTTGCCATAAAACCTGCTCTC weeG2
ELAB-F-FAM /56-FAM/TCAGGTGAAACAGCTGGTAAT P 306
ELAB-R GACTTCACCCCATTGTTGC elaB
PUSPB-TMP-F- /56-FAM/TTCTGCACTGTTCTGCGGTGCC
FAM GGTAAGGAG Pups 134
PUSPBR GAACCACCAGCAGCGCACGCAACG
PUSPA-F GCAGAATTTGCCAACAACC P 368
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PUSPA-R-FAM GTGGAAGGAGTTATATCATGGC
/56-
NAM-F-FAM FAM/ATGCTCAGTTAATCCGTGCATTC Pxs.siss 163
NAM-R GTGACTGACTCCATCCACCT
PWCE-F-FAM /56-FAM/TCAGAAACGCTTCAGGCTCAA P 108
PWCE-R ATGCGCGATAACCATTTTACGT weeGl
/56-FAM/AAAATGCCCAGTATTGCC
PYR-TMP-F-FAM | £ 56cAGGGCGCCAT P xs.onrs 176
PPYRR-R GGAGGCTGCCATACCGTCAGGATC
ENDO-FAM-R /56-FAM/TAACTCCGGTATAACAGACAA p 191
ENDO-F ATTCGTGAGCCATACGTTAATG CKS-1289
PHRPN-F-FAM /56-FAM/ATTTCAGACAGGAACCAGCACC P 139
PHRPN-R CCAGCGGACTCGTATTCATACTC hrpN
Primers utilized for template cloning and qRT-PCR
Primer name Sequence (5’ to 3°) Used for

9766CLONINGF CAAGTAAAAAAGGACACTGTTATGCG | Cloning spy coding
9766CLONINGR CCGCTTTGTCATGCATCG region

9766RTF2 ATTATCGCCTCTGACAGCTTCGA qRT-PCR, annealing at
9766RTR2 GGCGTTGGCGGTCATTTT 62 °C
0526CLONINGF TTTAATGTTATTTTTTCGAGGTTTTTGC | Cloning CKS-0458
0526CLONINGR AAACAGGTGACCGTCTTAC coding region
0526RTFWD3 CGGCACCAATTACGCGATCTAT qRT-PCR, annealing at
0526RTREV3 GCCGGGATCACCGGATT 62 °C
YJBECLONING F ggAATGTAGGTGTTGTTATGAAAAAA Cloning yjbE coding
YJBECLONINGR | GTTGTGGTCGTGGTAGTTG resion

YJBERTF GCATTACTCGTCGCCGTCTCT qRT-PCR, annealing at
YJBERTR TGCTGCGGCACCAGCTT 60 °C
8505CLONINGF GAATGAGGGTAGACAAATGAAGG Cloning CKS-
8505CLONINGR AGGATGTGATCAGAGGTGAG 0881coding region
8505RTF2 GTGCAGAAGATGAATCTGACCAAAA | qRT-PCR, annealing at
8505RTR2 CATCCATTGGCGAAGTGGTTT 60 °C
CONIFWDCLONING | GAGCATCGTGGTGATTCAGGTAAT Cloning CKS-1103
CONIREVCLONING | GCTGCTCTTTCCGCCTTTTTT coding region
CONIRTFWD GCAGAGCATCGTGGTGATTCAG qRT-PCR, annealing at
CONIRTREV2 TGCTCTTTCCGCCTTTTTTACC 60 °C

8895 CLONING F CAAATGGCAAAATTAACCGTCCC Cloning CKS-4689
8895 CLONING R TCAGAAGTTAAATCCGAGTTGC coding region
8895RTF2 CCCGGCGTTAATGACCAAA qRT-PCR, annealing at
8895RTR2 CGCACTGGGAAAAATGATGCT 64 °C
FWDYCIFCLONING | ATGAGGCTCTTTTATGACTGTC Cloning yciF coding
REVYCIFCLONING | TCATTTCGCAACTCCTTCAG region




YCIFRTFWD CCCTGGAAGGCCTGGTAGAA qRT-PCR, annealing at
YCIFRTREV GCGTACTTCACCCTTTTCAACAGA 60 °C
WCELCLONINGF GGAATCACACCATGGCTCC Cloning wceL coding
WCELCLONINGR CAACCAAAACTCCTGCGC region

WCELRTF GGGTCGCTGGGTGAAAGG qRT-PCR, annealing at
WCELRTR CTGCCATCCATTGCGTAGGA 62 °C
LYSPCLONINGF TCGCGCCTTATTTTTACCCAG Cloning /ysP coding
LYSPCLONINGR GCAGGCCAATATAGGTCGC region

LYSPRTF GCCGTTTGCCGGAGGTT qRT-PCR, annealing at
LYSPRTR CCTGGAAAGAAAAGCCGACAA 64 °C
OSMYCLONINGF GATGATATCGATGCACACAACTAAGC | Cloning osmY coding
OSMYCLONINGR TTTAACACTTTTTACGCCTTCGATAGC | region

OSMYRTFWD CGAAAATCGACAGCTCAATGAAGA qRT-PCR, annealing at
OSMYRTREV CCACCAGCGCCGCTTT 60 °C
WCEG2CLONINGF | CATTAAAGAGAGCAGGTTTTATGGC Cloning wceG?2 coding
WCEG2CLONINGR | GGCAATATCCGTCCACAGC region

WCEG2RTF GCGCGTCGCGAATGG qRT-PCR, annealing at
WCEG2RTR CCCCCGATGCGGGTAAT 60 °C
ELABCLONINGF ATGTCAGGAAAAATTGAAGATGCCG | Cloning elaB coding
ELABCLONINGR TTACTTACGACCGAGCAGGAAG region

ELABRTF CCCGCCGCTACACCAATC qRT-PCR, annealing at
ELABRTR CAAACGGGTTAGACTGCATCTGAT 62

USPA-CDNF-ECOR

GAATTCACCGCTGCCATTCTG

USPA-CDNR-SMA

CCCGGGCTATTATTCGTCATCCT

Cloning uspA coding
region

USPA-RTF AACCCATCTGGCGCTGAAAA qRT-PCR, annealing at
USPA-RTR CGTCAATCAGGCCGGTGTA 60 °C

27F AGAGTTTGATCATGGCTCAG Cloning 76S rRNA
1429RLONG ACCTTGTTACGACTTCACC coding region
16S-RTF GCCAGCAGCCGCGGTAAT qRT-PCR’ annealing at
16S-RTR CGCTTTACGCCCAGTAATTCC 60 °C
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Table B.2: List of genes differentially expressed 2-fold or higher in the RNA-Seq data.

P. stewartii

vSb accession Locus Gene Protein product FOld. a
number Tag name regulation

Sigma-fimbriae uncharacterized

ACV-0290526 | CKS0458 paralogous subunit 11.5 (R)

ACV-0288878 | CKS4672 | yjbE | Yjbe secreted protein 7.7 (R)
Methylglyoxal reductase, acetol
producing / 2,5-diketo-D-gluconate

ACV-0290502 | CKS0482 | dkgd | reductase A 6.8 (R)

ACV-0287180 | CKS1103 Conidiation-specific protein 10 6.7 (R)

ACV-0290434 | CKS0551 Carbonic anhydrase 6.4 (R)

ACV-0290065 | CKS3595 L-sorbosone dehydrogenase 6.2 (R)
Colanic acid capsular biosynthesis

ACV-0285957 | CKS2570 | rcsA activation accesory protein rcsa 5.8 (R)

ACV-0290380 | CKS0606 | yciF Protein ycif 5.8 (R)

ACV-0288895 | CKS4689 Conjugative transfer protein 5.8 (R)

ACV-0288505 | CKS0881 Protein of unknown function DUF1471 5.7 (R)

ACV-0290433 | CKS0552 Sulfate permease 5.6 (R)

ACV-0290433 | CKS3219 Cellulose synthase (UDP-forming) 5.3 (R)

ACV-0290523 | CKS0461 Sigma-fimbriae usher protein 5.1 (R)

ACV-0289538 | CKS2247 Exopolysaccharide biosynthesis protein 4.7 (R)
Sigma-fimbriae uncharacterized

ACV-0290525 | CKS0459 paralogous subunit 4.4 (R)

ACV-0289613 | CKS2172 | lysP Lysine-specific permease 4.4 (R)

ACV-0287610 | CKS5070 | osmY | Osmotically inducible protein osmy 4.3 (R)
Undecaprenyl-phosphate galactose

ACV-0286879 | CKS2708 phosphotransferase 4.2 (R)

ACV-0291148 | CKS1361 | IysA Diaminopimelate decarboxylase 4.2 (R)
Permease of the drug/metabolite

ACV-0287973 | CKS1762 transporter (DMT) superfamily 4.1 (R)

ACV-0287347 | CKS2413 | elaB | Protein of unknown function DUF883 4.0 (R)

ACV-0289537 | CKS2248 Glycosyl transferase, family 2 3.9 (R)

ACV-0287576 | CKS5036 Inositol-1-monophosphatase 3.9 (R)

ACV-0288877 | CKS4671 Predicted outer membrane lipoprotein 3.8 (R)
Membrane-bound lytic murein

ACV-0291056 | CKS1267 | mitB transglycosylase B precursor 3.6 (R)

ACV-0290321 | CKS0665 | ygjD Uncharacterized membrane protein yqjd 3.6 (R)

ACV-0285999 | CKS2612 Phage holin 3.6 (R)
Secretion system regulator of

ACV-0286176 | CKS4567 degu/uvry/bvga type 3.5(R)




Sensory box histidine kinase/response

ACV-0286473 | CKS3213 regulator 3.5(R)
Low molecular weight protein-tyrosine-
ACV-0289540 | CKS2245 | etp phosphatase Wzb 34 (R)
PTS system, cellobiose-specific IIB
ACV-0290611 | CKS0373 component 3.4 (R)
ACV-0286146 | CKS4537 Pathogenicity 1 island effector protein 34 (R)
ACV-0290322 | CKS0664 | ygjC | Periplasmic protein yqjc 3.4 (R)
Undecaprenol-phosphate
galactosephosphotransferase/O-antigen
ACV-0289544 | CKS2241 transferase 3.4 (R)
Diaminobutyrate-pyruvate transaminase
ACV-0290342 | CKS0644 & L-2,4-diaminobutyrate decarboxylase 3.3 (R)
Ribose ABC transport system, high
ACV-0287057 | CKS1226 | rbsD | affinity permease rbsd 3.3(R)
ACV-0285656 | CKS1834 Glycerol dehydrogenase 3.3(R)
ACV-0289276 | CKS3527 Conidiation-specific protein 10 3.3 (R)
ACV-0286016 | CKS2629 Phage tail sheath protein FI 3.2(R)
Haemolysin expression modulating
ACV-0286242 | CKS4633 protein 3.2(R)
ACV-0286848 | CKS2740 | hns DNA-binding protein H-NS 3.2 (R)
ACV-0288977 | CKS4771 Acyltransferase 3 3.1 (R)
ACV-0289287 | CKS3516 Oligogalacturonide transporter 3.1 (R)
ACV-0286703 | CKS2983 Phytochelatin synthase, bacterial type 3.1 (R)
Sugar (Glycoside-Pentoside-
ACV-0289663 | CKS2121 Hexuronide) transporter 3.1 (R)
ACV-0288875 | CKS4669 | yjbH | Yjbh outer membrane lipoprotein 3.1 (R)
ACV-0286463 | CKS3223 Response regulator 3.1 (R)
ACV-0290379 | CKS0607 | yciE Protein ycie 3.0 (R)
ACV-0288793 | CKS1592 Bacterioferritin-associated ferredoxin 3.0(R)
Glycoprotein-polysaccharide
ACV-0290781 | CKS0202 | ybaY | metabolism 2.9 (R)
ACV-0289712 | CKS3319 | ychH | Probable membrane protein YPO2012 2.9 (R)
Transcriptional activator of maltose
ACV-0287846 | CKS2944 | malT | regulon 29 (R)
ACV-0287445 | CKS3703 L-fucose operon activator 2.9 (R)
ACV-0289531 | CKS2254 | wzxC | Lipopolysaccharide biosynthesis protein 2.9 (R)
ACV-0289985 | CKS0827 DNA topoisomerase 111 2.8 (R)
ACV-0286735 | CKS5564 Cro repressor 2.8 (R)
ACV-0289539 | CKS2246 Tyrosine-protein kinase Wzc 2.8 (R)
ACV-0289331 | CKS3472 | katE Catalase 2.8 (R)
ACV-0286491 | CKS3195 | fliD Flagellar hook-associated protein 2.8 (R)
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ACV-0289060 | CKS4855 | blc Outer membrane lipoprotein Blc 2.8 (R)
ACV-0288017 | CKS1718 ABC transporter, permease protein 2.8 (R)
ACV-0285912 | CKS2092 | elaB Elab protein 2.8 (R)
ACV-0287316 | CKS2444 Bicupin, oxalate decarboxylase family 2.7 (R)
ACV-0288949 | CKS4743 Ferrous iron transport protein A 2.7 (R)
ACV-0287980 | CKS1755 ISEhe3 ORFB family protein 2.6 (R)
ACV-0286081 | CKS5373 Mobilization protein 2.6 (R)
ACV-0290522 | CKS0462 Sigma-fimbriae usher protein 2.6 (R)
ACV-0286178 | CKS4569 Secreted effector protein 2.6 (R)
ACV-0285958 | CKS2571 | fliR Flagellar biosynthesis protein flir 2.6 (R)
ACV-0290524 | CKS0460 Sigma-fimbriae chaperone protein 2.6 (R)
ACV-0287392 | CKS2368 Protein gp55 precursor 2.5 (R)
ACV-0288299 | CKS4132 Phage-related protein 2.5 (R)
ACV-0290571 | CKS0413 Protein gp47 2.5 (R)
Putative protein secretion efflux system
(hemolysin-type secretion
ACV-0285931 | CKS2111 transmembrane protein) 2.5(R)
ACV-0291295 | CKS3815 Probable secreted protein 2.5 (R)
ACV-0287381 | CKS2379 NUDIX hydrolase 2.5 (R)
ACV-0288416 | CKS0970 | uspB | Universal stress protein B 2.5 (R)
ACV-0286147 | CKS4538 Type Il secretion apparatus 2.4 (R)
ACV-0285724 | CKS1903 Gifsy-1 prophage ci 2.4 (R)
DEAD/DEAH box helicase domain
ACV-0289580 | CKS2205 protein 2.4 (R)
ACV-0286474 | CKS3212 Beta-galactosidase/beta-glucuronidase 2.4 (R)
ACV-0287848 | CKS2942 GCN5-related N-acetyltransferase 2.4 (R)
ACV-0288740 | CKS1539 Extracellular metalloprotease 2.4 (R)
ACV-0285615 | CKS1793 | mdtJ Spermidine export protein mdtj 2.4 (R)
ACV-0290819 | CKS0164 Major tail tube protein 2.4 (R)
ACV-0285925 | CKS2105 Large repetitive protein 2.4 (R)
ACV-0289726 | CKS3333 | chaB | Cation transport regulator chab 2.4 (R)
ACV-0291048 | CKS1259 Carbon storage regulator 2.4 (R)
ACV-0286541 | CKS3145 Na+/solute symporter 2.4 (R)
ACV-0290836 | CKS0147 Phage major capsid protein #Fam0066 2.4 (R)
ACV-0290231 | CKS2766 | ompW | Outer membrane protein W precursor 2.3 (R)
ACV-0288415 | CKS0971 | uspA Universal stress protein A 2.3 (R)
ACV-0289541 | CKS2244 Polysaccharide export protein 2.3 (R)
ACV-0286159 | CKS4550 | fliC Flagellar biosynthesis protein flic 2.3 (R)
Hypothetical transporter yido, benzoate
ACV-0290049 | CKS3579 like (bene), MFS superfamily 2.3 (R)




ACV-0285616 | CKS1794 | mdtl Spermidine export protein mdti 2.3 (R)
ACV-0288310 | CKS4143 | cycA D-serine/D-alanine/glycine transporter 2.3 (R)
ACV-0288792 | CKS1591 Bacterioferritin 23 (R)
Methyl-accepting chemotaxis protein iii
ACV-0285956 | CKS2569 | trg (ribose and galactose chemoreceptor) 2.3 (R)
ACV-0288137 | CKS3968 | cspD | Cold shock protein cspd 2.3 (R)
ACV-0289123 | CKS4920 | yhbO | Thij/pfpi family protein 2.3 (R)
Type III secretion chaperone protein for
ACV-0286131 | CKS4522 | yopD | yopd (sycd) 2.2 (R)
1-deoxy-d-xylulose 5-phosphate
ACV-0287802 | CKS5262 reductoisomerase 2.2 (R)
ACV-0286754 | CKS5584 Membrane glycoprotein 2.2 (R)
ACV-0287487 | CKS3898 Resolvase 2.2 (R)
ACV-0287296 | CKS2464 Formate dehydrogenase related protein 2.2 (R)
Type III secretion inner membrane
ACV-0286133 | CKS4524 protein 2.2 (R)
Filamentous haemagglutinin family
ACV-0290639 | CKS0345 outer membrane protein 2.2 (R)
ACV-0290490 | CKS0494 Probable PTS system regulatory protein 2.2 (R)
ACV-0289733 | CKS3340 | impM | Protein phosphatase impm 2.2 (R)
Large-conductance mechanosensitive
ACV-0288759 | CKS1558 | mscL | channel 2.1 (R)
ACV-0286947 | CKS4182 | msyB | Acidic protein 2.1 (R)
ACV-0290319 | CKS0667 | ygjK Inner membrane protein 2.1 (R)
ACV-0289713 | CKS3320 GGDEF domain protein 2.1 (R)
ACV-0288317 | CKS4150 | uvrY | Bara-associated response regulator uvry 2.1 (R)
Filamentous haemagglutinin family
ACV-0290634 | CKS0350 outer membrane protein 2.1 (R)
ACV-0287438 | CKS3710 Citrate carrier protein 2.1 (R)
ACV-0289200 | CKS5001 Fimbrial protein precursor 2.1 (R)
ACV-0287318 | CKS2442 | aldB Aldehyde dehydrogenase 2.1 (R)
ACV-0289333 | CKS3470 Malto-oligosyltrehalose synthase 2.1 (R)
ACV-0290092 | CKS2905 Predicted sugar transporter 2.1 (R)
ACV-0289765 | CKS3372 | astE Succinylglutamate desuccinylase 2.1 (R)
ACV-0290158 | CKS2839 | ydbJ | Probable lipoprotein YPO2331 2.1 (R)
ACV-0290320 | CKS0666 | yg/E Inner membrane protein yqje 2.1 (R)
Type III secretion system apparatus
ACV-0286141 | CKS4532 protein 2.1 (R)
Cyclopropane-fatty-acyl-phospholipid
ACV-0289817 | CKS3427 synthase 2.1 (R)
Alkylphosphonate utilization operon
ACV-0291055 | CKS1266 | phnA | protein phna 2.1 (R)
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ACV-0289262 | CKS3541 Oxidoreductase domain protein 2.1 (R)
Nucleoprotein/polynucleotide-
ACV-0289305 | CKS3498 | yailL associated enzyme 2.1
ACV-0288910 | CKS4704 Glutathione S-transferase 2.1 (R)
ACV-0286079 | CKS5371 DNA topoisomerase 111 2.0 (R)
ACV-0289533 | CKS2252 | wcaK | Colanic acid biosysnthesis protein wcak 2.0 (R)
ACV-0287480 | CKS3905 IS911 orfa 2.0 (R)
Glycerol metabolism operon regulatory
ACV-0290648 | CKS0336 protein 2.0 (R)
ACV-0286153 | CKS4544 Lytic transglycosylase, catalytic 2.0 (R)
ACV-0286540 | CKS3146 Dihydrodipicolinate synthase 2.0 (R)
Undecaprenyl-phosphate N-
acetylglucosaminyl 1-phosphate
ACV-0289525 | CKS2260 transferase 2.0 (R)
ACV-0286180 | CKS4571 Virulence protein 2.0 (R)
Predicted P-loop atpase fused to an
ACV-0288001 | CKS1734 acetyltransferase COG1444 2.0 (R)
ACV-0287490 | CKS3895 Insertion element iso-IS1n protein insb 2.0 (R)
N-acetylmuramoyl-L-alanine amidase
ACV-0287730 | CKS5190 | ampD | ampd 2.0 (R)
ACV-0290480 | CKS0504 Modulator of drug activity B 2.0 (R)
4-hydroxybenzoyl-coa thioesterase
ACV-0291279 | CKS3797 | ybgC | family active site 2.0 (A)
ACV-0291071 | CKS1282 | cysN | Sulfate adenylyltransferase subunit 1 2.0 (A)
ACV-0286673 | CKS3013 L-2,4-diaminobutyrate decarboxylase 2.0 (A)
2-ketogluconate utilization repressor
ACV-0286288 | CKS4321 ptxs 2.0 (A)
ACV-0288879 | CKS4673 | pgi Glucose-6-phosphate isomerase 2.0 (A)
Homoserine/homoserine lactone efflux
ACV-0286633 | CKS3053 protein 2.0 (A)
ACV-0286664 | CKS3022 Anion transporter 2.0 (A)
Diaminobutyrate--2-oxoglutarate
ACV-0286674 | CKS3012 aminotransferase 2.0 (A)
PTS system, fructose-specific I[IA
ACV-0290487 | CKS0497 component 2.0 (A)
IMP cyclohydrolase /
Phosphoribosylaminoimidazolecarboxa
ACV-0290953 | CKS0001 | purH | mide formyltransferase 2.0 (A)
ACV-0289042 | CKS4836 Aldo-keto reductase 2.0 (A)
ACV-0286416 | CKS3270 | hrpF | Hrpf protein (hrp cluster) 2.0 (A)
ACV-0285631 | CKS1809 Protease 11 2.0 (A)
ACV-0290302 | CKS0684 | diad Phosphoheptose isomerase 2.0 (A)
ACV-0290872 | CKS0110 SOS-response repressor and protease 2.1 (A)




lexa

Cell division protein ftsi [Peptidoglycan

ACV-0289133 | CKS4930 synthetase] 2.1 (A)
Extracellular solute-binding protein,
ACV-0289168 | CKS4965 family 5 2.1 (A)
ACV-0287497 | CKS3888 Ardr protein 2.1 (A)
Copper-sensing two-component system
ACV-0287177 | CKS1106 | cpxR | response regulator cpxr 2.1 (A)
ACV-0287013 | CKS4248 | ndh Nadh dehydrogenase 2.1 (A)
ACV-0288326 | CKS1771 Formate efflux transporter 2.1 (A)
Elicitor of the hypersensitivity reaction
ACV-0286411 | CKS3275 hrpn (hrp cluster) 2.1 (A)
ACV-0291078 | CKS1289 Endoribonuclease L-PSP 2.2 (A)
ACV-0287426 | CKS3722 | tatE Twin-arginine translocation protein tate 2.2 (A)
ACV-0289322 | CKS3481 | tppB Di/tripeptide permease dtpa 2.2 (A)
ACV-0287320 | CKS2440 Glutamine amidotransferase 2.2 (A)
D-amino acid dehydrogenase small
ACV-0286882 | CKS2705 subunit 2.2 (A)
ACV-0286239 | CKS4630 Cellulase 2.2 (A)
ACV-0286270 | CKS4303 D-tyrosyl-trna(tyr) deacylase 2.2 (A)
ACV-0285737 | CKS1916 Endodeoxyribonuclease rusa 2.2 (A)
Tol biopolymer transport system, tolr
ACV-0291281 | CKS3799 | tolR protein 2.2 (A)
Hypothetical transmembrane protein
coupled to NADH-ubiquinone
ACV-0286568 | CKS3118 oxidoreductase chain 5 homolog 2.3(A)
Fructose-specific phosphocarrier protein
hpr/PTS system, fructose-specific IIA
ACV-0289622 | CKS2163 | fruB component 2.3(A)
Methionine synthase, vitamin-B12
ACV-0287580 | CKS5040 independent 2.3(A)
ACV-0286034 | CKS2647 Ospg 23 (A)
Mota/tolg/exbb proton channel family
ACV-0291280 | CKS3798 | tlQ protein 23 (A)
ACV-0289470 | CKS2315 | dacD | D-alanyl-D-alanine carboxypeptidase 2.3(A)
Igaa: a membrane protein that prevents
overactivation of the Rcs regulatory
ACV-0288517 | CKS0869 | yrfF system 2.4 (A)
Membrane-bound lysozyme inhibitor of
ACV-0289327 | CKS3476 c-type lysozyme 2.4 (A)
ACV-0288393 | CKS0993 Inositol-1-monophosphatase 24 (A)
ACV-0288957 | CKS4751 Endo-1,4-beta-xylanase 2.5(A)
ACV-0288510 | CKS0876 | ompR | Two-component system response 2.5(A)
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regulator ompr

Possible ABC transporter, periplasmic

ACV-0288385 | CKS1001 substrate X binding protein precursor 2.5(A)

ACV-0289585 | CKS2200 | ahpF | Alkyl hydroperoxide reductase protein F 2.6 (A)
Cytochrome d ubiquinol oxidase subunit

ACV-0291275 | CKS3793 I 2.6 (A)
Pyridoxal-5'-phosphate-dependent

ACV-0290308 | CKS0678 enzyme, beta subunit 2.6 (A)
Conserved hypothetical protein from

ACV-0287924 | CKS3653 phage origin 2.6 (A)

ACV-0291072 | CKS1283 | cysD | Sulfate adenylyltransferase subunit 2 2.6 (A)

ACV-0287591 | CKS5051 | yaiE Cytoplasmic protein yaie 2.7 (A)

ACV-0286569 | CKS3117 NADH dehydrogenase, subunit 5 2.7 (A)
Periplasmic binding protein/laci

ACV-0286289 | CKS4322 transcriptional regulator 2.7 (A)

ACV-0287790 | CKS5250 | degP | Htra protease/chaperone protein 2.8 (A)

ACV-0286426 | CKS3260 Nitrate/nitrite sensor protein 2.9 (A)

ACV-0288744 | CKS1543 Lipase 2.9 (A)
COGO0803: ABC-type metal ion
transport system, periplasmic

ACV-0290791 | CKS0192 component/surface adhesin 3.0 (A)

ACV-0287183 | CKS1100 | sbp Sulfate-binding protein sbp 3.0 (A)
Lysr family transcriptional regulator

ACV-0285895 | CKS2075 | IrhA | Irha 3.2 (A)

ACV-0287319 | CKS2441 Methyltransferase 3.2(A)
Sulfur acceptor protein sufe for iron-

ACV-0289810 | CKS3417 | sufE sulfur cluster assembly 3.2 (A)

ACV-0289269 | CKS3534 Membrane-fusion protein 3.3(A)

ACV-0285804 | CKS1984 Phage-related protein 3.5(A)
Atpase involved in chromosome

ACV-0289993 | CKS0835 partitioning 4.7 (A)
Quorum-sensing transcriptional

ACV-0290094 | CKS2903 | esaR activator esar 54 (A)
N-3-oxooctanoyl-L-homoserine lactone

ACV-0290093 | CKS2904 | esal synthase 7.3 (A)
Methyl-accepting chemotaxis sensory

ACV-0290388 | CKS0598 transducer 7.5 (A)
Periplasmic protein related to

ACV-0289766 | CKS3373 | spy spheroblast formation 9.5(A)

*(A) denotes fold activation, (R) denotes fold repression by EsaR as seen in the RNA-Seq data.
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Appendix C

Analysis of EsaR Binding Sites Within the Promoter of uspA Using

DNase I Footprinting Assays



Analysis of EsaR binding sites within the promoter of uspA using DNase I footprinting
assays. The promoter of uspA is directly regulated by EsaR, the master quorum-sensing regulator
EsaR in P. stewartii (Chapter Four). P, was analyzed for the presence of EsaR binding sites
using DNase I footprinting assays that were carried out as discussed in Chapter Three, using
FAM-labeled primer PuspA-R-FAM (/SFAM/CCATGATATAACTCCTTCCAC) and non-

labeled primer PuspA-F (GCAGAATTTGCCAACAACC).

>uspA + 400-bp upstream

GRARCAGTGCAGRACGCGCACCGTGCTGRACAGTCCCTGCAGAATTTGCCAACAACCCCGTTARGCGATTTGTAGT

TTTATTTTTGAATCATCAGRAARAGTRAACAGCCATGTGATCAAGGCTGCTTTTTTTAGT TTAGGAGAARTGTTCAATTTTTT
ACCAGCGAGGATTTTCGTTTTATACGAGTARAAATCGTTCATCATTGATCTTATTCACAAGCCAGACGGCTTCAGARGCAT

TTGTTRACACACAGGGCTATACTTTCAGGTATARCRRRR TACCCATTTTG

GTGGCGCTCATCGCCCGTTCGCGCARATGGATTTCGCAGCTGTGACGCGTCTGGRARACCGCTGCCATTCTERATCTCGT GG

AAGGAGTTATATCATGGCTTATARACATATCCTGAT TGCAGTCGATCTTTCECCAGRRAGT CAGTTATTAGTGGAT

LRARGCTGTCTCGCT
>UspAl: ABAGBGCTATACTETEAGET 8/20
>EsaR: GCCTETACTATAGTIGCAGGT
>UspA2: GCATTGCCTGTATTGCAGGT 14/20

Figure C.1: The promoter region of uspA. Sequence of a portion of the usp4 gene (red letters)
and 400-bp upstream region showing the location of three primer sequences (underlined) and the
two predicted EsaR binding sites, UspAl (in green letters) and UspA2 (in yellow letters).
Alignment of each predicted EsaR binding site in comparison to the 20-bp esa box (EsaR) shows

that UspA1 and UspA2 are conserved in 8 and 14 of the 20 bases, respectively.
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Figure C.2: DNase I footprinting assay of EsaR binding sites in the non-coding strand of
P.p4. Capillary electrophoresis of 6-FAM-labeled DNA fragments of Py, from DNase I
protection assays in the presence (black) and absence (grey) of HMGE, the EsaR fusion protein
demonstrates that HMGE binds to specific sequences in the promoter region of P, and protects
against DNase I digestion. The rounded rectangle highlights the binding region. The protected
sequences are shown at the bottom of the rounded rectangles and those bases believed to be the
20-bp EsaR binding site determined through similarity to the esa box are indicated by
underlining. The red line indicates the size-calibration plot generated by the size standards. The

x-axis denotes size in base pairs and the y-axis denotes relative fluorescence units.
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