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ABSTRACT OF THE DISSERTATION  

 
 

Global Regulation of Virulence Determinants During Plant Colonization in the Bacterial 

Phytopathogen,   

 Pantoea stewartii subsp. stewartii. 
 

 

by 
 

 

Lindsey Price Burbank 

 

Doctor of Philosophy, Graduate Program in Plant Pathology 

University of California, Riverside, March 2014 

Dr. M. Caroline Roper, Chairperson 

 

 

 

Pantoea stewartii subsp. stewartii, the etiological agent of Stewart’s wilt, is a 

bacterial pathogen of sweet corn which colonizes both the apoplast and xylem tissues. 

During the initial stages of the infection process, the pathogen forms water-soaked 

lesions through lysis of the plant cells, followed by colonization of the xylem tissue 

where it can grow to high cell densities and form biofilms. Biofilm formation within the 

xylem vessels can block water flow, causing the characteristic wilting symptoms of P. 

stewartii infection. Throughout the infection process, P. stewartii must contend with a 

variety of stresses inherent to its changing environment, such as production of reactive 

oxygen species (ROS) in the host, and nutrient limitation. Global regulatory mechanisms 

that control gene expression in response to environmental conditions therefore play a 

crucial role in success of the pathogen. We found that ROS exposure initiates an induced 

stress response through the OxyR and SoxR transcription factors which plays an 

important biological role in adaptation of the pathogen to different niches in the host 

during infection. OxyR is essential for the wilting symptoms characteristic of the later 
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stages of infection, likely due to its role in optimal exopolysaccharide (EPS) production. 

The initial stages of infection (water-soaked lesion formation) rely on SoxR-dependent 

gene expression in order to colonize to wild type levels. In addition to the oxidative stress 

response, we found that OxyR indirectly regulates iron transport through a siderophore-

dependent mechanism. We found that siderophore-mediated iron acquisition, in addition 

to its primary role of enhancing bacterial growth under iron-limiting conditions, regulates 

motility and bacterial movement in planta. As a result, siderophore production is required 

for full virulence of P. stewartii. In order to investigate a link between OxyR regulation 

and optimal EPS production, we characterized the Rcs phosphorelay signal transduction 

system, a known regulator of EPS and biofilm formation. Rcs regulation is crucial for 

virulence in P. stewartii due to its regulation of motility and EPS production. These 

studies unravel some of the complexities of global regulation required for P. stewartii 

and, likely, other bacterial pathogens to adapt to different and specific environments such 

as the xylem.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 

TABLE OF CONTENTS 

 

GENERAL INTRODUCTION ..................................................................................... 1 

Literature Cited ........................................................................................................... 13 

 

CHAPTER 1 

 OxyR and SoxR modulate the inducible oxidative stress response and are 

implicated during different stages of infection for the bacterial phytopathogen, 

Pantoea stewartii subsp. stewartii. ................................................................................ 21 

 

Abstract ........................................................................................................................ 21 

Introduction ................................................................................................................. 22 

Results .......................................................................................................................... 25 

Discussion ..................................................................................................................... 42 

Materials and Methods ................................................................................................ 48 

Literature Cited ........................................................................................................... 61 

 

CHAPTER 2 

Siderophore-mediated iron uptake is essential for full virulence in the bacterial 

phytopathogen, Pantoea stewartii subsp. stewartii.  .................................................... 68 

 

Abstract ........................................................................................................................ 68 

Introduction ................................................................................................................. 69 

Results .......................................................................................................................... 74 

Discussion ..................................................................................................................... 99 

Materials and Methods .............................................................................................. 103 

Literature Cited ......................................................................................................... 115 

 

 

 

 



ix 

 

CHAPTER 3 

 Characterization of the Rcs signal transduction system in Pantoea stewartii subsp. 

stewartii ...................................................................................................................... 121 

 

Abstract ...................................................................................................................... 121 

Introduction ............................................................................................................... 122 

Results ........................................................................................................................ 124 

Discussion ................................................................................................................... 135 

Materials and Methods .............................................................................................. 139 

Literature Cited ......................................................................................................... 149 

 

APPENDIX A 

Investigation of suppressor mutations that restore exopolysaccharide production in 

a P. stewartii ΔoxyR mutant. ...................................................................................... 152 
 

Introduction ............................................................................................................... 152 

Results and Discussion............................................................................................... 153 

Materials and Methods .............................................................................................. 159 

Literature Cited ......................................................................................................... 164 



x 

 

  

 

 

 

LIST OF FIGURES 

CHAPTER 1 

Figure 1.1 ..................................................................................................................... 27 

Figure 1.2 ..................................................................................................................... 32 

Figure 1.3 ..................................................................................................................... 33 

Figure 1.4 ..................................................................................................................... 34 

Figure 1.5 ..................................................................................................................... 37 

Figure 1.6 ..................................................................................................................... 38 

Figure 1.7 ..................................................................................................................... 40 

Figure 1.8 ..................................................................................................................... 41 

Figure S1.1 ................................................................................................................... 60 

 

 

CHAPTER 2 

Figure 2.1 ..................................................................................................................... 75 

Figure 2.2 ..................................................................................................................... 79 

Figure 2.3 ..................................................................................................................... 80 

Figure 2.4 ..................................................................................................................... 81 

Figure 2.5 ..................................................................................................................... 85 

Figure 2.6 ..................................................................................................................... 86 



xi 

Figure 2.7 ..................................................................................................................... 88 

Figure 2.8 ..................................................................................................................... 89 

Figure 2.9 ..................................................................................................................... 92 

Figure 2.10 ................................................................................................................... 93 

Figure 2.11 ................................................................................................................... 94 

Figure 2.12 ................................................................................................................... 95 

Figure 2.13 ................................................................................................................... 97 

Figure 2.14 ................................................................................................................... 98 

 

CHAPTER 3 

Figure 3.1 ................................................................................................................... 126 

Figure 3.2 ................................................................................................................... 129 

Figure 3.3 ................................................................................................................... 131 

Figure 3.4 ................................................................................................................... 132 

Figure 3.5 ................................................................................................................... 134 

 

APPENDIX A 

Figure 4.1 ................................................................................................................... 156 

Figure 4.2 ................................................................................................................... 158 

 

 

 

 



xii 

 

 

 

 

LIST OF TABLES 

CHAPTER 1 

Table 1.1 ....................................................................................................................... 58 

Table 1.2 ....................................................................................................................... 59 

 

CHAPTER 2 

Table 2.1 ..................................................................................................................... 112 

Table 1.2 ..................................................................................................................... 113 

Table 2.3 ..................................................................................................................... 114 

 

 

CHAPTER 3 

Table 3.1 ..................................................................................................................... 146 

Table 3.2 ..................................................................................................................... 147 

Table 3.3 ..................................................................................................................... 148 
 

 

APPENDIX A 

Table 4.1 ..................................................................................................................... 162 

Table 4.2 ..................................................................................................................... 163 

Table 4.3 ..................................................................................................................... 163



1 

 

GENERAL INTRODUCTION 

Background. Pantoea stewartii subsp. stewartii, a Gram-negative bacterium belonging 

to the Enterobacteriaceae family, is the causal agent of Stewart’s wilt disease of sweet 

corn and maize. The original report of this bacterium (formerly known as Erwinia 

stewartii) was in 1897, in New York (Stewart, 1897). Since then, P. stewartii has been 

isolated throughout the midwestern and eastern United States, mainly in areas with humid 

summers and mild winters (Claflin, 1999; Pataky, 2003a; Roper, 2011). There have also 

been reports of P. stewartii in Canada and a number of countries in South America, 

Europe, and Asia, although Stewart’s wilt disease has not become established outside of 

the United States (Pataky, 2003b). Regardless, there are quarantine regulations which 

require exported seed to be tested for P. stewartii (Pataky, 2003b). Incidence of the 

disease is highly correlated with the presence of the insect vector, the corn flea beetle 

(Chaetocnema pulicaria). This insect is responsible for the spread of Stewart’s wilt 

during the growing season and also for the pathogen’s ability to survive over the winter 

(Claflin, 1999; Menelas et al., 2006; Pataky, 2003a). Average winter temperatures which 

affect the survival of the corn flea beetle are often used as an indication of Stewart’s wilt 

disease pressure for the growing season (Claflin, 1999). In the 1930’s, severe crop 

damage due to Stewart’s wilt prompted development of hybrid sweet corn cultivars 

which were resistant to the disease. In spite of the extensive availability of resistant 

cultivars, Stewart’s wilt can still cause significant crop damage in major corn growing 

regions (Freeman & Pataky, 2001). Disease forecasting and vector control have also 
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greatly reduced crop losses due to Stewart’s wilt, although periodic outbreaks have still 

occurred in the 1990’s and 2000’s (Claflin, 1999; Pataky, 2003a).  

Pathogenesis. The host range of P. stewartii is fairly narrow and generally limited to 

sweet corn, field corn and popcorn varieties. The most severe impacts of P. stewartii 

infection in the field result from seedling wilt. The flea beetle population that survives the 

winter can transmit the bacterium to young seedlings very early in the growing season 

when the plants are most susceptible. Secondary infection of mature plants can also occur 

later on in the season, although it does not lead to significant yield loss (Pataky, 2003a). 

During the initial stages of infection, P. stewartii is inoculated into the feeding wounds 

created by the insect vector and colonizes the apoplastic spaces of the leaf tissue. This 

results in characteristic water-soaking symptoms on the leaves which can spread rapidly 

in susceptible plants (Ham et al., 2006). As the infection progresses, P. stewartii enters 

the xylem vessels, and spreads extensively within the plant. Xylem colonization and 

systemic spread of the pathogen lead to vascular occlusion, wilting, and consequently 

death of the plant (Braun, 1982). During colonization of the xylem tissue, the pathogen is 

able to attach to the vessel wall and form biofilms, a crucial aspect of P. stewartii 

pathogenesis (Koutsoudis et al., 2006). Studies of the pathogen biology have identified 

several virulence factors, including production of stewartan exopolysaccharide (EPS), 

surface motility, a type III secretion system, a carotenoid pigment and production of host 

cell-wall degrading enzymes (Coplin et al., 1986, Ham et al., 2006, Herrera et al., 2008, 

Mohammadi et al., 2011, Mohammadi et al., 2012). Stringent temporal regulation of 
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these virulence factors is critical for pathogenesis, as incorrect timing of their expression 

can disrupt disease progression.  

 

Virulence factors 

Exopolysaccharide production.  Stewartan EPS is a complex carbohydrate consisting 

predominately of glucose, galactose and glucuronic acid (Nimtz et al., 1996, Yang et al., 

1996).The genes involved in EPS biosynthesis are located in three separate loci, 

designated as wce-I, wce-II and wce-III (Carlier et al., 2009), all of which are regulated in 

a cell-density dependent manner (Von Bodman & Farrand, 1995). EPS production is 

essential for swarming motility and the formation of mature biofilms, both important 

aspects of P. stewartii infection (Herrera et al., 2008, Koutsoudis et al., 2006). Loss of 

EPS production renders P. stewartii avirulent in the sweet corn host (Beck von Bodman 

& Farrand, 1995, Carlier et al., 2009).  

 In addition, correct temporal expression and regulation of EPS production is 

critical to the disease process. The timing of EPS production is the result of a complex 

genetic regulatory mechanism involving cell-density dependent regulation (quorum 

sensing) and the Rcs phosphorelay signal transduction system, which is activated by an 

unknown environmental signal (Carlier et al., 2009, Minogue et al., 2005, Von Bodman 

et al., 1998). The synthesis of stewartan EPS is repressed at low cell densities by the 

quorum sensing regulator EsaR. Once the bacterial population has reached a high cell 

density, the repressor activity of EsaR is removed by binding to the quorum sensing 
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signal (N-3-oxohexanoyl-L-homo-serine lactone) and EPS is produced (Beck von 

Bodman & Farrand, 1995, Von Bodman et al., 1998).  

Type III secretion system. Gram-negative bacterial pathogens often utilize a type III 

secretion system (T3SS) to secrete effector proteins into host cells, enabling the pathogen 

to suppress host defense responses and promote infection. P. stewartii has a Hrp T3SS 

which is necessary for virulence in sweet corn and also for eliciting a hypersensitive 

response (HR) in tobacco, a non-host plant (Frederick et al., 2001).  

 The hrp gene cluster is controlled by a regulatory cascade initiated by the 

HrpX/HrpY two component system (Merighi et al., 2003).  Encoded adjacent to the hrp 

gene cluster is WtsE, an AvrE type effector and WtsF which functions as a chaperone for 

WtsE (Ham et al., 2006). The AvrE family of effector proteins is conserved across a 

number of different plant pathogen species including AvrE in Pseudomonas syringae and 

DspA/E in Erwinia amylovora. These effectors are involved in the suppression of host 

defense responses and are essential for full virulence of these pathogens in their 

respective host plants (DebRoy et al., 2004). In P. stewartii, WtsE is secreted in a Hrp-

dependent manner and is required for the formation of water-soaked lesions in a 

susceptible host plant (Ham et al., 2006). Artificial expression of WtsE in a heterologous 

E. coli strain expressing the Erwinia amylovora T3SS induces lesions similar to the 

water-soaking produced by P. stewartii infection in corn leaves (Ham et al., 2006). The 

virulence activity of WtsE depends on a WxxxE protein motif which is conserved across 

other members of the AvrE effector family in plant and animal pathogens (Ham et al., 

2009). WtsF acts as a molecular chaperone and is necessary for optimal secretion of 
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WtsE in vitro (Ham et al., 2006). Additional T3SS effectors have not yet been found in P. 

stewartii.  

Plant cell-wall degrading enzymes. A number of bacterial pathogens utilize plant cell-

wall degrading enzymes (CWDEs) as a way to obtain nutrients from plant tissue or to 

facilitate movement through the plant. Another wilt causing pathogen, Ralstonia 

solanacearum, produces polygalacturonase enzymes which contribute to virulence and 

wilting symptoms in tomato plants (Huang & Allen, 2000). Xylella fastidiosa, a pathogen 

which specifically colonizes the xylem also uses CWDEs in order to spread within xylem 

vessels and cross the pit membranes separating them (Roper et al., 2007, Pérez-Donoso et 

al., 2010).   

 Similarly, P. stewartii produces an endogluconase enzyme, EngY, which is able 

to degrade carboxymethyl cellulose, β-D-glucan, and xylan in vitro (Mohammadi et al., 

2011). A mutant in EngY (∆engY) loses all endogluconase and xylanase activity 

measured in vitro, suggesting that it is the major endolgucanase produced by P. stewartii. 

Loss of this enzyme activity results in a partial reduction in virulence, as the mutant is 

deficient in the ability to cause wilting. P. stewartii ∆engY is also deficient in systemic 

movement within the xylem vessels compared to the wild type parent strain, indicating 

that enzyme production has a role in movement through the xylem pit membranes 

(Mohammadi et al., 2011). 

 

 

 



6 

 

 Regulatory mechanisms involved in virulence. 

 Rcs Phosphorelay. The Rcs phosphorelay is a complex regulatory system originally 

characterized for its role in the induction of capsule synthesis in E. coli (Gottesman et al., 

1985).  The Rcs system consists of the sensor-kinase RcsC, the response regulator protein 

RcsB, and an intermediate phosphorelay protein RcsD (Majdalani & Gottesman, 2005). 

A second transcription factor, RcsA acts in conjunction with RcsB to regulate many of 

the Rcs regulon genes (Francez-Charlot et al., 2003, Gottesman et al., 1985). In some 

instances, an outer membrane protein, RcsF, is also necessary for induction of the 

pathway (Farris et al., 2010). Activation of the Rcs system is initiated by 

autophosphorylation of RcsC in response to an unknown external signal, followed by 

phosphorylation of RcsD, and then RcsB (Majdalani & Gottesman, 2005). 

Phosphorylated RcsB acts as a transcription factor for a number of genes involved in 

many different cellular processes including swarming motility, capsule synthesis, and 

secretion of effector proteins (Arricau et al., 1998, Andresen et al., 2007, Francez-Charlot 

et al., 2003). The coregulator RcsA is expressed constitutively at low levels and under 

non-inducing conditions is continuously degraded by a protease called Lon (Torres-

Cabassa & Gottesman, 1987). Under inducing conditions, RcsA is present in large 

enough quantities to surpass the rate of degradation by Lon. The specific functions of Rcs 

regulation vary slightly between different species in the Enterobacteriacae family, 

although often they are essential for virulence (Andresen et al., 2007, Arricau et al., 1998, 

Wang et al., 2009). The inducing signals for this pathway are also diverse and include 

osmotic stress, perturbation of the cell envelope, and exposure to certain antibiotic 
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compounds (Francez-Charlot et al., 2005, Callewaert et al., 2009, Farris et al., 2010). The 

generally accepted role of the Rcs pathway in the Enterobacteriaceae is the regulation of 

the transition between different cellular states within the bacterial lifecycle (ex. motile to 

biofilm growth) (Huang et al., 2006).  

 In P. stewartii, the Rcs phosphorelay controls EPS production, an essential 

virulence factor (Minogue et al., 2005). External activating signals for the P. stewartii 

Rcs system are not yet known, although it has been demonstrated that the regulatory 

output is influenced by cell density through expression of RcsA. P. stewartii RcsA is 

regulated by two promoters; one of which is inducible under high cell density conditions 

through quorum sensing regulation, and another which exhibits low-level constitutive 

expression (Carlier & Von Bodman, 2006, Minogue et al., 2005). By acting as a 

transcriptional repressor of the Rcs phosphrelay, the quorum sensing response regulator 

EsaR limits EPS production at low cell densities. This repression is lifted at high cell 

densities when EPS is necessary for biofilm formation, such as in the later stages of plant 

colonization (Koutsoudis et al., 2006, Minogue et al., 2005). When EPS is produced 

constitutively at an inappropriate time, the virulence of the pathogen is greatly reduced 

(Koutsoudis et al., 2006). This mechanism demonstrates that virulence requires tight 

control of gene expression during the disease process. It is likely that the Rcs 

phosphorelay allows the bacterium to incorporate different signals (i.e. cell density and 

environmental conditions) into the regulatory output required for EPS production and the 

virulence process.  
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 Oxidative stress response.  Oxidative stress, incurred from endogenous or external 

reactive oxygen species (ROS) can be a significant factor in bacterial colonization of the 

host. ROS include active oxygen compounds such as hydrogen peroxide, superoxide and 

hydroxyl radicals. ROS are toxic to bacterial cells, causing damage to cell components 

such as proteins, lipids and nucleic acids (Cabiscol et al., 2000). The ability to respond to 

ROS exposure is very important as the plant environment contains many sources of ROS; 

including those derived from the host defense response, developmental and signaling 

pathways, and plant cell lysis that results from the infection process (Barceló, 1998, 

Lamb & Dixon, 1997, Suzuki et al., 2011). When plants detect a pathogen attack, they 

activate a defense response, part of which involves the production of ROS (Lamb & 

Dixon, 1997). In addition, lignifying xylem parenchyma cells adjacent to the xylem 

vessels are capable of sustained production of hydrogen peroxide as part of the xylem 

developmental process (Ros Barceló, 2005). Successful pathogens have evolved a variety 

of defense mechanisms to combat damage by ROS including DNA repair, sequestration 

of metal ions and production of detoxifying enzymes (Flores-Cruz & Allen, 2011, Fones 

& Preston, 2012, Hidalgo & Demple, 1996). Many stress response genes including those 

that function in oxidative stress situations are up-regulated in bacteria during plant 

colonization (Baker & Orlandi, 1995, Flores-Cruz, 2009, Venisse et al., 2001). 

Regulation of the oxidative stress defense process is due in large part to DNA-binding 

transcriptional regulatory proteins, which mediate the induced defense response. Two 

such transcription factors, OxyR and SoxR have been well characterized for their role in 
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the bacterial oxidative stress response (Schellhorn, 1994, Storz et al., 1990, Tsaneva & 

Weiss, 1990, Zheng et al., 1999).  

OxyR is a transcriptional regulator that controls the inducible stress response to 

hydrogen peroxide stress (Christman et al., 1989). OxyR is activated through oxidation of 

specific cysteine residues (Kullik et al., 1995, Zheng et al., 1998), and once activated is 

able to induce the expression of a large number of genes involved in ROS detoxification 

and protection of the cell (Hidalgo & Demple, 1996, Zheng et al., 2001a, Zheng et al., 

2001b). OxyR-dependent gene expression is important for survival and virulence in some 

plant pathogens although this role does not appear to be universal. In Ralstonia 

solanacearum, a mutant in OxyR was deficient in the ability to cause disease in tomato 

plants and also had a reduced survival rate in the presence of peroxide (Flores-Cruz & 

Allen, 2011). Xanthomonas campestris, the causal agent of black rot in cruciferous crops 

also requires OxyR for virulence in the plant (Charoenlap et al., 2011). In contrast, 

Erwinia chrysanthemi does not require OxyR for virulence in potato, although it still has 

a role in oxidative stress response in vitro (Miguel et al., 2000). OxyR-independent 

components of the oxidative stress response are likely responsible for the variable 

importance of OxyR for survival, stress defense and host colonization in different 

pathogens.  

In the Enterobacteriaceae, another important regulator of the oxidative stress 

response is the SoxR/S regulatory system. The primary role of SoxR/S regulation is to 

respond to the presence of superoxide anions (Wu & Weiss, 1992). More recent evidence 

indicates that the SoxR/S regulon can also respond to redox cycling compounds without 
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the formation of oxygen radicals (Gu & Imlay, 2011). This pathway has been well 

studied in E. coli and consists of two proteins, SoxR and SoxS (Wu & Weiss, 1992). 

SoxS is a DNA binding transcription factor, which acts as a global regulator of the 

oxidative stress response in addition to many other cellular functions. SoxR is a sensor 

protein, the role of which is to increase the transcription of soxS in the presence of 

oxygen radicals (Wu & Weiss, 1992). Although the primary function of the SoxR/S 

system is considered to be its response to superoxide anion, there is evidence that it can 

also respond directly to other ROS such as hydrogen peroxide, leading to some amount of 

functional redundancy with OxyR in the bacterial oxidative stress response (Manchado et 

al., 2000).  SoxR/S regulon mutants are often more sensitive to paraquat and similar 

redox-active compounds and in some cases, nitric oxide (Greenberg et al., 1990, Gu & 

Imlay, 2011, Nunoshiba et al., 1993).  It also plays an important role in virulence in some 

pathogenic bacteria. There is a demonstrated role of SoxR and superoxide inducible 

genes in the virulence of some plant pathogens as well, although it has not been as well 

studied as OxyR (Mahavihakanont et al., 2012, Santos et al., 2001). The specific 

mechanism of SoxR induction through SoxS however is not conserved outside of the 

Enterobacteriaceae family (Dietrich et al., 2008). For example, in Agrobacterium 

tumefaciens SoxR regulates superoxide inducible stress protection genes directly rather 

than via SoxS (Eiamphungporn et al., 2006). There is a similar scenario in Xanthomonas 

campestris, which also requires a functional SoxR for full virulence in the plant 

(Mahavihakanont et al., 2012). The P. stewartii genome encodes both SoxR and SoxS 

adjacent to one another and divergently transcribed, typical of the enteric bacteria 
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(Glasner et al., 2006). Most likely in P. stewartii, the E.coli model of SoxR/S regulation 

is utilized.  

Iron acquisition and siderophore production. Metabolism of iron and other metal ions 

is fundamentally tied to protection against oxidative stress as these ions help to catalyze 

the formation of ROS (Imlay, 2008). Iron is an essential nutrient to bacterial growth and 

metabolism. Specific iron acquisition mechanisms are often required while growing 

under limiting conditions.  Many bacterial species produce and secrete siderophores, 

compounds which possess an extremely high affinity for iron, allowing the bacterial cell 

to access iron from otherwise unavailable sources (Chu et al., 2010, Neilands, 1995).  

Because an excess of free intracellular iron can cause the formation of oxygen radicals 

under aerobic conditions (Imlay, 2008, Zheng et al., 1999), an important balance must be 

kept between iron uptake and use by the cell to avoid an excess or a deficit of iron. 

Consequently, siderophore-mediated iron acquisition is often tightly regulated in an iron-

dependent manner (Lorezo et al., 1986).  Under conditions of oxidative stress, this 

regulation becomes even more essential (Zheng et al., 1999).  The conserved 

transcriptional regulator Fur (ferric uptake regulator) is an important component of iron 

regulation in many different systems (De Lorenzo et al., 1988, Ochsner et al., 1995, Mey 

et al., 2005). Fur binds to iron as a cofactor and represses siderophore production and iron 

acquisition pathways when iron is plentiful. When cellular iron is depleted, Fur 

repression is relieved and transcription of iron acquisition genes is allowed (Bagg & 

Neilands, 1987a). Pathogens must often compete with their host for a limited supply of 

iron, making siderophores important virulence factors in both plant and animal pathogens 
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(Franza et al., 2005, Garénaux et al., 2011, Williams & Carbonetti, 1986). In a few cases, 

Fur regulation and iron-dependent gene expression have also been implicated in other 

important processes during the bacterial lifecycle such as biofilm formation and surface 

motility (Banin et al., 2005, Glick et al., 2010).  

 In plant pathogens, the importance of siderophore production in virulence is 

variable. Erwinia chrysanthemi requires two different siderophores, chrysobactin and 

achromobactin, during different stages of plant infection, both of which are regulated by 

Fur (Enard et al., 1988, Franza et al., 2005). On the contrary, Pseudomonas syringae 

produces multiple siderophores but none of them are required for virulence (Jones & 

Wildermuth, 2011).   

 Bacterial species utilize a large number of different chemical compounds as 

siderophores. Within the Enterobacteriaceae family there are at least four different types 

of siderophores which have been characterized, enterbactins, salmochelins, aerobactin, 

and yersiniabactins (Garénaux et al., 2011).  A gene cluster homologous to the 

biosynthetic operon, which produces aerobactin in E. coli is present in the P. stewartii 

genome. Aerobactin is produced by certain E. coli strains but not by others, and is 

sometimes used as an indication of whether or not an isolate is likely to be virulent 

(Garénaux et al., 2011). Aerobactin production is regulated by Fur in an iron-dependent 

manner (Bagg & Neilands, 1987b). We hypothesize that production of an aerobactin-like 

siderophore plays a role in P. stewartii virulence. 
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CHAPTER 1: OxyR and SoxR modulate the inducible oxidative stress response and 

are implicated during different stages of infection for the bacterial phytopathogen, 

Pantoea stewartii subsp. stewartii.  

 

Reprinted with permission from: 

Burbank, L.P., and Roper, M.C., 2014.  Mol. Plant-Microbe Interact. 

 DOI: 10.1094/mpmi-11-13-0348-R. 

 
 

ABSTRACT 

Reactive oxygen species (ROS), from a variety of sources, are often encountered 

by invading plant pathogens during the infection process. Pantoea stewartii subsp. 

stewartii, the etiological agent of Stewart’s wilt, is a serious bacterial pathogen of sweet 

corn, which colonizes both the apoplast and xylem tissues where ROS are produced. The 

P. stewartii genome predicts the presence of two redox-sensing transcriptional regulators, 

OxyR and SoxR, which both activate gene expression in response to oxidative stress. 

ROS exposure in the form of hydrogen peroxide and the superoxide-generating 

compound, paraquat, initiates an induced stress response through OxyR and SoxR, which 

includes activation of the ROS-detoxifying enzymes, alkyl hydroperoxide reductase  and 

superoxide dismutase. P. stewartii soxR was more sensitive to paraquat and 

compromised in the ability to form water-soaked lesions, while oxyR was more 

sensitive to hydrogen peroxide treatment, deficient in exopolysaccharide production and 

the elicitation of wilting symptoms. This demonstrates that both SoxR and OxyR play an 

important role in virulence in the different niches that P. stewartii colonizes during the 

infection process.  
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INTRODUCTION 

  Pantoea stewartii subsp. stewartii, a Gram-negative bacterium belonging to the 

Enterobacteriaceae family, is the causal agent of Stewart’s Wilt disease of sweet corn 

(Zea mays). P. stewartii is a quarantined pathogen worldwide and causes significant 

damage to susceptible sweet corn varieties in the north-central and eastern United States 

(Pataky, 2003, Roper, 2011). This bacterium is carried by the corn flea beetle 

(Chaetocnema pulicaria), which transmits the pathogen by depositing it into the plant 

tissue via its feeding wounds (Claflin, 1999). In susceptible young seedlings, Stewart’s 

wilt consists of a leaf blight phase and a severe wilting phase. During the leaf blight 

phase, characteristic water-soaked lesions form as the bacteria colonize the leaf apoplast. 

Subsequently, the bacteria preferentially colonize the xylem tissue where they produce 

large amounts of stewartan exopolysaccharide (EPS) and form biofilms. It is these 

biofilms and the associated EPS that cause vessel blockage, which leads to the wilting 

symptoms observed in young susceptible seedlings (Braun, 1982).  

 We demonstrate here that there are also significant amounts of ROS in the water-

soaked lesions associated with Stewart’s wilt that are likely a result of plant cell leakage 

from the ruptured cells that form the lesions. Another important source of ROS, 

specifically in xylem tissue, comes from differentiating thin-walled xylem cells and non-

lignifying xylem parenchyma cells, which are capable of sustained H2O2 production that 

can accumulate and diffuse widely between neighboring xylem elements (Barceló, 2005). 

This H2O2 is important for the cross-linking that occurs during the lignification process in 

developing xylem elements. Additionally, plant hosts have exploited the bacterium’s 



23 

 

vulnerability to reactive oxygen species (ROS) by generating ROS and redox-cycling 

compounds as part of the oxidative burst associated with the plant defense response (Apel 

& Hirt, 2004, Buchanan et al., 2000, Lamb & Dixon, 1997). Therefore, P. stewartii 

encounters potentially significant amounts of ROS and/or redox-cycling compounds 

during both the apoplastic and xylem phases of infection making response to and 

protection against oxidative stress an important aspect of pathogenesis for P. stewartii.  

ROS can be toxic to bacterial cells and cause damage to proteins, lipids, and 

nucleic acids (Cabiscol et al., 2000). Because of their potentially detrimental effects, 

bacteria have evolved defense mechanisms to combat ROS that include production of 

ROS-detoxifying enzymes, DNA repair and sequestration of metal ions (Storz et al., 

1990). Bacteria maintain basal oxidative stress defenses, but also possess a highly 

inducible oxidative stress response largely controlled by redox-sensing transcription 

factors that act as redox-operated genetic switches to activate genes involved in the 

oxidative stress response. Two of these redox-sensing transcription factors, OxyR and 

SoxR, have been characterized in a number of bacterial species and orthologs of both are 

found in the P. stewartii genome (Flores-Cruz & Allen, 2011, Imlay, 2008, 

Mahavihakanont et al., 2012, Pomposiello & Demple, 2001, Storz et al., 1990). OxyR is a 

DNA-binding transcription factor that is activated under oxidizing conditions by the 

formation of a disulfide bond between two cysteine residues (Zheng et al., 1998). When 

activated, OxyR binds to DNA as a tetramer and mediates the cellular response to 

hydrogen peroxide. The OxyR regulon includes production of catalases and other 

detoxifying enzymes, as well as proteins involved in DNA repair and iron homeostasis 
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(Cabiscol et al., 2000, Flores-Cruz & Allen, 2011, Mukhopadhyay & Schellhorn, 1997, 

Storz et al., 1990, Zheng et al., 1999). OxyR also regulates specific virulence factors, 

such as the surface adhesion, Ag43 in E. coli and fimbriae in Serratia marcescens that 

contribute to biofilm formation (Henderson & Owen, 1999, Shanks et al., 2007). The 

SoxR/S system has been well characterized in enterics, such as Escherichia coli and 

Salmonella typhimurium (Fang et al., 1997, Liochev et al., 1999). SoxR and SoxS are 

both transcriptional activators that partner in sensing oxidative stress. SoxR belongs to 

the MerR family of transcriptional regulators and can sense superoxides and superoxide-

generating compounds via one-electron oxidation of its iron sulfur cluster (Gu & Imlay, 

2011, Mahavihakanont et al., 2012, Pomposiello & Demple, 2001). In enteric bacteria, 

the primary target of SoxR is soxS, which encodes the DNA binding transcriptional 

activator, SoxS (Wu & Weiss, 1992). The SoxS regulon aids in restoring the oxidant 

balance within the cell. In this two-step activation cascade, the SoxR/S system 

collectively prevents or repairs damage inflicted by superoxide stress and includes genes 

encoding superoxide-scavenging enzymes, such as superoxide dismutase (SOD) (Imlay, 

2008, Wu & Weiss, 1992).  Activation of the SoxR/S system also confers resistance to 

nitric oxide, organic solvents and some antibiotics (Chou et al., 1993, Greenberg et al., 

1990).  

In this study, we demonstrate that P. stewartii defends itself from oxidative stress 

via the redox-sensing transcriptional regulators, OxyR and SoxR, in part, through the 

induced expression of ROS detoxifying enzymes. In addition to mediating a facet of the 

oxidative stress response, we also demonstrate that OxyR either directly or indirectly 
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regulates EPS production, a critical virulence factor for P. stewartii. Most importantly, 

these two global regulators are necessary for full virulence either in the apoplast or 

xylem, respectively, highlighting the importance of these redox-responsive transcriptional 

regulators during the infection process in the compatible P. stewartii/sweet corn 

interaction.   

RESULTS 

Protein domain analysis of OxyR and SoxR.  The 305aa P. stewartii OxyR protein 

shares 99% identity to Pantoea ananatis 5342 OxyR (E=0.0). Based on the Conserved 

Domain Database (CDD) this protein contains an N-terminal helix-turn-helix domain for 

its DNA binding activity and a C-terminal dimerization domain characteristic of the LysR 

family of transcriptional regulators (Marchler-Bauer et al., 2013). This C-terminal region 

also contains two conserved redox-active cysteine residues, which are responsible for its 

oxidative stress sensing ability (Kullik et al., 1995). 

P. stewartii SoxR is a 161aa protein with 96% identity to Pantoea ananatis LMG 

201203 (E= 2e-109) SoxR. P. stewartii SoxR contains a conserved N-terminal helix-turn-

helix DNA binding domain consistent with other MerR family transcription factors in 

addition to a C-terminal iron-sulfur cluster responsible for its redox-sensing function 

(Marchler-Bauer et al., 2013). Activation of SoxR and its ability to bind DNA are 

dependent on the redox state of the iron-sulfur cluster (Gaudu & Weiss, 1996).   

P. stewartii infected leaves contain ROS. 3’3’-diaminobenzidine (DAB) polymerizes 

instantly and forms a dark brown precipitate in the presence of H2O2 with a detection 

threshold of 100 M. This technique allows for in situ detection of H2O2 (Thordal-
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Christensen et al., 1997). Following three days post-inoculation, DAB staining of 

infected leaf tissue (when visible water-soaked lesions started to form) showed dark 

brown areas that corresponded to the locations of the water-soaked lesions indicating the 

presence of H2O2 within the lesions (Fig 1.1A). There was very minimal brown 

precipitate associated with buffer-inoculated plant tissue that likely resulted from the 

manipulation of the plant tissue inherent to the technique (Fig. 1.1B). Nitro blue 

tetrazolium (NBT) forms a dark blue reaction product when reduced by superoxide 

anions. This staining procedure can be highly sensitive, detecting amounts of superoxide 

as low as 4 nmol/mg leaf tissue (Grellet-Bournonville & Díaz-Ricci, 2011). We observed 

dark blue areas within water-soaked lesions indicating the presence of superoxide anions 

in infected tissue (Fig. 1.1C). A small number of faint blue areas were visible in mock-

inoculated plant tissue, that were likely due to the manipulation of the plant tissue 

inherent to the technique (Fig. 1.1D). These data, taken together, indicate that P. stewartii 

is exposed to high levels of ROS that could potentially incite oxidative stress in the 

apoplast during water-soaked lesion formation.  We also sought to determine if ROS 

were present in sweet corn leaves one hour post-infection (before lesion formation 

occurs) to assess if significant amounts of ROS accumulate early during the infection 

process that would be indicative of an oxidative burst. However, we did not detect the 

presence of ROS following one hour post-infection in whorl-inoculated plants using 

either the DAB or NBT staining methods (data not shown). This suggests that an 

effective oxidative burst does not occur during the compatible P. stewartii/sweet corn 

interaction or the level of ROS was below the threshold of detection.  
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Figure 1.1 Reactive oxygen species are present in water-soaked lesions. 

 

A) Wild type DC283- inoculated leaf stained with 3’3’-diaminobenzidine (DAB), B) Mock-
inoculated leaf stained with DAB, C) Wild type DC283- inoculated leaf stained with nitroblue 

tetrazolium (NBT) and D) Mock-inoculated leaf stained with NBT. Leaves were harvested three 

days post-inoculation, stained overnight with either DAB or NBT and chlorophyll was removed 

by boiling in acetic acid-glycerol-ethanol (1:1:3) for ten minutes. 
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SoxR and OxyR protect against oxidative stress in vitro. We challenged both ΔoxyR 

and ΔsoxR mutants with exogenous H2O2 or paraquat (a superoxide generator) to 

determine the contribution of OxyR and SoxR to combating these two forms of ROS. We 

determined that ΔoxyR was significantly more sensitive to H2O2 compared to wild type 

using a disc diffusion assay (Fig. 1.2A,B). In the wild type, the size of the inhibition zone 

measured from the edge of the paper disc was 0.81±0.02cm, whereas for oxyR it was 

1.60±0.02cm, which was significantly different based on a Student’s t-test using p≤0.02 

(Figure 1.2B). This phenotype was restored by complementation with a wild type copy of 

oxyR (ΔoxyR/oxyR
+
). In contrast, the ΔsoxR mutant was similarly tolerant to H2O2 as the 

wild type parent strain with an inhibition zone of 0.80±0.02cm, indicating that OxyR, and 

not SoxR, contributes to tolerance of H2O2 (Fig. 1.2A,B).  

When grown in the presence of 100µM paraquat, wild type P. stewartii showed, 

on average, a survival rate of 41% when compared with the untreated control. The ΔsoxR 

mutant had a significantly reduced survival rate of 0.2% based on a Student’s t-test 

(p≤0.02) when compared with the untreated control, indicating that this strain was more 

sensitive to paraquat treatment than the wild type parent strain (Fig. 1.3). The 

complemented ΔsoxR strain (ΔsoxR/soxR
+
) showed restoration of the wild type 

phenotype with a survival rate of 36%. The ΔoxyR mutant exhibited a survival rate of 

27% compared with the untreated control, which was not significantly different from the 

wild type indicating that OxyR is not largely involved in the response to superoxide-

generating compounds (Fig. 1.3).   
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In E. coli, the SoxR/S regulon has also been implicated in response to other 

stressors such as nitric oxide stress (Nunoshiba et al., 1995, Nunoshiba et al., 1993, 

Pullan et al., 2007). However, when treated with either 10µM or 30µM NOC-5 (3-

(Aminopropyl)-1-hydroxy-3-isopropyl-2-oxo-1-triazene), a nitric oxide generating 

compound, there was no significant difference between the survival of soxR and the 

wild type (Suppl. Fig.S1.1). This indicates that the SoxR-mediated oxidative stress 

response is not important for nitric oxide tolerance in P. stewartii under the growth 

conditions measured. Similar results have been observed in S. typhimurium, where SoxR 

was shown to be important for resistance to paraquat, but not to nitric oxide generating 

compounds (Fang et al., 1997). 

OxyR and SoxR regulate expression of ROS-detoxifying enzymes. An important 

component of the inducible bacterial oxidative stress response is the production of ROS-

detoxifying enzymes such as catalases, peroxidases, and superoxide dismutases (SODs). 

Specifically, in Salmonella typhimurium, OxyR positively regulates the expression of 

ahpC (alkyl hydroperoxide reductase), katG (catalase/hydroperoxidase) and gorA 

(glutathione oxidoreductase)(Christman et al., 1985). In E. coli, OxyR strongly induces 

expression of ahpC, one of the primary peroxide scavenging enzymes (Seaver & Imlay, 

2001) as well as the catalase, katG (Schellhorn, 1994). Analysis of the P. stewartii 

genome revealed at least four genes with high homology to catalases, at least five 

putative peroxidase enzymes and one glutathione oxidoreductase (Glasner et al., 2006). 

Additionally, in the P. stewartii genome, there is an ahpC gene orthologous to ahpC 

found in Salmonella enterica strain CFSAN002050 (Genbank Accession # CP006055.1, 
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81% similarity, and E=2e-124). In E. coli, the SoxR/S regulon includes sodA (manganese 

superoxide dismutase), fpr (NADPH:ferridoxin reductase), and nfsA (nitrate reductase A) 

among other general stress response genes (Manchado et al., 2000, Tsaneva & Weiss, 

1990). P. stewartii possesses an ortholog to sodA, with high homology to sodA found in 

S. enterica CFSAN002050 (Genbank Accession # CP006055.1, 82% similarity and 

E=1e-137).   

 We chose to quantify expression of ahpC and sodA as indicators of induced 

enzyme expression in response to oxidative stress, as well as soxS, a well-known induced 

target of SoxR (Wu & Weiss, 1992), which acts as an intermediate in SoxR regulation. 

Following H2O2 treatment, we observed a 4-fold induction of ahpC expression in wild 

type P. stewartii. This induction was lost in ΔoxyR indicating that peroxide-induced 

expression of ahpC is OxyR-dependent in P. stewartii (Fig. 1.4A).  Interestingly, ahpC 

expression was also significantly induced following H2O2 treatment in the ΔsoxR mutant 

and was, in fact, expressed 23-fold higher than in ΔsoxR untreated cells, as compared to 

only a 4-fold induction in wild type H2O2 treated cells. This could indicate that SoxR 

suppresses ahpC induction in the response to H2O2. Alternatively, because ahpC 

expression was also induced by paraquat treatment in wild type P. stewartii and the 

soxR mutant, we speculate that the observed increase in ahpC expression could be due 

to the generation of intracellular reactive oxygen intermediates that result from the 

disturbance in the overall redox status of the cell imposed by treatment with paraquat, 

rather than derepression of ahpC by SoxR. We postulate that the lack of a functioning 

SoxR/S system exacerbates the disturbance in the redox status of the cell in the soxR 
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mutant, which in turn, creates a more oxidative environment. Oxidized OxyR is the active 

form of the protein (Zheng et al., 1998, Zheng et al., 2001) and an increase in endogenous 

oxidative stress could potentially lead to an increase in oxidized and activation form of 

OxyR. This, in turn, would result in the increase in transcription of ahpC observed in the 

soxR mutant under oxidative conditions following both H2O2 and paraquat treatments.  

 In paraquat-treated samples of wild type P. stewartii, expression of sodA was 

induced 6.5-fold (Fig.1. 4B). As expected, this induction was SoxR-dependent. There 

were no differences in the relative amounts of sodA expression when comparing H2O2-

treated to untreated cells in wild type, oxyR or soxR indicating that H2O2 is not a potent 

inducer of sodA expression (Figure 1.4A). Paraquat treatment induced soxS expression 

31-fold in wild type cells and this induction was SoxR-dependent (Fig. 1.4B). The 

expression of soxS was also induced (17.8-fold) in the oxyR mutant in a trend similar to 

the wild type although the ratio was lower. However, the basal level of soxS expression 

was slightly higher in the oxyR mutant as compared to wild type, which caused the 

induced fold change of soxS following paraquat treatment to be lower in the oxyR 

mutant than in the wild type. The higher basal levels of soxS in the oxyR mutant may be 

due to an increase in exogenous peroxide stress due to lack of OxyR. The SoxR/S system 

can also be stimulated by peroxide stress to some capacity (Manchado et al., 2000). In 

support of this, we also observed a 6.6-fold induction of soxS in the oxyR mutant 

following H2O2 treatment that was not observed in the wild type. This again supports our 

speculation that the SoxR/S system may be stimulated in response to the accumulation of 

endogenous peroxides due to the lack of a functioning OxyR system.  



32 

 

Figure 1.2 oxyR is more sensitive to hydrogen peroxide. 

A.  

 

B. 

 

Strains were grown to mid-log phase (OD600nm=0.5) in LB medium. Three hundred µl of this cell 

suspension was mixed with 3 ml of 0.8% nutrient top agar and overlaid onto nutrient agar 

containing nalidixic acid (30 g/ml). A Whatman paper disk treated with 10 μl of 100 mM H2O2 

was placed in the center of the plate. A) Images were taken following 24 hours of incubation at 

28°C. B) Quantitative measurements of the zone of growth inhibition surrounding the H2O2-

treated disk measured following 24 hours of incubation at 28°C. The graph represents the mean 

of at least nine replicates. Bars labeled with different letters are significantly different based on a 
Student’s t-test using p≤0.02. Error bars = standard error of the mean. 
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Figure 1.3 soxR is more sensitive to paraquat. 

 

 

 

Strains were grown overnight in LB medium and diluted to OD600=0.1 in 2 ml fresh LB. 100µM 

paraquat was added to treated samples, and cells were grown for three hours at 28°C while 

shaking at 180 rpm. Aliquots were diluted in 1XPBS and plated on nutrient agar containing 

nalidixic acid. Colonies were counted after 48 hours incubation at 28°C. Figure represents three 

biological replications with three technical replicates each. Experiments were repeated 

independently at least three times with similar results. Error bars = standard error of the mean. 

Bars labeled with different letters are significantly different based on a Student’s t-test using 

p≤0.02. 
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Figure 1.4 OxyR and SoxR regulate expression of reactive oxygen species 

detoxification enzymes. 

A. Gene expression following H2O2 treatment. 

 

B. Gene expression following paraquat treatment.  

 

Gene expression levels of ahpC, sodA, and soxS were quantified in response to treatment with 

either A) H2O2 (0.1% final concentration) or B) paraquat (0.2µg/ml final concentration). Cells 

were grown to mid-log phase (OD600=0.5) in AB minimal medium, total RNA was harvested, and 
used to create first strand cDNA by reverse transcription for use as a template for quantitative (q) 

PCR. Quantitative gene expression level was normalized to two reference genes ffh and proC. 

The qPCR data was analyzed using the CFX Manager software (BioRad Laboratories, Hercules, 
CA) and represented as mean normalized expression level compared to reference gene expression 

level. (*) Represents samples which are significantly different than the wild type level of 

induction based on the 95% confidence interval.  
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The OxyR and the SoxR/S regulatory systems contribute to virulence at different 

phases of host infection. Based on the method of inoculation used, it is possible to 

isolate the water-soaked lesion phase of Stewart’s wilt from the wilting symptoms. When 

the whorls of seedlings are inoculated, the plants are not wounded and the pathogen does 

not enter the xylem. Therefore, the whorl inoculation method specifically tests the ability 

of the bacterium to colonize and cause water-soaked lesion development in the apoplastic 

space and does not assess wilting, which requires entry into the xylem. Following three 

days post-inoculation, on average, 40% of the ΔsoxR-inoculated plants developed lesions 

as compared to 93% of the wild type-inoculated plants indicating that the ΔsoxR mutant 

was significantly compromised in the ability to cause water-soaked lesions (Fig. 1.5). 

Interestingly, three days post-inoculation the ΔsoxR mutant did not colonize the apoplast 

as well as the wild type indicating a fitness defect likely due to a deficient SoxR-

dependent oxidative stress response (Fig.1.7A). Plants inoculated with ΔoxyR using the 

whorl inoculation technique developed water-soaked lesions similar to wild type-

inoculated plants and colonized the plants to wild type levels indicating that deletion of 

oxyR has little consequence on lesion development or colonization of the apoplast 

(Fig.1.5, 1.7A). Plants inoculated with 1X PBS-T served as negative controls and did not 

develop any Stewart's Wilt symptoms. These differences were statistically significantly 

based on a Student’s t-test using p≤0.02. 
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We also tested the virulence of ΔsoxR and ΔoxyR using the scratch-inoculation 

technique, which creates wounds using a syringe needle. The inoculum is then deposited 

in the wound allowing the bacteria to enter the plant and colonize the xylem and the 

apopolast. This method is designed to mimic the natural infection process facilitated by 

the corn flea beetle and allows assessment of the ability to cause the wilting that follows 

water-soaked lesion formation in young seedlings. Following six days post-inoculation, 

we monitored wilting symptoms and observed that the majority (75%) of wild type-

inoculated plants were wilting, whereas only 17% of the ΔoxyR-inoculated plants showed 

wilting symptoms (Fig. 1.6).  Interestingly, the ΔoxyR mutant colonized the plant to 

similar levels as wild-type P. stewartii (Fig. 1.7C). The ΔsoxR mutant caused a similar 

level of wilting as wild type P. stewartii and colonized the scratch-inoculated plants to 

wild type levels (Fig. 1.6, 1.7D). Plants inoculated with 1XPBS-T served as negative 

controls and did not develop any Stewart's Wilt symptoms. These differences were 

statistically significant based on a Student’s t-test using p≤0.02. These data indicate that 

the SoxR/S and OxyR regulatory systems are both required for full virulence of P. 

stewartii, but during different phases of the infection cycle (i.e. water-soaking and 

wilting). The mean cfu/g for each strain was compared using a Kruskal-Wallis ANOVA 

test at confidence level p≤0.05, followed by pair wise comparison using a Mann-Whitney 

nonparametric hypothesis test (p≤0.05). Different letters indicate significant difference 

based on these tests. Error bars represent standard error of the mean.  
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Figure 1.5 soxR is deficient in water-soaked lesion formation.  

 

 

 

Whorl inoculations were performed on ten-day old seedlings of a susceptible sweet corn variety 

(Zea mays var. Jubilee). Seedlings were inoculated with a bacterial suspension containing 1x10
7
 

cells/ml resuspended in 1XPBS buffer containing 0.2% Tween 20 (1X PBS-T). The inoculum 

was placed into the whorl of the seedling. Following three days post-inoculation, the numbers of 

plants exhibiting water-soaked lesions were quantified. Three biological replicates with five 
technical replicates each were tested in three separate trials (45 plants total). The results were 

expressed as the percent of symptomatic plants. Seedlings inoculated with wild type DC283 

served as positive controls and seedlings inoculated with 1XPBS-T buffer alone served as 
negative controls. Error bars =standard error of the mean. Bars labeled with different letters are 

significantly different based on a Student’s t-test using p≤0.02. 
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Figure 1.6 ΔoxyR is deficient in the ability to cause wilting. 

 

  

 

 
 

Five µl of inoculum containing 5x10
7

cells/ml in sterile 1XPBS-T, was placed over a wound 
created by scratching the stem of a ten-day old seedling with a sterile 20-gauge needle.  Plants 

were observed for development of wilting symptoms after six days post-inoculation and results 

were quantified as percentage exhibiting wilting out of the total number of plants. The graph 
represents the average of three independent experiments consisting of a total of 45 plants 

inoculated per strain. Seedlings inoculated with wild type DC283 served as positive controls and 

seedlings inoculated with 1XPBS-T buffer alone served as negative controls. Error bars =standard 

error of the mean. Bars labeled with different letters are significantly different based on a 
Student’s T-test using p≤0.02.  
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A mutation in oxyR causes a decrease in exopolysaccharide production. The ΔoxyR 

mutant colonized scratch-inoculated plants to wild type levels but caused less wilting, 

which prompted us to determine if OxyR may be controlling specific virulence factors 

relevant to xylem colonization, such as EPS production. EPS production is a known 

virulence factor for P. stewartii, and the wilting associated with Stewart’s wilt is 

attributed to the blockage of xylem elements by EPS (Braun, 1982). Qualitative 

measurements of EPS production indicate that the ΔoxyR mutant produces less EPS on 

EPS inducing solid medium (Nutrient Agar supplemented with 0.4% glucose) (Fig.1. 

8A). In addition, quantitative analysis performed in EPS inducing broth (AB minimal 

medium supplemented with 0.4% glucose) further demonstrates that the ΔoxyR mutant 

produces less EPS/cell as compared to the wild type (Fig 1.8B). Growth curves indicate 

that the ΔoxyR mutant grows similarly to wild type P. stewartii (data not shown). The 

soxR mutant produced as much EPS as the wild type under the same conditions 

indicating that SoxR does not play a role in regulating EPS production. This suggests that 

the reduction in wilt symptom development observed for oxyR is due at least, in part, to 

reduced EPS production despite its ability to colonize the plant to wild type levels.   
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Figure 1.7 Bacterial colonization in planta. 

A. Colonization following whorl inoculation. 

 

B. Colonization following scratch inoculation.  

 

The initial leaf was harvested from A) whorl-inoculated plants or B) scratch-inoculated plants. 

Leaf tissue was individually weighed and surface sterilized, and ground to a slurry in 2ml 
1XPBS. Serial dilutions of the plant slurry in 1X PBS were plated for viable cell counts. Colonies 

were counted after 48 hours incubation at 28°C. Bacterial populations were quantified as cfu per 

gram fresh tissue. Results shown are the average of 18 replicates. The mean cfu/g for each strain 
was compared using a Kruskal-Wallis ANOVA test at confidence level p≤0.05, followed by pair 

wise comparison using a Mann-Whitney nonparametric hypothesis test (p≤0.05). Different letters 

indicate significant difference based on these tests. Error bars=standard error of the mean. 
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Figure 1.8 oxyR is deficient in exopolysaccharide production. 

 

 

A. Exopolysaccharide production on solid medium.  

 

B. Exopolysaccharide extracted from liquid culture supernatant.  

  

 A) Qualitative EPS production on solid medium. Single colonies were struck onto nutrient agar 

plates containing 0.4% glucose in an X shape. Images were taken following overnight incubation 

at 28°C. B) Quantitative analysis of EPS production in liquid medium. Cells were grown to late 

log phase (OD600=0.7) in AB minimal medium containing 0.4% glucose. Following removal of 
cells by centrifugation, EPS was precipitated with three volumes of ethanol and quantified using a 

phenol-sulfuric acid colorimetric assay. The graph represents the mean of 9 samples ± standard 

error of the mean.  
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DISCUSSION 

Thus far, a carotenoid pigment has been identified as part of the antioxidant arsenal that 

P. stewartii uses to combat oxidative stress, but otherwise there is little information about 

how P. stewartii responds to the oxidative environment it encounters in the plant 

(Mohammadi et al., 2012). In susceptible sweet corn, P. stewartii colonizes both the 

apoplast and the xylem to high population numbers (>10
8
cfu/g tissue). WtsE, a type III 

effector (Ham et al., 2006), and a cytolytic RTX-like toxin (Roper and von Bodman, 

unpublished data) have been implicated in causing the necrotic disease-associated cell 

death observed in water-soaked lesions. It is presumed that the bacterium uses plant cell 

lysis as a mechanism to obtain nutrients from the plant leaf tissue, but as a consequence, 

P. stewartii must cope with the ROS that are the result of plant cell leakage (van Doorn et 

al., 2011). Based on DAB and NBT staining, we demonstrate here that water-soaked 

lesions represent a highly oxidative environment and accumulate significant amounts of 

H2O2 and superoxide anions. Superoxide anions are charged and poorly diffusible across 

bacterial membranes. However, in some cases plants can produce antimicrobial redox-

cycling compounds, such as quinones, or signaling molecules such as nitric oxide, which 

can diffuse across bacterial membranes and cause the production of intracellular 

superoxides (S balle    oole, 1999, del    o et al., 2004).  In contrast, H2O2 is uncharged 

and can diffuse across membranes and, thus, can directly enter the bacterial cell.  

 The SoxR/S system and members of its regulon, such as SodA, have been 

implicated in virulence for several different bacterial plant-pathogen systems including 

Xanthomonas campestris and Dickeya dadantii (Mahavihakanont et al., 2012, Santos et 
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al., 2001). Similarly, fewer plants inoculated with the soxR mutant developed water-

soaked lesions and bacteria were also recovered from significantly fewer of the soxR-

inoculated plants as compared to those inoculated with the wild type parental strain. We 

demonstrate here that SoxR/S positively regulates soxS and sodA and a mutation in soxR 

negatively impacts the bacterium’s ability to cope with exogenous superoxides and 

superoxide-generating compounds. Furthermore, the water-soaked lesions that result 

from P. stewartii invasion of the sweet corn apoplast contain superoxide anions as 

determined by NBT staining.  This indicates that coping with superoxide stress via the 

SoxR/S system is an important component of the colonization process for P. stewartii 

during early disease development. The SoxR/S regulon in E. coli also encodes a number 

of functions indirectly related to superoxide stress such as replenishing the cellular 

NADPH pool and repairing cell damage (Pomposiello et al., 2001). It is possible that 

these other components of the SoxR/S regulon are also important for growth in the plant 

environment. We observed a significantly larger increase in ahpC expression in the 

soxR mutant in vitro compared with the wild type following peroxide treatment, 

suggesting that additional ROS detoxification functions, such as AhpC, could partially 

compensate for the lack of full induction of the SoxR/S system in the soxR mutant. A 

similar physiological cross protection effect between the superoxide and peroxide stress 

responses occurs in Vibrio harveyi, where treatment with the superoxide generating 

compound, menadione, resulted in induction of peroxide detoxifying enzymes, making 

the cells subsequently more resistant to peroxide stress (Vattanaviboon et al., 2003). 

However, despite this, the soxR mutant was still compromised in virulence and 
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colonization when inoculated into plants using the whorl inoculation technique indicating 

that a fully functional SoxR/S system is required for colonization of the apopolast. 

Interestingly, oxyR was capable of inciting the same level of water-soaked lesion 

formation as the wild type parent indicating that OxyR does not play a large role in 

regulating factors associated with the water-soaking phase of Stewart’s wilt development. 

Similarly, (Miguel et al., 2000) observed that an oxyR mutant of D. dadantii was not 

compromised in virulence when infiltrated into tobacco leaves (Miguel et al., 2000). 

Thus, it appears that detoxification of H2O2 during colonization of the apoplast occurs 

through an OxyR-independent mechanism.  

During P. stewartii host infection, the pathogen colonizes the plant systemically 

by entering and moving throughout the xylem network. Hydrogen peroxide levels of at 

least 10M have been detected in the vascular tissue of Z. mays as a by-product of 

normal xylem development processes (Barcelo, 1998). In some cases, OxyR can be 

activated by as little as 0.05µM hydrogen peroxide, thus, P. stewartii is likely exposed to 

H2O2 levels high enough to activate OxyR and, subsequently, its regulon in the xylem 

(Åslund et al., 1999). Lack of OxyR resulted in a significant decrease in the wilting 

symptoms that occur when P. stewartii colonizes the xylem tissue. Similarly, other 

xylem-dwelling pathogens, such as Ralstonia solanacearum and Xanthomonas 

campestris, also require OxyR for full virulence in the plant host and for tolerance to 

oxidative stress (Charoenlap et al., 2011, Flores-Cruz & Allen, 2011). Surprisingly, we 

did not observe a decrease in overall P. stewartii bacterial numbers in plants inoculated 

with the oxyR mutant using either inoculation technique indicating that the oxyR 
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mutant is sufficiently able to overcome any oxidative stress incurred despite its sensitivity 

to H2O2 in vitro. This could be due, in part, to compensation from other facets of the 

oxidative stress response, such as the SoxR/S system or the general stress response 

regulator, RpoS, whose regulon includes genes involved in protection against oxidative 

stress particularly during stationary phase (Patten et al., 2004, Gort et al., 1999). Indeed, 

in vitro, we observed a small, but statistically significant induction of soxS in oxyR 

following peroxide treatment that did not occur in the wild type. Furthermore, the SoxR/S 

regulon can be induced at low levels by peroxide stress (Manchado et al., 2000), and it is 

possible that the lack of OxyR results in an increase in endogenous peroxide stress that, 

in turn, activates the SoxR/S system to some extent. However, it is important to note that 

bacterial isolations were performed on whole leaf tissue, making it impossible to 

determine what percentage of the bacteria were present in the apoplast versus the xylem 

at the time of tissue harvest. Therefore, the reduction in wilting could be due to fewer 

bacteria inhabiting the xylem, which we were unable to ascertain based on the limitations 

of the isolation method.  

OxyR was originally reported to be involved in the oxidative stress response, but 

has since been implicated in the regulation of specific virulence factors such as Ag43 in 

E. coli and fimbriae in Serratia marcescens (Shanks et al., 2007, Henderson & Owen, 

1999). The significant decrease in the elicitation of wilting by the oxyR mutant 

prompted us to investigate if OxyR might be controlling expression of specific virulence 

factors that are relevant to xylem colonization and that ultimately lead to the wilting 

symptoms. EPS is a large macromolecule that causes vascular blockage in other bacterial 
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wilt pathosystems (Leigh and Coplin, 1992). It is presumed that production of EPS 

similarly leads to clogging of the xylem and blockage of water flow in the P. stewartii 

system (Braun, 1982).  EPS production is tightly correlated with P. stewartii virulence 

and mutants that produce less EPS are either non-pathogenic or deficient in their ability 

to cause wilting (Coplin et al., 1986, Von Bodman et al., 1998). Moreover, EPS 

production is a distinguishing feature of a biofilm and serves as a structural scaffold that 

aids in maintenance of biofilm architecture. Proper biofilm formation is absolutely 

necessary for systemic colonization of the xylem for P. stewartii (Koutsoudis et al., 

2006). We found that EPS production was markedly reduced in the oxyR mutant, which 

likely explains why oxyR-inoculated plants exhibit significantly less wilting despite 

quantitatively colonizing plants to wild type numbers. Because of its significant reduction 

in EPS production, we speculate that the oxyR mutant is likely deficient in forming the 

matrix-encased biofilms that are typical of P. stewartii colonization of the xylem that 

leads to vascular blockage associated with the wilting symptom. Indeed, in other systems, 

OxyR has been implicated in biofilm related phenotypes such as autoaggregation (Honma 

et al., 2009, Schembri et al., 2003) initial attachment to surfaces, (Schembri et al., 2003) 

fimbrial gene expression (Shanks et al., 2007) and adhesion to host cells (Hennequin & 

Forestier, 2009). There is one recent report linking OxyR to capsular polysaccharide 

production in Salmonella enterica but, otherwise, its role in regulation of capsular 

polysaccharide is unclear (Pickard et al., 2013). We hypothesize that OxyR may be an 

important node in the regulatory circuit that controls EPS production, and hence, biofilm 

formation and proper spatiotemporal colonization of the xylem for P. stewartii. ROS 
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sensed by OxyR, may be an important environmental cue that signals entry into and 

maintenance of the biofilm state within the plant. The exact mechanism by which this 

occurs is unclear but warrants further investigation. 

Another important source of ROS in plants is the oxidative burst. This important 

component of the host defense response includes the production of large amounts of 

superoxide anions and H2O2 in an attempt to defeat an invading pathogen (Bolwell et al., 

2002). This process consists of two different phases: a smaller, nonspecific burst that is 

present in both compatible and incompatible interactions and a larger burst of ROS that is 

produced if the plant is resistant to the pathogen. The oxidative burst occurs immediately 

upon exposure to the pathogen with ROS accumulation within the first hour (Lamb & 

Dixon, 1997). DAB and NBT staining of inoculated leaf tissue did not detect visible ROS 

production following one hour post-inoculation though the amount of ROS produced 

during the initial oxidative burst could be below the detection limit of the staining 

methods used in this study. During the compatible P.stewartii/sweet corn interaction, the 

bacteria quickly colonize the plant to high population levels, especially in young 

susceptible seedlings, therefore, the oxidative burst is likely efficiently suppressed and, 

therefore, ineffective at preventing pathogen ingress. Ham et al. (2009) proposed that P. 

stewartii does, in fact, suppress the host defense response via the Type III effector 

protein, WtsE. 

Mutations in either of the major redox-sensitive transcription factors led to only a 

partial reduction in virulence indicating that P. stewartii can utilize alternate mechanisms 

to deal with oxidative stress depending on its location within the plant. Apart from plant 
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colonization, there are likely other scenarios during the lifecycle of P. stewartii where the 

bacterium would encounter an oxidative environment. Insects possess an innate immune 

system, which includes the production of ROS, and it is a distinct possibility that 

oxidative stress defense mechanisms play a role in adaptation to the environment within 

the gut of the corn flea beetle (Nappi & Ottaviani, 2000).  

 

 

MATERIALS AND METHODS 

 

Strains and Growth Conditions. All relevant strains are listed in Table 1.1 The P. 

stewartii strains were grown on Nutrient Agar (Difco Laboratories, Detroit, MI), Luria-

Bertani (LB) Broth (Difco, Laboratories), or AB minimal medium (Clark, 1967) at 28ºC 

in the presence of nalidixic acid (30µg/ml), kanamycin (30µg/ml), or chloramphenicol 

(35µg/ml) when needed. Escherichia coli strains were grown at 37ºC in LB in the 

presence of kanamycin (30µg/ml), ampicillin (100µg/ml) or chloramphenicol (35µg/ml) 

as needed. E. coli DH10B was used as a cloning host and S17-1 served as a donor for 

conjugal transfer of RK-2 based plasmid constructs into P. stewartii.  

Standard DNA Manipulations. Genomic DNA was extracted with a Dneasy DNA 

extraction kit (Qiagen, Valencia, CA). Plasmid DNA was purified with a Zyppy
tm

 

Plasmid Miniprep kit (Zymo Research Corporation, Irvine, CA). DNA fragments were 

amplified using Takara Ex-Taq DNA polymerase (Takara Bio USA, Madison, WI).  

Synthetic oligonucleotide primers were ordered from Integrated DNA Technologies 

(Coralville, IN). Restriction enzymes were purchased from New England Biolabs 

(Ipswich, MA) or Invitrogen, Inc. (Carlsbad, CA). 
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Mutant construction. The P. stewartii oxyR and soxR mutants were created using a 

previously described method that is based on Gateway technology (Life Technologies, 

Inc., Carlsbad, CA) (Choi & Schweizer, 2005). The soxR mutant was created using 

primer pairs soxRLFfwd/ soxRLFfwd, soxRRFfwdkan/ soxRRFrev and 

pKD13fwd/pKD13rev that PCR amplified the 5’ and 3’ flanking regions of soxR  

(GenBank Accession # EHT98350) and the kanamycin resistance cassette derived from 

plasmid pKD13 (Datsenko & Wanner, 2000), respectively. In a second round of PCR, the 

three PCR products generated from the first round were combined into one tube (without 

primers) and assembled by PCR overlap extension using optimized PCR conditions. 

Primer pair soxRLFfwd/soxRRFrev was added after three rounds of PCR and then the 

rest of the PCR reaction was carried out. The resulting PCR product was cloned into 

vector pC 8/GW/TO O (Invitrogen) following the manufacturer’s instructions to create 

plasmid pLPB14. This plasmid was recombined with a Gateway compatible suicide 

vector, pAUC40, created from plasmid pKNG101 and modified to contain attL/attR 

specific recombination sites (Carlier et al., 2009) to create plasmid pLPB15. The 

mutagenesis constructs was separately transformed into E. coli strain S17-1λ for 

conjugation with wild type P. stewartii and the merodiploid state was resolved by sucrose 

selection. Sucrose resistant colonies were selected for Kan
R
 and Strep

S
 (streptomycin 

resistance is carried on the pKNG101 plasmid) and double crossover events were 

confirmed using PCR with two primer sets designed to amplify the flanking regions of 

the soxR gene and the Kan
R
 marker. The resulting PCR products were sequenced and 
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BLAST was used to confirm that the targeted soxR deletion had occurred and was 

replaced with the Kan
R
 marker.  

 The oxyR mutant was similarly created. Briefly, the 5
'
 and 3

'
 flanking regions of 

oxyR (GenBank Accession #EHT98951) and kanamycin cassette (from pKD13) 

(Datsenko & Wanner, 2000) were amplified using primer pairs, oxyRFwdUp-GW/oxyR-

UpR-Kan, oxyR-DnF-Kan/oxyRRevDn-GW and pKD13fwd/pKD13rev, respectively. 

DC283 genomic DNA was used as template for amplification of the flanking regions of 

the oxyR open reading frame using optimized PCR conditions.  In a second round of 

PCR, the three PCR products generated from the first round were combined into one tube 

(without primers) and assembled by PCR overlap extension using optimized PCR 

conditions. Primer pair GWattBl/GWattB2 was added after three rounds of PCR and then 

the rest of the PCR reaction was carried out. The assembled PCR product containing attP 

recombination sites was then recombined into the pDONR/Zeo vector (Invitrogen) to 

create pMCR20. pMCR20 was linearized with AatII and used to recombine into pAUC40 

to create pMCR33. pMCR33 was introduced into P. stewartii DC283 by conjugation, and 

transconjugants were selected on LB medium containing kanamycin 30 µg/ml. The 

mutagenesis construct was separately transformed into E. coli strain S17-1λ for 

conjugation with wild type P. stewartii and the merodiploid state was resolved by sucrose 

selection. Sucrose resistant colonies were selected for Kan
R
 and double crossover events 

were confirmed using PCR with two primer sets designed to amplify the flanking regions 

of the oxyR gene and the Kan
R
 marker. The resulting PCR products were sequenced and 

BLAST was used to confirm that the targeted oxyR deletion had occurred and was 
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replaced with the Kan
R
 marker.  For mutants, ΔoxyR and ΔsoxR, the Kan cassette used 

for selection was excised by Flp recombinase carried on pFLP2 leaving a 85 bp frt scar to 

create the unmarked strains, LB003 (oxyR) and LB020 (soxR). The pFLP2 plasmid 

was cured by sucrose selection. All relevant primer sequences can be found in Table 1.2.  

All mutant strains were complemented by insertion of a wild type copy of the 

respective gene into a neutral region of the chromosome using a mini-Tn7 vector system 

developed by (Choi et al., 2005). In brief, the oxyR ORF with an additional 200bp 

upstream, that included the native promoter region, was amplified by PCR using primer 

pair oxyRfwdBamHI/OxyRrevPstI and cloned into the BamHI and PstI restriction sites of 

the pUC18R6K-mini-Tn7-cat vector (Choi et al., 2005) to create plasmid pLPB25. The 

soxR ORF with an additional 200bp upstream that included the native promoter was 

amplified by PCR using primer pair soxRfwdEcoRI/soxRrevSmaI and cloned into the 

EcoRI and SmaI restriction sites of the pUC18R6K-mini-Tn7-cat vector to create plasmid 

pLPB27. The pLPB25 and pLPB27 complementation constructs were transformed into E. 

coli strain S17-1λ and subsequently conjugally transferred either into strain LB003 or 

LB020. The Tn7 constructs were expected to integrate into a single conserved 

chromosomal location in a neutral, intergenic region downstream of the glmS gene, as 

demonstrated in a number of bacterial species (Choi et al., 2005).  Correct insertion into 

this site was confirmed by DNA sequencing of the glmS locus and downstream region.  

Detection of hydrogen peroxide and superoxide in corn leaves. Following three days 

post-inoculation, corn leaves were harvested from seedlings that had been inoculated with 
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wild type DC283 using the whorl-inoculation method as described below.  Staining for 

the presence of hydrogen peroxide in the harvested plant tissue was performed using 

3’3’-diaminobenzidine (DAB) using a protocol modified from Ramel et al. (2009). 

Briefly, leaves were submerged in staining solution, which was freshly prepared by 

dissolving DAB (Sigma-Aldrich) in diH2O at a concentration of 1.25 mg/ml (pH 3.8). 

Leaves were left in the staining solution overnight on a rotary shaker. Following this, 

chlorophyll was removed using a solution of acetic acid-glycerol-ethanol (1:1:3 ratio) and 

held in a boiling water bath for 10 minutes. The leaves were stored in glycerol-ethanol 

(1:4 ratio) until photos were taken. Similarly infected corn leaves were used for 

superoxide anion detection using a previously described and modified protocol Ramel et 

al., (2009). Leaves were stained overnight on a rotary shaker in 3.5 mg/ml nitroblue 

tetrazolium (NBT) (Sigma-Aldrich) dissolved in 10mM potassium phosphate containing 

10mM sodium azide. Chlorophyll was removed using the same procedure as described 

for the DAB staining. Leaves harvested from mock-inoculated plants served as negative 

controls.  

Hydrogen peroxide and paraquat sensitivity assays.  

Hydrogen peroxide sensitivity assay. All strains were grown to mid-log phase 

(OD600nm=0.5) in LB medium. Three hundred µl of this cell suspension was mixed with 

three ml of 0.8% nutrient top agar and overlaid on nutrient agar containing nalidixic acid 

(30 g/ml). A Whatman paper disk containing 10 μl of 100 mM H2O2 was placed in the 

center of the plate. Zones of growth inhibition surrounding the H2O2-treated disk were 

measured after 24 hours of incubation at 28°C.  
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Paraquat sensitivity assay. All strains were grown overnight in LB medium and diluted to 

OD600=0.1in 2ml fresh LB. 100µM paraquat was added to treated samples, and cells were 

grown for three hours at 28°C while shaking at 180 rpm. Aliquots were diluted in 1X 

phosphate buffered saline (PBS) and plated on nutrient agar containing nalidixic acid. 

Colonies were counted after 48 hours incubation at 28°C. Experiments were performed 

on at least three biological replicates. Results are expressed as the mean of three 

independent experiments. Statistical analysis was performed using Minitab 16 software 

(Minitab, Inc. State College, PA) 

Quantification of gene expression in cells treated with different sources of ROS. 

Cells were grown overnight in two ml of AB minimal medium with the addition of 0.2% 

glucose and 0.05% yeast extract, diluted 1:20 and grown to mid-log phase (OD600=0.5). 

Each culture was then separated into two parts: one treated with ROS, either H2O2 or 

paraquat (a superoxide anion generator) and one left untreated. For the H2O2 treated cells, 

freshly prepared H2O2 was added to the cultures at a final concentration of 0.1% and 

incubated for ten minutes before total RNA was immediately extracted. For paraquat 

treatment, 2 µl of freshly prepared paraquat (final concentration 0.2 µg/ml) was added 

and cultures were incubated for one hour at 28°C while shaking at 180 rpm prior to RNA 

extraction. RNA was immediately extracted following paraquat treatment. In all cases, 

total RNA was extracted using the hot phenol extraction method described in Jahn et al., 

(2008). Removal of any residual genomic DNA was accomplished by treatment with 

TURBO DNase (Ambion), according to the manufacturers’ protocol.  NA purity and 

concentration were assessed by the absorbance ratio of 260nm/280nm light and RNA 
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quality was analyzed by agarose gel electrophoresis. 500ng of DNA-free RNA was used 

for cDNA synthesis using the iScript cDNA synthesis kit (Biorad Laboratories, Hercules, 

CA), according to the manufacturers’ protocol. The level of gene expression between the 

different strains and under different conditions was compared by quantitative PCR 

(qPCR) using the iQ SYBR Green Supermix (Biorad Laboratories, Hercules, CA). Genes 

monitored for expression changes were ahpC (GenBank Accession #EHU00213), soxS 

(GenBank Accession #EHT98349), and sodA (GenBank Accesion #EHT98761). 

Fluorescence detection was performed in a CFX96 Real-time PCR detection instrument 

(BioRad Laboratories, Hercules, CA). Primers for qPCR analysis were designed using 

Beacon Design® software and analyzed for optimal concentration and annealing 

temperature prior to use. All primer sequences are included in Table 1.2. Gene expression 

was normalized to two reference genes, ffh (GenBank Accession #EHT99250) and proC 

(GenBank Accession #EHU02233) chosen based on previous work (Takle et al., 2007) 

and compared for stability across treatment conditions.  The qPCR data were analyzed 

using the CFX Manager software (BioRad Laboratories, Hercules, CA) and expressed as 

a fold gene expression change compared with untreated controls, plus or minus the 

standard error of the mean.  

In planta virulence assays. Virulence was assessed for all strains using two techniques: 

the whorl inoculation (Ham et al., 2006) and scratch inoculation (Herrera et al., 2008). 

Whorl inoculations were performed on ten-day old seedlings of a susceptible sweet corn 

variety (Zea mays var. Jubilee). Seedlings were inoculated with a bacterial suspension of 

approximately 1x10
7
 cells resuspended in 1X PBS buffer containing 0.2% Tween 20 (1X 
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PBS-T). The inoculum was placed into the whorl of the seedling. Disease progression 

was assessed by a general Stewart’s wilt disease rating system between 0 and 4 where 0= 

no symptoms, 1= a few lesions, 2=spreading lesions that coalesce, 3= severe lesions + 

some wilt and 4 = severe wilting and death of the plant. After three days post-inoculation, 

the numbers of plants showing water-soaked lesions were quantified. Plants inoculated 

via the whorl inoculation method generally only develop lesions, and score either a rating 

of 1 or 2. The plants do not wilt because the bacteria primarily colonize the apoplastic 

space and do not enter the xylem, which requires wounding. At least three biological 

replicates of the bacterial strains were inoculated into five plants each for a total of fifteen 

plants per strain for each trial. Trials were repeated independently at least three times.  

Results were expressed as the percentage of symptomatic plants.  Seedlings inoculated 

with wild type DC283 served as positive controls and seedlings mock inoculated with 

1XPBS-T buffer alone served as negative controls.  

The scratch inoculation method was designed to mimic the feeding behavior of 

the corn flea beetle (Herrera et al., 2008). Five µl of inoculum containing 5x10
7 

cells/ml 

in sterile 1X PBS-T, was placed over a wound created by scratching the stem of a ten-day 

old seedling with a sterile 20 gauge syringe needle. Disease scores were assigned using 

the same rating system as above. Plants were observed for development of wilting 

symptoms (score of 3 or higher) after six days post-inoculation and results were 

quantified as percentage exhibiting wilting out of the total number of plants inoculated.  

At least three biological replicates of the bacterial strains were inoculated into five plants 

each for a total of fifteen plants per strain for each trial. Trials were repeated 
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independently at least three times.  Results were expressed as the percentage of 

symptomatic plants. Seedlings inoculated with wild type DC283 served as positive 

controls and seedlings inoculated with 1XPBS-T buffer alone served as negative controls. 

For both virulence assays, statistical analyses were performed on the mean values for at 

least three independent experiments using Minitab 16 software (Minitab, Inc. State 

College, PA).  

Quantification of bacterial populations in the plant. The initial leaf from each 

inoculated plant was harvested six days post-inoculation. Leaf tissue was individually 

weighed and surface sterilized using the following procedure. Leaves were soaked in 

70% ethanol then 10% bleach for 30 seconds each and rinsed twice in sterile diH2O (30 

seconds for each rinse). Following this, the leaf tissue was placed in a sterile plastic 

grinding bag (Agdia, Inc. Elkhart, IN) with 2 ml sterile 1X PBS and ground to a slurry. 

Serial dilutions of the plant slurry in 1X PBS were plated for viable cell counts. Colonies 

were counted after 48 hours incubation at 28°C. Bacterial populations were quantified as 

cfu per gram fresh tissue. The mean cfu/g for each strain was compared using a Kruskal-

Wallis ANOVA test at confidence level p≤0.05, followed by pair wise comparison using 

a Mann-Whitney nonparametric hypothesis test (p≤0.05). Different letters indicate 

significant difference based on these tests. Error bars represent standard error of the 

mean.  

Exopolysaccharide isolation and quantification. EPS was extracted from culture 

supernatants by ethanol precipitation. All strains were grown in 15 ml AB minimal 

medium with the addition of 0.4% glucose to late log phase (OD600=0.7). Cells were 
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removed by centrifugation and EPS was precipitated with three volumes of 95% ethanol 

at -80° C for 30 min. EPS was then collected by centrifugation at 6000rpm for 20 min. 

EPS was washed twice with cold 70% ethanol and resuspended in 1X PBS at 37°C. EPS 

was quantified using the phenol-sulfuric acid colorimetric assay described by (Matsuko 

& al., 2005). Total EPS was normalized to starting cell density (OD600). 
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Table 1.1 Bacterial Strains and Plasmids 

Strain or Plasmid Relevant genotypes Source or Reference 

Pantoea stewartii subsp. stewartii   

DC283 Wild type, Nal
r
 (Coplin et al., 1986) 

ΔoxyR (LB003) Nal
r
 , knockout in oxyR This study 

ΔsoxR (LB020) Nal
r
,  knockout in soxR This study 

ΔoxyR/oxyR+
 (LB037) Cm

r
, Nal

r
, knockout in oxyR complemented 

by chromosomal integration of wild type 

oxyR into intergenic region downstream of 

glmS  

This study 

ΔsoxR/soxR+ 
(LB040) Cm

r
, Nal

r
, knockout in soxR complemented 

by chromosomal integration of wild type soxR 

into intergenic region downstream of glmS 

This study 

 

Escherichia coli   

DH10B F– endA1 recA1 galE15 galK16 nupG rpsL 

lacX74 80lac Z M15 araD139 (ara,leu)7697 

mcrA (mrr-hsdR MS-mcrBC) – 

Invitrogen 

S17-1pir+ RP4, Mob+, Sm
r
 (Simon et al., 1983) 

EC100pir+ F mcrA (mrr-hsdRMS-mcrBC), 80dlacZ, M15 

lacX74, recA1, endA1araD139,(ara, 

leu)7697galU galK – rpsL nupG pir+(DHFR) 

Epicentre 

Plasmids   

pUC18R6K-mini-Tn7-cat Cm
r
, amp

r
 (Choi et al., 2005) 

pAUC40  Cm
r
, Sm

r
 (Carlier et al., 2009) 

pFLP2 sacB+, FLP recombinase, Ap
r
 (Kaniga et al., 1991) 

pKD13 Kan
r
 (Datsenko & Wanner, 2000) 

pCR8/GW/TOPO Cloning vector, Sp
R
 Invitrogen 

pDONR/Zeo Cloning vector, Zeor,  Invitrogen 

pMCR20 oxyR::kan cloned into pDONR/Zeo, Kan
r
, 

Zeo
r
 

This study 

pMCR33 oxyR::kan cloned into pAUC40 Sm
r
, Kan

r
 This study 

pLPB14 soxR:: cloned into pCR8/GW/TOPO, Sp
r
, 

Kan
r
 

This study 

pLPB15 soxR::kan cloned into pAUC40, Sm
r
, Kan

r
 This study 

pLPB25 oxyR cloned into pUC18R6K-mini-Tn7-cat, 

Cm
r
, Ap

r
 

This study 

pLPB27 soxR cloned into pUC18R6K-mini-Tn7-cat, 

Cm
r
, Ap

r
 

This study 
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Table 1.2 Primers used in this study.  

Primer Sequence Source or Reference 

oxyRFwdUp-GW TACAAAAAAGCAGGCTGATGCGCTGTATACCTGGCTG This study 

oxyR-UpR-Kan GAAGCAGCTCCAGCCTACACAATCGCAGACCATCGGTGCTCCCGACCG This study 

 

oxyR-DnF-Kan GGTCGACGGATCCCCGGAATTAATTCCTGTTATAAGCCGGTACCAC This study 

oxyRRevDn-GW TACAAGAAAGCTGGGTCCTCAGCGCACCTGATCGAAG This study 

pKD13fwd CGATTGTGTAGGCTGGAGCTGCTTC This study 

pKD13rev AATTAATTCCGGGGATCCGTCGACC This study 

GWattBl GGGGACAAGTTTGTACAAAAAAGCAGGCT (Choi & Schweizer, 2005) 

GWattB2 GGGGACCACTTTGTACAAGAAAGCTGGGT (Choi & Schweizer, 2005) 

soxRLFfwd CTGGCGACGCATGTAGTG This study 

soxRLFrevkan GAAGCAGCTCCAGCCTACACAATCGCTGGCACTTTACCTCAAGTTAC This study 

soxRRFfwdkan GGTCGACGGATCCCCGGAATTAATTCTATACTGTCTGCATATTCATTC This study 

soxRRFrev GATCATTTGCCTGTGGAC This study 

oxyRfwdBamHI GCGCGCGGATCCGATGCGCTGTATACCTGG This study 

OxyRrevPstI GCGCGGCTGCAGTTAAACCGC This study 

soxRfwdEcoRI GCGCGAATTCTCTGTTTCGTTACGCTACGGA This study 

soxRrevSmaI ATATCCCGGGTCACTTCACCTTGTGCAGAGAA This study 

ffh RT fwd GTATCGCCTCACGCATCC This study 

ffh RT rev CATCTGCTTCAGTTGCTCAAG This study 

proC RT fwd CTCGGTCACGCCCAATGC This study 

proC RT rev CTCACGCCTACCACGGAATG This study 

ahpC RT fwd TCTACTGATACCCACTTTACCC This study 

ahpC RT rev AGCCAGACCTTCATCTTCG This study 

soxS RT fwd GACATTCACCAGAAGGATGAG This study 

soxS RT rev GTTACGCTACGGAACATACG This study 

sodA RT fwd AACCGCTAACCAGGACAAC This study 

sodA RT rev GTTCCCACACATCCAGACC This study 
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Supplemental Figure S1.1 Sensitivity to nitric oxide stress. 

 
 

 

 

 
Supplemental Figure 1.1 Sensitivity to nitric oxide stress. Cells were grown to mid-log phase 

in LB medium and cell density was normalized to OD600=0.5. The cell suspension was then 

diluted 1:2 in fresh LB and NOC-5 (3-(Aminopropyl)-1-hydroxy-3-isopropyl-2-oxo-1-triazene) 
was added to treated samples at a final concentration of 30 µM. Cells were then incubated at 

28°C with shaking at 180 rpm for one hour. Following treatment cells were harvested by 

centrifugation and resuspended in 1X PBS. Serial dilutions were plated and colonies were 

quantified after 48 hours of incubation at 28°C.  The percentage of cell survival was calculated 

compared with the untreated control. Graph represents the mean of 9 replicates. There were no 
significant differences when the means were compared using a Student’s t-test at confidence level 

p≤0.05. Error bars=standard error of the mean.  
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CHAPTER 2: Siderophore-mediated iron uptake is essential for full virulence in the 

bacterial phytopathogen, Pantoea stewartii subsp. stewartii.  

 

ABSTRACT 

 Iron is a key micronutrient for microbial growth but is often present in low 

concentrations or in biologically unavailable forms. Many microorganisms overcome this 

challenge by producing siderophores, which are ferric-ion chelating compounds that 

enable the solubilization and acquisition of iron in a bioactive form. Pantoea stewartii 

subsp. stewartii, the causal agent of Stewart’s wilt of sweet corn, produces a siderophore 

under iron-limiting conditions. The proteins involved in biosynthesis and export of this 

siderophore are encoded by the iucABCDiutA operon, which is homologous to the 

aerobactin biosynthetic gene cluster found in a number of enteric pathogens. Siderophore 

production in P. stewartii is induced when the iron supply is limited, and the ferric uptake 

regulator, Fur, represses siderophore production under iron-replete conditions, or in the 

instance of oxidative stress. Fur itself is in turn controlled by OxyR, a regulatory protein 

involved in oxidative stress defense, in order to prevent further production of ROS 

catalyzed by free iron. Siderophore-mediated iron acquisition impacts surface motility as 

well as bacterial movement in planta. Most notably, siderophore-mediated iron 

acquisition is required for full virulence and colonization in the sweet corn host 

indicating that the sweet corn xylem and apoplast represent iron limited environments. 

 

 

 



69 

 

INTRODUCTION 

 Pantoea stewartii subsp. stewartii, a Gram-negative bacterial phytopathogen, is 

the causal agent of a severe seedling wilt in susceptible corn cultivars called Stewart’s 

wilt (Claflin, 1999; Stewart, 1897). The bacterium is transmitted by an insect vector, the 

corn flea beetle (Chaetocnema pulicaria) that introduces the pathogen into the plant 

tissue when it creates scratching wounds on the leaf surface during feeding. There are 

two phases of Stewart’s wilt, leaf blight and a wilting phase. During the leaf blight phase, 

the bacteria colonize the apoplastic space and cause characteristic water-soaked lesions. 

As infection progresses, the bacteria preferentially colonize the xylem where they move 

systemically through the plant and block water flow, thereby, causing the wilting 

observed in susceptible young seedlings. P. stewartii produces copious amounts of 

exopolysaccharide (EPS) and forms biofilms in the xylem, a process which is regulated in 

a cell density-dependent manner and requires flagellar motility (Herrera et al., 2008; 

Koutsoudis et al., 2006; Von Bodman et al., 1998). It is these biofilms and the associated 

EPS that presumably lead to xylem vessel blockage (Braun, 1982; Koutsoudis et al., 

2006).  P. stewartii is able to reach very high cell densities and spread quickly within the 

xylem, in part due to flagellar motility and secretion of a plant cell wall degrading 

enzyme (Herrera et al., 2008; Mohammadi et al., 2011). However, it is not fully known 

how the bacterium is able to obtain all the required nutrients for rapid growth within the 

plant, or what other environmental factors influence entry into the biofilm state in the 

xylem. Iron is a limiting nutrient for microbial growth because it is often insoluble at 

biological pH and normally not present in elemental form within biological tissues. 
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Xylem fluid from other plant species contains low concentrations of iron, which is often 

bound as a citrate complex for transport within the plant and is likely present in similar 

concentrations in the apoplast as well (Briat et al., 2007; Fernández & Winkelmann, 

2005; Lopez-Millan et al., 2000). In this study we quantified the concentration of iron in 

the range of 2-4µM in the xylem sap of sweet corn. However, it is unknown what 

concentration is biologically available in the apoplast and xylem where P. stewartii 

colonizes.  

 Many species of bacteria secrete iron-chelating compounds, known as 

siderophores, which enable them to solubilize iron in their environment and transport it 

back into the cell via specific, high affinity transport mechanisms (Bhatt & Denny, 2004; 

Enard et al., 1988; Garénaux et al., 2011). In terms of pathogenesis, there is often 

competition for iron between the pathogen and the host. Indeed, siderophores have been 

implicated as virulence factors for a number of animal pathogens primarily because of 

their ability to remove bound iron from hemoglobin and other host proteins (Chu et al., 

2010). Additionally, siderophores can be used in competition for iron between different 

microbial species (Harrison et al., 2007). Some plant pathogenic bacteria produce 

siderophores as well, although their importance as virulence factors varies. Production of 

the siderophore staphyloferrin B in Ralstonia solanacearum is not necessary for full 

virulence in the tomato host, although siderophore mutants are incapable of scavenging 

iron (Bhatt & Denny, 2004). A siderophore deficient mutant of Xanthomonas oryzae pv. 

oryzae, a pathogen of rice, was also fully virulent (Pandey & Sonti, 2010).  However, 

Erwinia chrysanthemi, a close relative of P. stewartii, produces two different 
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siderophores, chrysobactin and achromobactin, which are both essential to the infection 

process. These two siderophores are expressed at different stages of disease progression, 

and enable E. chrysanthemi to colonize the plant despite fluctuations in iron levels within 

the host (Franza et al., 2005).  

 Siderophores are classified based on their chemical structure as catechol, 

hydroxamate or mixed-type siderophores. Aerobactin, a hydroxamate-type siderophore 

originally isolated from Aerobacter aerogenes (Gibson and Magrath, 1969) is 

synthesized by a number of bacterial species in the Enterobacteriaceae. In Escherichia 

coli K12 pColV-K30 strains, the aerobactin biosynthetic and uptake functions are 

encoded by an operon found on the virulence plasmid pColV-K30. This operon is 

induced under iron limiting conditions (Neilands, 1992) and consists of five genes. The 

first four genes, iucA, iucB, iucC, and iucD encode proteins that perform the biosynthetic 

functions, and a fifth gene, iutA, encodes a specific, high affinity outer membrane 

receptor for the ferric-siderophore complex that allows it to be transported back into the 

cell (Lorezo et al., 1986). Aerobactin is not produced by all E. coli strains, but is found in 

a large number of highly virulent E. coli and Shigella strains (Lorenzo & Martinez, 

1988). Presence of the aerobactin biosynthetic operon is also correlated with high levels 

of virulence in extra-intestinal pathogenic E. coli strains often found in livestock 

(Garénaux et al., 2011). The plant pathogen Erwinia carotovora subsp. carotovora can 

synthesize aerobactin as well, but it is only found in a minority of E. carotovora strains, 

and its function is dispensable for pathogenicity (Ishimaru & Loper, 1992).  
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Siderophore secretion and iron uptake pathways are often controlled by 

transcription factors in response to iron availability and environmental conditions (ex. 

oxidative stress). The well-characterized Fur (ferric uptake regulator) protein, which is 

highly conserved across many bacterial species, controls a large number of genes 

involved in iron acquisition, including siderophore production (Bagg & Neilands, 1987; 

Franza et al., 2005; Venturi et al., 1995). Fur uses ferrous iron (Fe
2+

) as a cofactor, which 

causes it to bind to a conserved DNA sequence termed a Fur box, and act as a repressor 

of transcription. Under low iron conditions, Fur is released from the DNA allowing de-

repression of genes belonging to the Fur regulon, many of which are involved in iron 

acquisition. Siderophore production can also be governed directly or indirectly by other 

global regulators that monitor and respond to environmental conditions, such as the 

redox-activated transcription factor, OxyR (Bagg & Neilands, 1987; Zheng et al., 1999).  

 In addition to the role of siderophores in iron acquisition, more recent studies 

have implicated iron acquisition and metabolism in a number of other processes related to 

bacterial virulence such as surface motility and biofilm formation (Banin et al., 2005; 

Matilla et al., 2007; Ojha & Hatfull, 2007; Singh, 2002; Wang et al., 2004; Wang et al., 

2011). In the enteric species, Salmonella typhimurium and E. coli K-12, genes involved 

in iron metabolism and siderophore-mediated iron uptake were upregulated during 

swarming motility (Inoue et al., 2007; Wang et al., 2004). Swarming, a coordinated 

movement of a bacterial population across a semi-solid surface is a behavior observed in 

bacterial species capable of flagellar motility. Strains of Pseudomonas putida mutated in 

either siderophore biosynthetic or receptor genes were compromised in surface motility 
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(Matilla et al., 2007). Swarming motility is essential for P. stewartii during the initial 

stages of biofilm formation, movement in the xylem, and virulence in the plant host 

(Herrera et al., 2008). Biofilm formation is also an essential process for the survival and 

pathogenicity of many different bacterial species. In Pseudomonas aeruginosa, an 

opportunistic human pathogen, formation of a biofilm is suppressed by iron limitation, 

and requires siderophore-mediated iron transport (Banin et al., 2005; Singh, 2002). A 

similar effect was seen in Mycobacterium smegmatis, where production of the 

siderophore, exochelin, is necessary for biofilm formation under iron-limiting conditions 

(Ojha & Hatfull, 2007).  

 We explored the role of an aerobactin-like siderophore in P. stewartii in the host-

pathogen interaction with sweet corn. We identified and characterized a gene cluster in P. 

stewartii similar to the E. coli iucABCDiutA operon and demonstrate that it is responsible 

for the production and utilization of a siderophore in vitro. This iron-acquisition pathway 

is regulated in response to environmental iron levels by the global regulator, Fur (ferric 

uptake regulator), and also responds to oxidative stress through the transcription factor 

OxyR. Siderophore production and uptake are essential for flagellar-based surface 

motility in vitro and bacterial movement in planta. Furthermore, both are required for 

virulence and systemic colonization in the host. This work presents novel findings 

regarding the role of active iron transport in motility and virulence for a xylem-dwelling 

pathogen.  
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RESULTS 

Identification of a P. stewartii siderophore biosynthetic and transport operon. 

Genomic analyses revealed that P. stewartii possesses a 7.9 kb gene cluster encoding five 

open reading frames (Fig. 2.1A) with 74% sequence similarity to the aerobactin encoding 

pColV plasmid of Escherichia coli S88 (GenBank Accession # NC_011747.1, E=0.0) 

(Peigne et al., 2009). The iucABCDiutA operon, encoding proteins necessary for 

aerobactin siderophore biosynthesis and transport, is also found in a number of other 

pathogenic E. coli strains (Garénaux et al., 2011). We created non-polar deletion mutants 

in the iucA and iutA genes to assess their roles in siderophore production and iron uptake 

in P. stewartii. The first gene, iucA (GenBank Accesion # EHT98413) encodes an IucA 

ortholog with 78% identity to an E. coli IucA/IucC  superfamily protein 

(Accession#WP_001440858.1 , E=0.0)  that  is implicated in aerobactin siderophore 

biosynthesis from N-hydroxylysine and citrate precursors (Marchler-Bauer et al., 2013; 

Neilands, 1992) (Fig. 2.1A). In addition, iutA (GenBank Accession # EHT98409), 

encodes a putative outer membrane receptor protein essential for transport of ferric-

siderophore complexes into the cell. IutA is characterized as a TonB-dependent ligand-

gated ion channel protein localized to the outer membrane (Marchler-Bauer et al., 2013) 

(Fig. 2.1A). PBLAST analysis of the P. stewartii IutA protein sequence revealed 79% 

identity to a TonB-dependent siderophore receptor of avian pathogenic E. coli strain 

A2363 (Accession #AY553855, E=0.0). 
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Figure 2.1 Sequence analysis of the P. stewartii siderophore biosynthetic genes 

A. Genomic orientation of the iucABCDiutA operon. 

 

 

 

B.  Fur box sequence upstream of iucA. 

 

 

 

A) Genomic orientation of the iucABCDiutA gene cluster in P. stewartii. Filled arrows indicate 

gene knockouts. Small arrow indicates position of the Fur binding sequence in the promoter 

region. B) Virtual footprint analysis (Munch et al., 2005) of Fur binding sequence. Letters 
represent position weight matrix based on E. coli K-12 consensus sequence for Fur binding. Y-

axis represents relative nucleotide probability and X-axis represents nucleotide position. P. 

stewartii Fur box sequence is located at-80bp of iucA and has a probability score of 2.21 (max 
score = 2.45). 
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Siderophore production from the iucABCDiutA operon. CAS (chromazurol-S) 

medium is a defined medium, which contains 10µM Fe (III) bound as part of a dye 

complex, allowing for colorimetric detection of siderophore activity (Schwyn & 

Neilands, 1987). Wild type DC283 shows visible siderophore production when streaked 

on CAS plates and incubated at 28° C for ten days (Fig. 2.2A). A knockout mutation in 

iucA, encoding a putative aerobactin synthase, results in complete loss of siderophore 

activity on CAS plates even after prolonged incubation at 28°C (Fig. 2.2A). Growth of 

ΔiucA on CAS medium was also much slower than wild type, most likely due to its 

inability to utilize the bound iron. Addition of a wild type copy of iucA on a broad host 

range plasmid (pLPB42) restored siderophore production in ΔiucA (Fig. 2.2A). In 

contrast, a mutation in iutA, encoding the putative siderophore receptor, resulted in 

dramatic overproduction of siderophores despite poor growth on CAS plates (Fig. 2.2A). 

We hypothesize that this results from the siderophore biosynthesis proficient ΔiutA 

mutant continually producing and secreting siderophores, but because it is not able to 

transport the ferric-siderophore complexes back into the cell, the iron-deficiency is never 

corrected and siderophore production continues unchecked. The ΔiutA mutant also grows 

slower on CAS medium compared to wild type DC283, reiterating the importance of 

siderophore-mediated iron uptake for growth under limiting conditions. Wild type levels 

of siderophore production were restored by supplying iutA in trans on plasmid pLPB43 

(Fig. 2.2A). We were also able to compare quantitatively the siderophore activity of the 

different strains by measuring the size of the orange halo at its widest point (Fig. 2.2B). 

The mean radius of the halo for DC283 was 0.79±0.18cm from the edge of colony 
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growth; whereas the mean radius for ΔiutA was 1.77±0.2cm. The mean radius for ΔiucA 

was 0 as this mutant did not show any visible siderophore activity on CAS medium. 

These differences are significant based on a Student’s t-test (p≤0.05). Complemented 

strains ΔiucA/iucA
+ 

and ΔiutA/iutA
+ 

did not differ significantly from the wild type (Fig. 

2.2B). Because ΔiucA is compromised in all visible siderophore production, we reason 

that the iucABCDiutA operon is the primary locus responsible for siderophore production 

in P. stewartii.  

Siderophore production is Fur dependent. P. stewartii possesses an ortholog to Fur 

(ferric uptake regulator), a global repressor that controls iron homeostasis (GenBank 

Accession # EHU01500). The P. stewartii Fur protein sequence shares 99% identity to 

the Fur protein found in Pantoea ananatis LMG 20103. Fur Superfamily proteins have a 

winged-helix DNA binding motif as well as two metal binding sites believed to be 

involved in iron sensing (Marchler-Bauer et al., 2013). Fur typically binds to a conserved 

sequence in the promoter region of the genes it regulates, acting as an iron-dependent 

repressor (Bagg & Neilands, 1987; De Lorenzo et al., 1988a). Virtual footprint promoter 

prediction (Münch et al., 2005) identified a putative Fur binding sequence at 

 -80 base pairs upstream of iucABCD/iutA operon (Fig. 2.1B).  The binding motif has a 

score of 2.21 (max score=2.45) compared with a Fur binding sequence position weight 

matrix (Fig. 2.1B), which is higher than the score for the described consensus sequence 

responsible for Fur auto-regulation in E. coli. This indicates a high probability that Fur 

binds to the promoter of the P. stewartii iucABCD/iutA operon (De Lorenzo et al., 1988b; 

Münch et al., 2005). The P. stewartii Δfur mutant exhibited a significant increase in 
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siderophore activity on CAS plates, a phenotype consistent with loss of repression of the 

siderophore biosynthetic pathway (Fig. 2.3A). Quantitative evaluation of siderophore 

activity as described for the ΔiucA and ΔiutA mutants gave a mean halo radius of 

1.68±0.2cm compared with the wild type radius of 0.79±0.18cm  (Fig. 2.3B). This 

difference is significant based on a Student’s t-test (p≤0.05). Complemented strain 

Δfur/fur
+ 

did not differ significantly from the wild type. 

 To confirm that siderophore regulation is based on iron level, we analyzed 

expression of iucA by qPCR under iron-limiting (MM9 minimal medium) and high iron 

conditions (MM9 minimal medium supplemented with 20µM FeSO4). In wild type 

DC283, expression of iucA was low under high iron conditions and was induced 13-fold 

under iron limiting conditions (Fig. 2.4). In Δfur, expression of iucA was almost 30-fold 

higher under iron limiting conditions and repression was lost under high iron conditions. 

In fact, expression of iucA was significantly higher in Δfur with iron supplementation as 

compared to expression under iron limiting conditions (Fig. 2.4). This increase in iucA 

expression is most likely due to other regulatory mechanisms that might activate this 

operon in the absence of Fur. In some cases Fur can regulate gene function from the 

same promoter regions as activators such as Crp, resulting in higher gene expression 

when Fur is not bound (Zhang et al., 2005). These data show that in P. stewartii, 

siderophore production via the iucA biosynthesis pathway is regulated by Fur in 

response to extracellular iron levels. 
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Figure 2.2 Siderophore-mediated iron acquisition requires in iucA and iutA. 

A.  

 

B.  

 

Production of siderophores was detected using colorimetric CAS agar plates (Louden et al., 

2011). For each strain, inoculum was taken from a single colony grown on nutrient agar and 
streaked down the middle of the CAS plates and incubated for ten days at 28°C. A) The zone of 

color change was photographed for representative plates and B) halo radius was measured from 

the edge of colony growth. Graph represents the mean halo radius from 15 plates. Bars with 

different letters indicate significance based on a Student’s T-test using p≤0.05. Error bars = 
standard error of the mean.  
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Figure 2.3 Siderophore production is negatively regulated by Fur. 

A. 

 

B. 

 

Production of siderophores was detected using colorimetric CAS agar plates (Louden et al., 

2011). For each strain, inoculum was taken from a single colony grown on nutrient agar and 
streaked down the middle of the CAS plates and incubated for ten days at 28°C. A) The zone of 

color change was photographed for representative plates and B) halo radius was measured from 

the edge of colony growth. Graph represents the mean halo radius from 15 plates. Bars with 

different letters indicate significance based on a Student’s T-test using p≤0.05. Error bars = 
standard error of the mean.  
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Figure 2.4 Fur regulates iucA in response to iron.  

 

 

 

Cells were grown to mid-log phase (OD600=0.5) in 2 ml of MM9 with the addition of 0.02% 

glucose and 0.003% casamino acids, with or without addition of 20µM FeSO4. Total RNA was 
extracted using hot phenol extraction and treated with TURBO DNase (Ambion). 500 ng of 

DNA-free RNA was used for cDNA synthesis using the iScript cDNA synthesis kit (Biorad 

Laboratories, Hercules, CA).The level of gene expression was compared by quantitative PCR 
(qPCR) using the iQ SYBR Green Supermix (Biorad Laboratories, Hercules, CA), and expressed 

as normalized gene expression compared with reference gene expression level, plus or minus the 

standard error of the mean.  
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Sweet corn xylem sap contains low levels of iron. Because of the iron-dependent nature 

of siderophore expression, it is relevant to look at the iron content of the xylem where P. 

stewartii colonizes. Iron content of plant fluids can be highly variable depending on the 

grow conditions and plant species (Fernández & Winkelmann, 2005). In a plant system, 

iron is mostly present in a bound form, as part of different storage and transport 

complexes or proteins (Briat et al., 2007). The chelator 2,2-dipyradil can be used as a 

sensitive colorimetric indicator of ferrous iron concentrations in solution (Heaney & 

Davidson, 1976). We used this method to determine the total iron content of xylem fluid 

extracted from 7-10 day old sweet corn seedlings. Addition of a reducing agent, 

hydroxylamine hydrochloride, was used to ensure that all the iron present in the samples 

had been reduced to the ferrous form. We found that the iron concentration of the xylem 

fluid fell between 2-4 µM, a similar range to what can be found in xylem and apoplastic 

fluid using other methods (Lopez-Millan et al., 2000). This concentration is significantly 

lower than what is used in CAS medium, which is defined as iron-limiting (Louden et al., 

2011; Schwyn & Neilands, 1987). It should also be noted that total iron may not correlate 

with the amount of iron available for bacterial growth, and the available concentration 

may actually be even lower. However, it is also unknown what the binding affinity is of 

the siderophore produced by P. stewartii in comparison to iron complexes in the plant. 

Although we cannot be certain of the absolute iron concentration available to P. stewartii 

during plant colonization, it is highly likely that the sweet corn xylem sap under our 

experimental conditions represents an iron poor environment where siderophore 

production would be important for bacterial growth.  
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Siderophore production and utilization are important for virulence and plant 

colonization. Because the xylem and apoplast niches where P. stewartii resides within 

the plant likely represent iron-limited environments, we hypothesized that the 

siderophore-mediated iron uptake pathway was important for growth and colonization of 

P. stewartii in the plant host. Ten-day-old sweet corn seedlings were inoculated with wild 

type DC283 and mutant strains ΔiucA and ΔiutA. Plants were observed for symptom 

development daily, and disease severity was assessed based on an arbitrary rating system 

modified from Ham et al. (2006), between 0 and 4, where 0= no symptoms, 1= a few 

lesions, 2=spreading lesions that coalesce, 3= severe lesions + some wilt and 4 = severe 

wilting and death of the plant. Both ΔiucA and ΔiutA were significantly reduced in their 

ability to cause symptoms in the plant (Fig. 2.5A,B). In trans expression of a wild type 

copy of either the iucA and iutA genes on the plasmid pBBR1-MCS4 in their respective 

mutants (ΔiucA/iucA
+
 and ΔiutA/iutA

+
) restored symptom development to near wild type 

levels. Area under disease progress curve (AUDPC) was calculated using the method of 

Madden et al. (2007). AUDPC for DC283 was 10.3 after six days post-inoculation, and 

for the mutant strains ΔiucA and ΔiutA, the AUDPC were 5.3 and 5 respectively. For the 

complemented strains ΔiucA/iucA
+
 and ΔiutA/iutA

+
, AUDPC were restored to 9.4 and 

9.9. These differences were significant based on a Student’s T-test using p≤0.05.  

 After six days post-inoculation, leaf tissue was harvested for quantification of 

bacterial populations. Both ΔiucA and ΔiutA had reduced colonization levels compared 

with wild type DC283 (Fig. 2.6). DC283 was able to colonize the plant to high levels, 

with a mean of 8.58x10
8
 cfu per gram leaf tissue, whereas, ΔiucA had a mean population 
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of 1.0x10
8 
cfu/gram tissue. The ΔiutA populations were more than 10-fold lower than 

wild type with a mean of 7.0x10
7
 cfu/gram tissue. These bacterial population levels were 

significantly different based on a Student’s T-test using p≤0.05. Plants inoculated with 

the complemented strains (ΔiucA/iucA
+
 and ΔiutA/iutA

+
) restored colonization to wild 

type levels. Buffer inoculated plants did not show disease symptoms and no bacterial 

colonization was observed. These data suggest that the aerobactin-like siderophore 

produced by P.stewartii is important for optimal growth within the plant host. 
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Figure 2.5 Siderophore production and uptake are essential for virulence in the 

 plant host.  

A. ΔiucA is deficient in virulence. 

 

B. ΔiutA is deficient in virulence. 

 

Ten-day-old sweet corn seedlings were inoculated with A) DC283, ΔiucA, ΔiucA/iucA
+
, and B) 

ΔiutA, ΔiutA/iutA
+
.  Plants were observed for symptom development daily and disease severity 

was assessed based on an arbitrary rating system between 0 and 4, where 0= no symptoms, 1= a 

few lesions, 2=spreading lesions that coalesce, 3= severe lesions + some wilt and 4 = severe 

wilting and death of the plant. Graph represents the mean of three biological replicates with five 
technical replicates each (total 15 plants per strain). Experiments were repeated at least three 

times with similar results. Error bars= standard error of the mean.  
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Figure 2.6 Siderophore mutants are deficient in plant colonization. 

 
 

 

 

The largest leaf from each inoculated plant was harvested at six days post-inoculation. Leaf tissue 

was individually weighed and surface sterilized and ground to a slurry with 2ml sterile 1X PBS. 
Serial dilutions of the plant slurry in 1X PBS were plated for viable cell counts. Colonies were 

counted after 48 hours incubation at 28°C. Bacterial populations were quantified as cfu per gram 

fresh tissue. Graph represents the mean of three biological replicates with five technical replicates 
each (total 15 plants per strain). Experiments were repeated independently at least three times 

with similar results. Bars with different letters indicate significant difference based on a Student’s 

T-test using p≤0.05. Error bars=standard error of the mean.  
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Siderophore production influences surface motility and in planta movement. In 

addition to their crucial role in iron acquisition, production of siderophores is associated 

with different aspects of the bacterial life cycle such as the transition to a motile state. 

This prompted us to investigate whether or not a deficiency in siderophore production 

(ΔiucA) or uptake (ΔiutA) affected other phenotypic changes that are important during 

the P. stewartii infection process. P. stewartii exhibits characteristic uni-directional 

swarming motility on soft agar medium (Herrera et al., 2008). This phenotype is cell 

density-dependent and is governed by the EsaI/R quorum sensing system. Moreover, 

motility is essential for full virulence in planta (Herrera et al., 2008). We characterized 

the behavior of ΔiucA and ΔiutA for swarming motility following the protocol of Herrera 

et al., (2008). Strains DC283, ΔiucA, ΔiutA, ΔiucA/iucA
+
 and ΔiutA/iutA

+
 were grown on 

soft nutrient agar plates (0.4%) supplemented with 0.4% glucose for 24 hours. Wild type 

DC283 migrates robustly in a single direction across the agar surface, whereas both 

siderophore mutants show reduced motility (Fig. 2.7). ΔiucA retains uni-directional 

movement but to a much lesser extent compared with the wild type and ΔiutA is 

completely non-motile and remains in the center of the plate. ΔiucA/iucA
+
 and 

ΔiutA/iutA
+
 were both restored in swarming motility (Fig.2.7).  Both siderophore mutants 

have growth rates equal to the wild type in rich medium (nutrient agar), and both mutants 

produce similar amounts of exopolysaccharide compared to wild type, which facilitates 

surface motility (data not shown). This leads us to speculate that the deficiency in 

swarming motility in these mutants is directly impacted by the deficiency in the ability to 

aquire iron via the siderophore-mediated pathway. 
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Figure 2.7 Siderophore-mediated iron acquisition is required for surface motility.  

 

 

 

 

Swarm plates consist of nutrient soft agar (0.4% agar) plates with added 0.4% glucose. A 2 µl 

volume containing approximately 10
7
 cells was placed in the center of the swarm plates and 

incubated at 28°C. Photographs were taken of the plates after 24 hours of incubation. 

Experiments were conducted with at least 3 biological replicates, with 5 technical replicates each 
(total 15 plates per strain) and representative images were chosen based on a repeatable trend.  
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Figure 2.8 Siderophore production and uptake are necessary for bacterial  

 movement in planta. 

A. Acropetal movement 

 

B. Basipetal movement 

 

Strains constitutively expressing GFP from plasmid pHC60 were used to inoculate sweet corn 

seedlings (cv. Jubilee) in a partial incision on the leaf surface. After 72 hours, length of GFP 
fluorescence migration was measured in the A) acropetal direction and B) basipetal direction, 

using a Leica MZ FLIII fluorescence equipped stereoscope (Leica Microsystems, Wetzlar, 

Germany). Fluorescent microsphere beads (FluoSpheres®) (Invitrogen, Carlsbad, CA) were used 
as a negative control to correct for passive movement. Graph represents the mean distance from 

the inoculation point for at least 10 replicates for each strain. Bars with different letters indicate 

significance based on a Student’s T-test using p≤0.05. Error bars = standard error of the mean. 



90 

 

 In addition to in vitro motility, we quantified the dissemination of ΔiucA and 

ΔiutA in the xylem as compared with wild type DC283. Sweet corn seedlings were 

inoculated following the protocol of Koutsoudis et al., (2006), with DC283, ΔiucA and 

ΔiutA strains constitutively expressing GFP encoded on plasmid pHC60 (Cheng & 

Walker, 1998).  A small wound was made on the adaxial leaf surface and inoculated with 

a cell suspension containing approximately 10
7
 cells in 1X PBS. The distance that each 

strain actively moved within the xylem was quantified after 72 hours by measuring the 

distance of fluorescence migration from the inoculation site.  Fluorescent microsphere 

beads were used as a negative control to correct for passive movement. Both ΔiucA and 

ΔiutA had significantly reduced ability to migrate in both the acropetal and basipetal 

directions as compared with the wild type, although both ΔiucA and ΔiutA exhibited 

some degree of movement larger than the passive diffusion rate (Fig. 2.8A,B). These 

results indicate a significant role of this siderophore-mediated iron acquisition pathway in 

plant colonization of P. stewartii independent from simply fulfilling the cells iron 

requirements.  

Motility is correlated with iron availability. Because the ΔiucA and ΔiutA mutants are 

deficient in surface motility, this prompted us to investigate if this phenotype was 

affected by availability of iron. Wild type DC283 was grown on swarming motility plates 

with and without 200µM 2,2-dipyradil (DP), a strong iron chelator. This concentration of 

DP is not sufficient to significantly reduce the growth rate of wild type DC283 in rich NA 

broth (data not shown). However, swarming motility on semi-solid medium containing 

DP was severely reduced even after prolonged incubation (48 hours) (Fig. 2.9). In 
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contrast, we observed that the Δfur was able enter a motile state sooner and traveled 

much farther than the wild type even after 12 hours (Fig. 2.10). Δfur constitutively 

expresses high levels of siderophore production and uptake and consequently, has an 

abnormally high level of intracellular iron. Relative amounts of intracellular iron in 

different strains can be determined using the antibiotic streptonigrin which has 

bactericidal activity that is closely correlated with intracellular iron levels (Yeowell & 

White, 1982). The Δfur mutant has a severe growth defect in the presence of 1µM 

streptonigrin when compared with the wild type growth rate (Fig. 2.11B) indicating 

significantly higher iron levels than the wild type. Wild type growth rates were restored 

in the Δfur/fur
+
 strain (Fig. 2.11B). This increased iron uptake does not increase the 

growth rate of Δfur in rich medium compared with the wild type, suggesting that 

increased iron acquisition has some other effect leading to the increased motility 

(Fig.2.11A). When swarming motility medium was supplemented with 20µM FeSO4, a 

readily available source of iron, motility was restored in ΔiucA and ΔiutA (Fig. 2.12). 

This suggests that iron availability within the cell is important for induction of the 

swarming behavior and that this process is dependent on the siderophore-mediated iron 

acquisition pathway.  
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Figure 2.9 Available iron is required for surface motility. 

 

 

 
 

 

 
Swarm plates consist of nutrient soft agar (0.4% agar) plates with added 0.4% glucose, with or 

without 200µM 2,2-dipyradil. A 2 µl volume containing approximately 10
7
 cells was placed in 

the center of the swarm plates and incubated at 28°C. Photographs were taken of the same plates 

after 16, 30, and 48 hours of incubation. Experiments were conducted with at least 3 biological 
replicates, with 5 technical replicates each (total 15 plates per strain) and representative images 

were chosen based on a repeatable trend.  
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Figure 2.10 Fur regulation controls surface motility. 

 

 

 
 
 

 

 

 
Swarm plates consist of nutrient soft agar (0.4% agar) plates with added 0.4% glucose. A 2µl 

volume containing approximately 10
7
 cells was placed in the center of the swarm plates and 

incubated at 28°C. Photographs were taken of the same plates after 12 and 30 hours of 

incubation. Experiments were conducted with at least 3 biological replicates, with 5 technical 
replicates each (total 15 plates per strain) and representative images were chosen based on a 

repeatable trend.  
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Figure 2.11 Δfur accumulates excess intracellular iron.  

 

A. Growth in LB medium.  

 
B. Growth in LB + 1µM streptonigrin. 

 
 
Strains were grown overnight in 2ml LB medium, diluted 1:20 in fresh LB, and divided into 

untreated and treated samples. Streptonigrin at a final concentration of 1µM was added to the 

treated samples. Cell growth was measured by OD600 over a period of 24 hours while incubating 
at 28°C with shaking at 180 rpm.  
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Figure 2.12 Available iron restores motility in ΔiucA and ΔiutA.  

 

 

 

 

 

Swarm plates consist of nutrient soft agar (0.4% agar) plates with added 0.4% glucose, with or 

without 20µM FeSO4. A 2µl volume containing approximately 10
7
 cells was placed in the center 

of the swarm plates and incubated at 28°C. Photographs were taken after 24 hours of incubation. 

Experiments were conducted with at least 3 biological replicates, with 5 technical replicates each 
(total 15 plates per strain) and representative images were chosen based on a repeatable trend.  
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Fur represses iron uptake under oxidative stress and is OxyR-dependent. Cellular 

iron balance is very important for growth under aerobic conditions because an excess of 

free iron can lead to production of damaging reactive oxygen species (Zheng et al., 

1999). We wanted to see if the increased siderophore production and intracellular iron 

accumulation of Δfur would have a negative impact on survival of the bacterium under 

oxidative stress conditions. We found that in fact, Δfur was significantly more sensitive 

to oxidative stress incurred by hydrogen peroxide treatment using a disc diffusion assay 

compared with the wild type (Fig. 2.13). In E. coli, fur expression is regulated by OxyR, 

a transcription factor that activates gene expression in response to peroxide stress (Zheng 

et al., 1999). This insures tight regulation of iron acquisition and sequestration within the 

cell under oxidative conditions. Likewise, we demonstrate that expression of fur, 

measured by qPCR, is also induced upon exposure to hydrogen peroxide in an OxyR-

dependent manner in P. stewartii (Fig. 2.14). Taken together, these results indicate that 

transcriptional control of siderophore-mediated iron uptake is important to avoid 

accumulation of toxic levels of intracellular iron during aerobic growth, especially under 

oxidative stress.  
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Figure 2.13 Δfur is more sensitive to hydrogen peroxide. 

 

 

  

 
All strains were grown to mid-log phase (OD600nm=0.5) in LB medium. Three hundred µl of this 
cell suspension was mixed with 3 ml of 0.8% nutrient top agar and overlaid on nutrient agar 

containing nalidixic acid (30µg/ml). A Whatman paper disk treated with 10 μl of 100 mM H2O2 

was placed in the center of the plate. Zones of inhibition were compared after 24 hours of 
incubation at 28°C. Photos are representative of at least 3 independent experiments.  
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Figure 2.14 OxyR regulates fur in response to oxidative stress. 

 

 
 
 

Cells were grown to mid-log phase (OD600=0.5) in 2 ml of MM9 with the addition of 0.02% 

glucose and 0.003% casamino acids. Each sample was separated into two parts, 2 µl of freshly 

prepared 1% H2O2 was added to the treated samples, and cultures were incubated for 30 minutes 
at 28°C. Total RNA was extracted using hot phenol extraction and treated with TURBO DNase 

(Ambion). 500ng of DNA-free RNA was used for cDNA synthesis using the iScript cDNA 

synthesis kit (Biorad Laboratories, Hercules, CA).The level of gene expression was compared by 
quantitative PCR (qPCR) using the iQ SYBR Green Supermix (Biorad Laboratories, Hercules, 

CA), and expressed as normalized gene expression compared reference gene expression levels, 

plus or minus the standard error of the mean.  
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DISCUSSION 

Thus far, there is mixed evidence about the importance of siderophores during 

bacterial invasion of plants. A number of other plant pathogens produce siderophores that 

do not have an apparent role in host colonization. For example, there is no distinct 

correlation between aerobactin production and virulence in Erwinia carotovora where 

mutants lacking aerobactin biosynthetic functions were still able to cause soft rot 

symptoms on potato (Ishimaru & Loper, 1992). Pseudomonas syringae pv. tomato 

produces three different types of siderophores, yersiniabactin, pyoverdin, and citrate. All 

of these siderophores were important for iron-limited growth in vitro, but none of them 

were necessary for pathogenesis in the plant host (Jones & Wildermuth, 2011). In 

contrast, in Erwinia amylovora biosynthesis of the siderophore, desferrioxamine, is 

important for colonization and necrotic symptom development in apple flowers (Dellagi 

et al., 1998). The role of desferrioxamine in virulence was also dependent on the 

inoculum dose, suggesting that siderophore production is primarily important during the 

initial stages of infection when E. amlyovora is in low numbers during initial blossom 

infection (Dellagi et al., 1998). Siderophore production was also important for plant 

colonization by the human pathogen, Salmonella enterica (Hao et al., 2012).  S. enterica 

is able to replicate within plant tissue, a process that is dependent on the ability to acquire 

iron through the production of siderophores and iron supplementation was able to correct 

the fitness defect of an S. enterica siderophore mutant in alfalfa sprouts (Hao et al., 

2012). In the P. stewartii pathosystem, we demonstrate that siderophore production is 

absolutely required for full virulence in sweet corn seedlings, strengthening our 
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hypothesis that the xylem tissue and apopolast are environments with low amounts of 

bioavailable iron, and that the bacterium relies on specific sequestration and uptake of 

iron via siderophores during the invasion process.  

The host environment generally represents an iron-limited environment because 

of low concentrations of bioavailable iron at biological pH, and additionally, due to 

competition of iron with the host. While iron limitation is detrimental to the cell, excess 

intracellular iron can also be deleterious especially under oxidative stress conditions, 

because it can lead to formation of toxic hydroxyl radicals (Zheng et al., 1999). Thus, 

tight regulation of iron-uptake pathways is necessary to maintain proper iron 

homeostasis. We demonstrate here that the Fur transcription factor represses siderophore-

mediated iron uptake, and that loss of repression of the iucABCD/iutA operon in the Δfur 

mutant leads to overproduction of siderophores. This constituitive iron uptake causes 

accumulation of excess intracellular iron as indicated by an increase in sensitivity to the 

antibiotic, streptonigrin. The Δfur mutant was also more sensitive to oxidative stress, as 

indicated by increased inhibition following hydrogen peroxide treatment. These findings 

are similar to what was observed in fur mutants in other species, such as, E. coli and 

Xanthomonas oryzae, where loss of Fur also led to overexpression of siderophores and an 

increased sensitivity to oxidative stress (Subramoni & Sonti, 2005; Touati et al., 1995). 

Furthermore, in the X. oryzae system, a fur mutation led to a growth defect in planta 

likely due to its increased sensitivity to oxidative stress (Subramoni & Sonti, 2005).  In 

contrast, the P. stewartii Δfur mutant was not compromised in colonization in the plant 

despite its being more sensitive to hydrogen peroxide treatment in vitro (data not shown). 
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This strengthens our hypothesis that the sweet corn apoplast and xylem represent iron-

limited environments because the deregulation (i.e. constitutive expression) of 

siderophore-mediated iron uptake in the host plant did not lead to a growth defect for the 

Δfur mutant that would be caused by the excess accumulation of intracellular iron. 

Because of the connection between sensitivity to oxidative stress and intracellular 

iron levels, we sought to determine if OxyR, a redox-sensitive transcription factor, 

(Chapter 1), belonged to the regulatory hierarchy governing siderophore production in P. 

stewartii. In E. coli, Fur is directly regulated by OxyR, in order to prevent increased 

cellular oxidative stress due to excess free iron (Zheng et al., 1999). We found that in P. 

stewartii, OxyR activates transcription of fur in response to oxidative stress, and in turn, 

Fur represses the siderophore-mediated iron uptake pathway to avoid excess free iron that 

would increase oxidative damage. In additon to demonstrating the increased sensitivity of 

Δfur to oxidative stress, we also show that fur expression was induced following 

hydrogen peroxide treatment in an OxyR-dependent manner. This suggests that OxyR 

plays a role in managing iron homeostasis within the cell, through regulation of Fur. The 

xylem and the apoplast represent oxidative environments in sweet corn (Chapter 1), thus, 

oxidative stress is incurred during host infection. Because deregulated uptake of iron does 

not cause reduced survival of the pathogen in planta, OxyR-dependent regulation via Fur 

may be more important in other facets of the lifestyle of P. stewartii, such as in the gut of 

the corn flea beetle vector where iron levels may be higher and the temporal regulation of 

iron uptake may be more critical.  
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In addition to the importance of siderophores for iron acquisition under limiting 

conditions, there is a growing body of evidence that production of siderophores can play 

an important role in other aspects of bacterial virulence. Iron acquisition pathways have 

been linked to virulence-associated traits such as surface motility and the formation of 

biofilms in a number of different bacterial species (Banin et al., 2005; Matilla et al., 

2007).  In Pseudomonas syringae pv. tabaci, the siderophore  pyoverdine is necessary for 

full virulence in the tobacco host. Loss of pyoverdine synthesis or the cognate receptors 

affects production of tabtoxin, an important virulence factor, as well as the quorum 

sensing signal AHL, which controls swarming motility (Taguchi et al., 2010). This 

highlights an emerging role of siderophores as regulatory components, signaling a change 

in gene expression in response to a change in environmental conditions. In Pseudomonas 

putida, iron level serves as one of the important environmental cues that initiate surface 

motility, a process that is dependent on siderophore-mediated iron acquisition (Matilla et 

al., 2007).  The importance of active iron transport mechanisms in the formation of 

microbial biofilms also suggests that iron can act as a signal for changes in gene 

expression under different growth conditions in order to promote host colonization 

(Banin et al., 2005; Singh, 2002; Wang et al., 2011).  P. stewartii colonizes the apoplast 

and xylem of susceptible sweet corn varieties to high population numbers (>10
8
 cfu/g 

tissue), a process which is dependent on flagellar movement within the plant, and the 

ability to go through all of the gene expression changes necessary to form biofilms. We 

found that production of the P. stewartii siderophore from the iucABCDiutA operon is 

also involved in regulation of surface motility. This is most likely the reason for the 
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virulence defect that we observed. Additionally, motility is required for the initial stages 

of biofilm formation, a process that is also essential to colonization of the xylem tissue.  

 In this study we demonstrate the importance of a siderophore-mediated iron 

acquisition pathway in virulence and host colonization by P. stewartii. We also 

demonstrate a connection between intracellular iron levels and surface motility in P. 

stewartii, a process that is necessary for spread of the bacteria within the plant host. 

These findings highlight the importance of siderophores for a number of different 

virulence processes, beyond their primary role in nutrient acquisition and metabolism. 

This is a novel example of siderophore activity acting as a virulence factor in a xylem-

dwelling plant pathogen. 

 

MATERIALS AND METHODS 

 

Strains and Growth Conditions. All relevant strains are listed in Table 2.1. Plasmid 

constructs are listed in Table 2.2. The P.stewartii strains were grown on Nutrient Agar 

(Difco Laboratories, Detroit, MI), Luria-Bertani (LB) Broth (Difco, Laboratories), or 

MM9 supplemented with casamino acids (0.003% w/v) and glucose (0.2%) (Louden et 

al., 2011) at 28ºC in the presence of nalidixic acid (30 µg/ml), kanamycin (30 µg/ml), 

ampicillin (100µg/ml), or chloramphenicol (35 µg/ml) when needed. E. coli strains were 

grown at 37ºC in LB in the presence of kanamycin (30µg/ml), ampicillin (100µg/ml) or 

chloramphenicol (35µg/ml) as needed. E. coli DH10β was used as a cloning host and 

S17-1λ served as a donor for conjugal transfer of RK-2 based plasmid constructs into P. 

stewartii.  
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Standard DNA Manipulations. Genomic DNA was extracted with a Dneasy DNA 

extraction kit (Qiagen, Valencia, CA). Plasmid DNA was purified with a Zyppy
tm

 

Plasmid Miniprep kit (Zymo Research Corporation, Irvine, CA). DNA fragments were 

amplified using Takara Ex-Taq DNA polymerase (Takara Bio USA, Madison, WI). 

Synthetic oligonucleotide primers were ordered from Integrated DNA Technologies 

(Coralville, IN). Restriction enzymes were purchased from New England Biolabs 

(Ipswich, MA) or Invitrogen, Inc. (Carlsbad, CA). 

Mutant construction. The P. stewartii ∆iucA, ∆iutA, and ∆fur mutants were created 

using a previously described method that is based on Gateway technology (Life 

Technologies, Inc., Carlsbad, CA) (Choi & Schweizer, 2005). For the ΔiucA mutant, the 

5
'
 and 3

'
 flanking regions of the target gene and kanamycin cassette (from pKD4) were 

amplified using primer pairs, iucALFfwd/iucALFrevKan, iucARFfwdKan/iucARFrev 

and pKD4fwd/pKD4rev. All primer sequences are included in Table 2.3. In a second 

round of PCR, the 3 PCR products generated from the first round were combined into one 

tube (without primers) and assembled by PCR overlap extension using optimized PCR 

conditions. Primer pair iucALFfwd/iucARFrev was added after three rounds of PCR and 

then the rest of the PCR reaction was carried out. The assembled PCR product was 

cloned into vector pCR8/GW/TOPO (Invitrogen) following the manufacturer’s 

instructions to create plasmid pLPB34. pLPB34 was linearized with XhoI and used to 

recombine into pAUC40, created from plasmid pKNG101 and modified to contain 

attL/attR specific recombination sites (Carlier et al., 2009) to create pLPB36. pLPB36 

was introduced into P.stewartii DC283 by conjugation, and transconjugants were selected 
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on Nutrient Agar containing kanamycin 30µg/ml and nalidixic acid 30µg/ml. DC283 

genomic DNA was used as template for amplification of the flanking regions of the iucA 

open reading frame using optimized PCR conditions. The ∆iutA and Δfur mutants, were 

similarly created, using primer pairs iutALFfwd/iutALFrevKan,  

iutARFfwdKan/iutARFrev, fur1/fur2, fur3/fur4 and pKD4fwd/pKD4rev that amplify the 

5’ and 3’ flanking regions of the iutA gene, the fur gene, and the kanamycin resistance 

cassette derived from plasmid pKD4, (Datsenko & Wanner, 2000) respectively. The 

resulting overlap PCR products was cloned into vector pCR8/GW/TOPO (Invitrogen) 

following the manufacturer’s instructions to create plasmids pL B35 (iutA) and pLPB02 

(fur). These plasmids were recombined with pAUC40, to create plasmids pLPB37 (iutA) 

and pLPB04 (fur). All mutagenesis constructs were separately transformed into E. coli 

strain S17-1λ for conjugation with wild type P. stewartii. For all mutants, the 

merodiploid state was resolved by sucrose selection. Sucrose resistant colonies were 

selected for Kan
r
 and Strep

s
 (streptomycin resistance is carried on the pKNG101 plasmid) 

and double crossover events were confirmed using PCR with primers designed to amplify 

flanking regions and the Kan
r
 marker.  

Complementation of mutants. The Δfur mutant strain was complemented by insertion 

of a wild type copy of the respective gene into a neutral region of the chromosome using 

a mini-Tn7 vector system developed by (Choi et al., 2005). The fur ORF, with an 

additional 200bp upstream to include the native promoter, was amplified by PCR using 

primer pair furfwdBamHI/furrevPstI and cloned into the BamHI and PstI restriction sites 

of the pUC18R6K-mini-Tn7-cat vector (Choi et al., 2005) to create plasmid pLPB29. The 
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pLPB29 complementation construct was transformed into E. coli strain S17-1λ and 

subsequently conjugally transferred either into strain LB001 or LB067. The Tn7 

construct was expected to integrate into a single conserved chromosomal location in an 

intergenic region downstream of the glmS gene, as demonstrated in a number of bacterial 

species (Choi et al., 2005).  Correct insertion was confirmed by DNA sequencing of the 

insertion site.  

 ΔiutA and ΔiucA were complemented by providing the wild type copy of iutA or 

iucA on the broad host-range plasmid vector pBBR1-MCR4 (Kovach et al., 1995). 

Briefly, the iutA ORF was PCR amplified from WT DC283 genomic DNA using primer 

pair iutAfwdORF/ iutArev and ligated into vector pCR8/GW/TOPO (Invitrogen) 

following the manufacturer’s instructions to create pL B41. For iucA complementation, 

the iucA ORF was PCR amplified using primer pair iucAFwdBamHI/iucARevKpnI and 

ligated into pCR8/GW/TOPO to create plasmid pLPB42. pLPB41, and pLB42 were 

digested with XhoI to linearize and then recombined with pBBR1MCS4-GW using LR 

cloning mix (Invitrogen) and following the manufacturer’s protocol. This recombination 

created pLPB43 and pLPB44 respectively. These complementation vectors were 

transformed into E. coli strain S17-1λ to be used for conjugation with P. stewartii. 

Following conjugation, transformants were screened for resistance to ampicillin and 

uptake of the correct plasmid was confirmed by plasmid extraction and sequencing.  

Siderophore production on CAS plates. Production of siderophores was detected using 

colorimetric CAS agar plates (Louden et al., 2011). For each strain, inoculum was taken 
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from a single colony grown on nutrient agar and streaked down the middle of the CAS 

plates. The zone of color change was photographed following 10 days incubation at 

28°C. For quantitative determination of siderophore production, zone of color change 

was measured after ten days from the edge of colony growth to the edge of the orange 

halo.  

Streptonigrin sensitivity. Strains were grown overnight in 2ml LB medium, diluted 1:20 

in fresh LB, and divided into untreated and treated samples. Streptonigrin at a final 

concentration of 1µM was added to the treated samples. Cell growth was measured by 

OD600 over a period of 24 hours while incubating at 28°C with shaking at 180 rpm.  

Hydrogen peroxide sensitivity. All strains were grown to mid-log phase (OD600nm=0.5) 

in LB medium. Three hundred µl of this cell suspension was mixed with 3 ml of 0.8% 

nutrient top agar and overlaid onto nutrient agar containing nalidixic acid (30g/ml). A 

Whatman paper disk treated with 10 μl of 100 mM H2O2 was placed in the center of the 

plate. Zones of growth inhibition surrounding the H2O2-treated disk were photographed 

and measured after 24 hours of incubation at 28°C.  

Virulence assay. The scratch inoculation method was designed to mimic the feeding 

behavior of the corn flea beetle (Herrera et al., 2008). A small amount of bacterial 

suspension (5 µl) in sterile 1X PBS-T (1XPBS+0.2% Tween 20) containing 

approximately 5x10
7
cells/ml was placed over a wound created by scratching the stem of 

seven-day-old seedlings with a sterile 20 gauge needle.  Plants were observed for 

symptom development daily and disease severity was assessed based on an arbitrary 

rating system modified from Ham et al, (2006) between 0 and 4, where 0= no symptoms, 
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1= a few lesions, 2=spreading lesions that coalesce, 3= severe lesions + some wilt and 4 

= severe wilting and death of the plant. Results are shown as mean disease score of all 

replicates ± standard deviation. At least three biological replicates with five technical 

replicates each (total of 15 plants) were tested for every strain during one experiment and 

experiments were repeated independently at least three times. Seedlings inoculated with 

WT DC283 served as positive controls and seedlings inoculated with 1X PBS-T buffer 

alone served as negative controls.  

Quantification of bacterial populations in the plant. The first leaf from each 

inoculated plant was harvested at six days post-inoculation for bacterial isolation. Leaf 

tissue was individually weighed and surface sterilized using the following procedure. 

Leaves were soaked in 70% ethanol then 10% bleach for 30 seconds each and rinsed 

twice in sterile dH2O (30 seconds for each rinse). Then the leaf tissue was placed in a 

sterile plastic grinding bag (Agdia, Inc. Elkhart, IN) with 2ml sterile 1X PBS and ground 

to a slurry. Serial dilutions of the plant slurry in 1X PBS were plated for viable cell 

counts. Colonies were counted after 48 hours incubation at 28°C. Bacterial populations 

were quantified as cfu per gram fresh tissue.  

Quantification of gene expression in cells grown under iron limitation and oxidative 

stress. Cells were grown to mid-log phase (OD600=0.5) in 2 ml of MM9 with the addition 

of 0.02% glucose and 0.003% casamino acids. For comparison of low and high iron 

conditions, samples were grown with or without supplementation with 20µM ferrous 

sulfate.  For H2O2 treatment, each sample was separated into two parts and 2µl of freshly 

prepared 1% H2O2 was added to the treated samples. Cultures were incubated for 30 
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minutes at 28°C after treatment. In all cases, total RNA was extracted using the hot 

phenol extraction method described in (Jahn et al., 2008). Removal of any residual 

genomic DNA was accomplished by treatment with TURBO DNase (Ambion), according 

to the manufacturer’s protocol.  NA purity and concentration were measured by the 

absorbance ratio of 260nm/280nm light and RNA quality was analyzed by agarose gel 

electrophoresis. 500ng of DNA-free RNA was used for cDNA synthesis using the iScript 

cDNA synthesis kit (Biorad Laboratories, Hercules, CA), according to manufacturers 

protocol. The level of gene expression between the different strains and under different 

conditions was compared by quantitative PCR (qPCR) using the iQ SYBR Green 

Supermix (Biorad Laboratories, Hercules, CA). Fluorescence detection was performed in 

a CFX96 Real-time PCR detection instrument (BioRad Laboratories, Hercules, CA). 

Primers for qPCR analysis were designed using Beacon Design® software and analyzed 

for optimal concentration and annealing temperature prior to use. Gene expression was 

normalized to two reference genes (ffh and proC) chosen based on previous work (Takle 

et al., 2007) and compared for stability across treatment conditions. Primer sequences can 

be found in Table 2.3. The qPCR data were analyzed using the CFX Manager software 

(BioRad Laboratories, Hercules, CA) and expressed as a fold gene expression compared 

with reference gene concentration, plus or minus the standard error of the mean.  

Swarming motility. Strains were grown on swarm plates as described by (Herrera et al., 

2008). Swarm plates consist of nutrient soft agar (0.4% agar) plates with added 0.4% 

glucose. Cells were grown overnight in LB liquid medium with 100µg/ml ampicillin 

when necessary (ΔiucA/iucA
+
 and ΔiutA/iutA

+
). Cells were then diluted 1:20 in fresh LB 
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and grown to mid-log phase (OD600=0.5). Cells were harvested by centrifugation and 

washed twice with 1XPBS. A 2µl volume containing approximately 10
7
 cells was placed 

in the center of the swarm plates and incubated at 28°C. Photographs were taken of 

representative plates for each strain after 16, 24, and 30 hours of incubation.  

In planta movement assays. All strains were transformed with plasmid pHC60 (Cheng 

& Walker, 1998) which constitutively expresses GFP. Cells were grown overnight in LB 

with 10µg/ml tetricycline. Cells were then diluted 1:20 in fresh medium and grown to 

mid-log phase (OD600= 0.5). Cells were harvested by centrifugation and washed twice in 

1XPBS containing 0.2% Tween 20. Susceptible sweet corn seedlings (cv. Jubilee) were 

inoculated following the protocol of Herrera et al., (2008).  A partial incision was made 

on the leaf surface and inoculated with 2µl of bacterial suspension containing 

approximately 10
7 
cells. After 72 hours, distance of movement was quantified by 

measuring length of GFP fluorescence using Leica MZ FLIII fluorescence equipped 

stereoscope (Leica Microsystems, Wetzlar, Germany).  Fluorescent microsphere beads 

(FluoSpheres®) (Invitrogen, Carlsbad, CA) were used as a negative control to correct for 

passive movement. Results are expressed as the mean distance from the inoculation point 

for at least 10 replicates for each strain, plus or minus the standard error of the mean.  

Quantification of iron in xylem sap. Xylem sap was collected from ten-day-old sweet 

corn seedlings (cv. Jubilee) by cutting the stem straight across with a sterile razor blade at 

about four inches above the soil and collecting the fluid that oozed out. About 100-500µl 

of xylem fluid was collected from each seedling. Iron content was quantified by the 

method described by (Heaney & Davidson, 1976) using the chelator 2,2,-dipyradil as a 
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colorimetric indicator and reading the optical density at a 520nm wavelength to quantify 

the color change from transparent to red. A standard curve was created using known 

concentrations of FeCl3 solution. 100µl of the xylem samples and standard curves were 

added to 10 µl 1% 2,2-dipyradil (indicator), 50 µl 10% hydroxylamine hydrochloride 

(reducing agent), 10 µl 2M sodium acetate (buffer), and 830 µl sterile dH2O. Reactions 

were read in a Biomate 3 spectophotometer (Thermo Scientific, Waltham, MA).  
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Table 2.1 Bacterial Strains 

 
Strain  Relevant genotypes Source  

Pantoea stewartii 

subsp. stewartii 

  

DC283 Wild type, Nalr (Coplin et al., 

1986) 

ΔoxyR Knockout in oxyR, Nalr (Burbank & 

Roper, 2014) 

ΔiucA Knockout in iucA, Nalr, Kanr,  This study 

ΔiutA Knockout in iutA, Nalr, Kanr This study 

Δfur Knockout in fur, Nalr This study 

ΔiucA/iucA+ Knockout in iucA complemented with pBBR1-MCS4GW:iucA 
(pLPB44) 

This study 

ΔiutA/iutA+ Knockout in iutA complemented with pBBR1-MCS4GW:iutA 

(pLPB43) 

This study 

Δfur/fur+ Cmr, Nalr, knockout in fur complemented by chromosomal 
integration of wild type fur into intergenic region downstream of 

glmS 

This study 

 DC283 pHC60 Wild type DC283 constitutively expressing GFP This study 

ΔiucA pHC60 ΔiucA constitutively expressing GFP This study 
ΔiutA pHC60 ΔiutA constitutively expressing GFP This study 

ΔiucA/iucA+ 

pHC60 

ΔiucA/iucA+ constitutively expressing GFP This study 

ΔiutA/iutA+ 

pHC60 

ΔiutA/iutA+ constitutively expressing GFP This study 

Escherichia coli   

DH10β F– endA1 recA1 galE15 galK16 nupG rpsL lacX74 80lac Z M15 

araD139 (ara,leu)7697 mcrA (mrr-hsdR MS-mcrBC) – 

Invitrogen 

S17-1pir+ RP4, Mob+, Smr (Simon et al., 

1983) 

EC100pir+ 

 

 

F mcrA (mrr-hsdRMS-mcrBC), 80dlacZ, M15 lacX74, recA1, 
endA1araD139,(ara, leu)7697galU galK – rpsL nupG 

pir+(DHFR) 

Epicentre 
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Table 2.2  Plasmids  

 
Plasmids   

pUC18R6K-mini-
Tn7-cat 

Cmr, ampr (Choi et al., 2005) 

pAUC40  Cmr, Smr (Carlier et al., 2009) 

pFLP2 sacB+, FLP recombinase, Apr (Kaniga et al., 1991) 

pCR8/GW/TOPO Cloning vector, Spr Invitrogen 

pKD4 KanR (Datsenko & 

Wanner, 2000) 

pBBR1-

MCS4GW 

Gateway compatible broad host-range cloning vector (Carlier et al., 2009) 

pLPB02 fur::kan cloned into pCR8/GW/TOPO, Kanr,, Spr This study 

pLPB04 fur::kan cloned into pAUC40, Kan This study 

pLPB29 fur ORF + promoter cloned into pUC18R6K-mini-

Tn7-cat, Cmr, Ampr 

This study 

pLPB34 iucA::cloned into pCR8/GW/TOPO This study 

pLPB35 iutA::kan cloned into pCR8/GW/TOPO This study 

pLPB36 iucA::kan cloned into pAUC40 This study 

pLPB37 iutA::kan cloned into pAUC40 This study 

pLPB41 iutA ORF cloned into pCR8/GW/TOPO This study 

pLPB42 iucA ORF+promoter cloned into pCR8/GW/TOPO This study 

pLPB43 iutA ORF cloned into pBBR1-MCS4GW This study 

pLPB44 iucA ORF+promoter cloned into pBBR1-MCS4GW This study 
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Table 2.3 Primer Sequences 

 
Primer Sequence Source or 

Reference 

iucALFfwd AAAACCCGGGCAATAATTAA This study 

iucALFrevKan GAACTTCGAAGCAGCTCCAGCCTATATCAAACAATTTCCA

GTCG 

This study 

iucARFfwdKan CGGAATAGGAACTAAGGAGGATATTCATATGATGTCTCA
GGCAACGATTGTT 

This study 

iucARFrev GCATAGCTGCTGGTGAGCTG This study 

pKD4fwd TAGGCTGGAGCTGCTTCGAAGTTC This study 

pKD4rev CATATGAATATCCTCCTTAGTTCCTATTCCG This study 

iutALFfwd CTTTGAGGTGCTGGGACAGC This study 

iutALFrevKan GAACTTCGAAGCAGCTCCAGCCTATTACCCCAAGGACTC

GGTATAG 

This study 

iutARFfwdKan CGGAATAGGAACTAAGGAGGATATTCATATGTCGGTATT

CTTGCCCGGTGTTGCG 

This study 

iutARFrev GCAGGGCTGGTGCTGGCGGTCAT This study 

fur1 TACAAAAAAGCAGGCTTCTGGCAGACGATAACCACTTCC

T 

This study 

fur2 GAACTTCGAAGCAGCTCCAGCCTACCTGTTACTTTGGTCA

CTCTTGTGGC 

This study 

fur3 CGGAATAGGAACTAAGGAGGATATTCATATGGATGCCTG

CATCGGCTTT 

This study 

fur4 TACAAGAAAGCTGGGTCGCTAACCCTCTGTAGTCTTTGTT This study 

furfwdBamHI CCGCGGATCCATCAATGGCTTTTCCTATAAAA This study 

furrevPstI CCGCCTGCAGTTACTTGTCGTGCAGTGTTT This study 

iutAfwdORF  ATAAAGACTAAAAACAAAAATATCT This study 

iutArev TCAGAACAGCACGGAGTAGTTC This study 

iucAFwdBamHI GCGCGGATCCAAAACCCGGGCAATAATTAATATGC This study 

iucARevKpnI GCGCGGTACCTTAGCGCTCCTGGGACAGAAG This study 
iucA RT fwd ACAGCACCAGTCCGTAATC This study 

iucA RT rev GCGTATCAGCGAACAACAG This study 

fur RT fwd GGCGGTAAATCGGTGTTTG This study 

fur RT rev CAGGCTGTGGTTGGTGAG This study 

proC RT fwd CTCGGTCACGCCCAATGC This study 

proC RT rev CTCACGCCTACCACGGAATG This study 

ffh RT fwd GTATCGCCTCACGCATCC This study 

ffh RT rev CATCTGCTTCAGTTGCTCAAG This study 
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CHAPTER 3: Characterization of the Rcs signal transduction system in  

Pantoea stewartii subsp. stewartii. 

 

 

ABSTRACT 

 

 The Rcs phosphorelay is a complex signal transduction system that controls gene 

expression in response to environmental conditions. In Panoea stewartii subsp. stewartii, 

Rcs regulation is involved in the cell-density dependent expression of exopolysaccharide 

(EPS). This regulatory process is essential for successful biofilm formation and 

colonization of the host plant. Additionally, the Rcs phosphorelay can be induced by 

environmental conditions and perturbation of the cell envelope. In this study, we aimed to 

further characterize the individual components of the P. stewartii Rcs phosphorelay, and 

their role in regulation of EPS, surface motility and virulence in planta. Knockout 

mutants, ΔrcsD, ΔrcsB, and ΔrcsB were all completely avirulent, in addition to being 

compromised in swarming motility and EPS production in vitro. However, the exact 

signal(s) that activates the Rcs regulon in P. stewartii remain unknown. We investigated 

the possibility that oxidative stress acts as an inducing signal of the Rcs system through 

the OxyR redox-sensitive transcription factor.  Our results suggest that this is not the 

case, and that if oxidative stress induces the Rcs regulon, it is most likely OxyR-

independent.  
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INTRODUCTION 

 Signal transduction systems are an important mechanism that bacteria utilize to 

sense the extracellular environment and initiate a response to specific external stimuli, 

allowing them to adapt quickly to changing environmental conditions. Two-component 

regulatory systems consist of a sensor kinase protein and a response regulator. Generally, 

the response regulator is activated by transfer of a phosphoryl group from a histidine 

residue on the histidine kinase to an aspartate residue on the response regulator 

(Goudreau & Stock, 1998; Hoch, 2000). More complex phosphorelay systems contain 

multiple proteins involved in the phospho-transfer process rather than just the two 

components. The Rcs phosphorelay system is an example of a complex mutli-component 

phosphorelay system and was originally characterized for its role in regulation of capsule 

polysaccharide synthesis in Escherichia coli (Gottesman et al., 1985). This regulatory 

system is conserved within the Enterobacteriacae family, and in addition to capsular or 

exopolysaccharide (EPS) synthesis, it also regulates other essential virulence processes. 

The Rcs phosphorelay consists of RcsC, an inner membrane sensor kinase; RcsD, a 

membrane bound intermediate phosphotransfer protein; and RcsB, a response regulator, 

which acts as a transcription factor. The phosphorylation cascade starts, in response to an 

inducing signal, with autophosphorylation of RcsC which is transferred to RcsD and then 

to RcsB. Phosporylated RcsB is the active form of the protein. An auxiliary protein, 

RcsA also acts as a co-transcription factor with RcsB in some cases (Majdalani & 

Gottesman, 2005). RcsF, an outer membrane lipoprotein can also aid in Rcs phosphorelay 

activation under some but not all of the inducing conditions (Majdalani et al., 2005). 
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 Initial activation of the Rcs phosphorelay is correlated with exposure to a number 

of different environmental conditions, many of which perturb or compromise the integrity 

of the cell wall or cell membrane. Environmental stimuli that trigger Rcs activation 

include osmotic stress, desiccation, exposure to lysozyme or certain antibiotics, and 

contact with a solid surface, linking it to biofilm formation (Callewaert et al., 2009; Farris 

et al., 2010; Francez-Charlot et al., 2005; Morgenstein & Rather, 2012). The gene 

functions regulated by the Rcs system are incredibly diverse, likely mirroring the 

complexity of its inducing signals. In addition to regulating capsule and EPS synthesis, 

the Rcs phosphorelay controls production of plant host cell wall degrading enzymes, 

motility, biofilm formation, and cell division (Andresen et al., 2010; Francez-Charlot et 

al., 2005; Francez-Charlot et al., 2003).  

 P. stewartii produces large amounts of EPS, known as stewartan, which has been 

well characterized (Carlier et al., 2009; Minogue et al., 2005; Nimtz et al., 1996; Yang et 

al., 1996).  Stewartan EPS production is tightly controlled by the Rcs phosphorelay, as is 

the case for capule synthesis in E. coli. However, unique to P. stewartii, the EsaI/EsaR 

quorum sensing (QS) system feeds into the Rcs phosphorelay by negatively regulating 

the expression of rcsA, a positive transcriptional regulator of the Rcs phosphorelay 

(Minogue et al. 2005). Specifically, EsaR represses the expression of rcsA at low cell 

density, and once the bacterial population reaches a high cell density this repression is 

lifted and expression of rcsA is induced. RcsA and active (phosphorylated) RcsB form a 

heterodimer and together activate expression of the EPS biosynthesis genes (Minogue et 

al., 2005). This is the first demonstration that QS converges with the Rcs signal 
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transduction system in any bacterial system.  Presumably the dual control of EPS 

production by the esaI/esaR QS system and the Rcs phosphorelay insures proper timing 

of key developmental processes when two criteria are met: 1) high cell density and 2) the 

appropriate environmental signal is present. Indeed, poorly timed EPS production 

disrupts adhesion, biofilm formation, and virulence, as shown by the fact that mutants 

that either do not express EPS, or constitutively express EPS are both deficient in biofilm 

formation and plant colonization (Koutsoudis et al. 2006; Carlier et al., 2009; Minogue et 

al., 2005). In this work we further characterized the cognate components, RcsB, RcsC 

and RcsD in P. stewartii. We show that RcsB, RcsD and RcsC are all required for 

colonization and virulence in planta and are involved in regulation of EPS production 

and surface motility, two important aspects of the infection process. Because the specific 

environmental signals that induce the Rcs phosphorelay system remain undefined, we 

initiated experiments designed to determine if oxidative stress acts as an inducer of the 

Rcs system via the redox sensing transcription factor, OxyR.    

 

RESULTS 

Genomic context of rcs genes in P. stewartii.  In P. stewartii the genomic orientation of 

rcsB, rcsD and rcsC is conserved with other species in the family of Enterobacteriaceae 

(Dehal et al., 2009) (Fig. 3.1A). rcsB and rcsD, in map order, are adjacent to one another 

and rcsC is immediately downstream of rcsD and rcsB but transcribed in the opposite 

orientation. The genomic regions upstream and downstream of the Rcs components vary 

between species (Fig. 3.1A). In E. coli K-12, this region contains ompC, which encodes 
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the outer membrane protein C, which functions as a porin channel. In P. stewartii, this 

region interestingly contains two genes encoding large repetitive proteins (RTX toxins) 

that contain adhesin/toxin domains (Fig. 3.1B). One of these, RTX2, is putatively 

localized to the cell membrane. Reverse transcription shows that rtx1, rtx2, rcsD and rcsB 

are transcribed as an operon (Roper, unpublished data). In addition, promoter analysis 

using BPROM software (Softberry, Inc.) indicates a conserved binding site for the OxyR 

transcription factor (Roper, unpublished data). 

 PBLAST analysis indicates that the P. stewartii RcsB 217aa protein sequence 

shares 97% identity with the Erwinia amylovora ATCC 49946 activator of EPS synthesis 

(GenBank Accession # WP_004172989.1 , E=5e-147). RcsB contains a LuxR 

superfamily C-terminal DNA binding domain and an N-terminal phospho-acceptor 

receiver domain based on the Conserved Domain Database (CDD) (Marchler-Bauer et 

al., 2013).  The 888aa RcsD ortholog in P. stewartii shares 67% identity with E. 

amylovora ATCC 49946 (Accession# YP_003531699.1, E=0.0) two-component sensor 

kinase RcsD. Comparison with the CDD shows that P. stewartii RcsD has a histidine 

phosphotransfer domain typical of sensor kinase proteins involved in two-component 

signaling systems (Marchler-Bauer et al., 2013). RcsC in P. stewartii has 65% identity 

with E. amylovora CFBP1430 (Accession#YP_003531701.1, E=0.0). Protein domain 

comparison with the CDD shows that RcsC in P. stewartii has both a signal receiver 

domain of the REC superfamily and a histidine kinase domain (Marchler-Bauer et al., 

2013).  
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Figure 3.1 Genomic orientation of RcsDB-RcsC in the Enterobacteriaceae. 

 

 

A. Comparison of the Rcs locus in the Enterobacteriaceae. 

 

 
 

 

B.  RcsDB-C orientation in P. stewartii. 

 

 
 

 

 
A) Genome comparison of multiple enteric bacterial species at the rcs locus reveals identical gene 
organization of rcsD, rcsB and rcsC although adjacent genes are different (Dehal et al., 2009).  

B) Schematic representation of the Pantoea stewartii rcs locus with upstream rtx2 open reading 

frame. Small arrow indicates putative OxyR binding site.  
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Rcs mutants are compromised in virulence and host colonization. The Rcs 

phosphorelay is essential for virulence in a number of pathogens of animals and plants. 

We created non-polar deletion mutants in the genes encoding the individual components 

of the Rcs phosphorelay, in order to further characterize this pathway in relation to host 

colonization and growth of P. stewartii. These included rcsB, rcsD and rcsC. We 

inoculated susceptible sweet corn seedlings (cv. Jubilee) with rcsB, rcsD and rcsC. Plants 

were observed daily for symptom development and given a disease based rating on an 

arbitrary 0-4 rating scale, where 0 indicates no symptoms, 1= a few lesions, 2=spreading 

lesions that coalesce, 3= severe lesions + some wilt and 4 = severe wilting and death of 

the plant. Wild type DC283 inoculated plants began to develop symptoms after 1-2 days 

post-inoculation, which continued to increase in severity over time (Fig. 3.2). Plants 

inoculated with the mutant ΔrcsB, ΔrcsD and ΔrcsC strains however, never developed 

any visible Stewart’s wilt symptoms (Fig. 3.2). In vitro these mutants are all able to grow 

at the same rate as the wild type. After six days post-inoculation plant tissue was 

harvested for quantification of bacterial populations. Bacterial populations isolated from 

wild type inoculated plants reached 3.15x10
8
 cfu/g leaf tissue on average, whereas all of 

the rcs mutants were significantly reduced in the ability to colonize the plant tissue (Fig. 

3.3). Specifically, the average bacterial populations of ΔrcsB, ΔrcsD, ΔrcsC were 

7.12x10
4
cfu/g, 3.82x10

4
cfu/g, and 5.87x10

4
cfu/g, respectively. Complementation by 

inserting a wild type copy of the deleted gene into a neutral region of the chromosome 

(strains ΔrcsC/rcsC
+
 and ΔrcsB/rcsB

+
) was able to restore symptom development and 

wild type colonization levels for the ΔrcsB and ΔrcsC mutants. For ΔrcsD however, 
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chromosomal insertion of rcsD was unsuccessful in complementing the virulence and 

colonization defect. Instead we expressed rcsD on a broad host range plasmid, pBBR1-

MCS4, in multiple copies (ΔrcsD/rcsD
+
), and this way were able to restore wild type 

virulence (Fig. 3.2) and colonization (Fig. 3.3). These data demonstrate that the Rcs 

phosphorelay is clearly important for the infection process as a whole.  

RcsC, RcsD and RcsB participate in the control of exopolysaccharide (EPS) 

production. In P. stewartii, EPS production is controlled in a cell-density dependent 

manner by RcsA in conjunction with RcsB (Minogue et al., 2005), but little was known 

about the contribution of the other components of the Rcs system to the regulatory 

cascade that control EPS production. Thus, we induced and characterized the individual 

Rcs mutants (ΔrcsB, ΔrcsD, ΔrcsC) for EPS production. Wild type DC283 produces 

copious amounts of EPS when grown in EPS inducing medium. Specifically, we grew the 

Rcs mutant strains in EPS-inducing liquid medium (AB minimal medium supplemented 

with 0.4% glucose) and quantified EPS using a colorimetric carbohydrate detection assay 

(Matsuko et al., 2005).  For ΔrcsB and ΔrcsD, we observed a significant reduction in the 

quantity of EPS produced per cell compared with the wild type (Fig. 3.4). These mutants 

essentially produced no EPS under inducing conditions, whereas ΔrcsC produced a 

significantly greater amount of EPS than even the wild type. These observations are 

similar to what has previously been observed in other bacterial species, such as E. coli 

and Erwinia amylovora (Gottesman et al., 1985; Wang et al., 2009).  Complemented 

strains ΔrcsB/rcsB
+
, ΔrcsC/rcsC

+
, and ΔrcsD/rcsD

+ 
were restored in EPS production 

(Fig. 3.4).  
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Figure 3.2 Rcs mutants are deficient in virulence. 

A. Average disease rating.  

A) Ten-day-old sweet corn seedlings (cv. Jubilee) were inoculated with 5µl of inoculum 
containing 5x10

7 
cells/ml in sterile 1X PBS-T, which was placed over a wound created by 

scratching with a sterile 20 gauge syringe needle. A) Disease progression was assessed using an 

arbitrary rating system between 0 and 4 where 0= no symptoms, 1= a few lesions, 2=spreading 

lesions that coalesce, 3= severe lesions + some wilt and 4 = severe wilting and death of the plant.  
Symptom development was assessed daily for 6 days after inoculation. At least three biological 

replicates of the bacterial strains were inoculated into five plants each for a total of fifteen plants 

per strain for each trial.Graphs represent the mean disease score from a single trial. Trials were 
repeated independently at least three times. Seedlings inoculated with wild type DC283 served as 

positive controls and seedlings inoculated with 1XPBS-T buffer alone served as negative 

controls. Error bars = standard error of the mean.  



130 

 

 

Figure 3.2 Rcs mutants are deficient in virulence. 

 

B. Symptoms after six days post-inoculation. 

 

 
 

 

 
B)  Photographs were taken of representative plants after six days post-inoculation.  
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Figure 3.3 Rcs mutants are compromised in host colonization. 

 

 
 

 
The initial leaf from each inoculated plant was harvested six days post-inoculation for 

quantification of bacterial populations. Leaf tissue was individually weighed and surface 

sterilized. Leaf tissue was ground with 2 ml sterile 1X PBS to slurry, and serial dilutions were 

plated for viable cell counts. Colonies were counted after 48 hours incubation at 28°C. Bacterial 
populations were quantified as log10 cfu per gram fresh tissue. Graph represents the mean of at 

least fifteen plants for each strain. (*) indicates samples which were significantly differnet from 

the wild type based on a Student’s T-test using p≤0.05. Error bars = standard error of the mean.  
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Figure 3.4 RcsC, RcsD and RcsB participate in the control of exopolysaccharide 

production. 

 

 

 
 
 All strains were grown in 15 ml AB minimal medium with the addition of 0.4% glucose to late 

log phase (OD600=0.7). EPS was extracted from culture supernatants after cells were removed, by 

precipitating with three volumes of cold 95% ethanol at -80°C. After washing twice with 70% 

ethanol, EPS pellets were resuspended in the original volume of 1XPBS. EPS was quantified by 

reading the colorimetric change of the carbohydrate reaction with a mixure of phenol and sulfuric 
acid following the method of Matsuko et al., 2005. Absorbance of the samples was read at 488nm 

and compared to a standard curve made with known concentrations of glucose. Total EPS was 

normalized to starting cell density (OD600). Graph represents the mean of at least nine different 
EPS samples extracted from separate cultures. (*) indicates samples which are significantly 

different from the wild type based on a Student’s T-test using p≤0.05. Error bars = standard error 

of the mean.  
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The Rcs phosphorelay influences surface motility. In E.coli, the Rcs phosphorelay 

negatively regulates the FlhDC operon, a master regulator of motility and chemotaxis 

(Francez-Charlot et al., 2003). In Salmonella typhi as well, genes encoding flagellin are 

regulated by RcsB in response to fluctuations in the osmolarity of the extracellular 

environment (Arricau et al., 1998). This prompted us to investigate a possible role of the 

Rcs phosphorelay in regulation of motility in P. stewartii.  P. stewartii displays a 

distinctive unidirectional swarming motility phenotype on soft agar plates. This flagellar 

based surface motility is also necessary for movement in the xylem and for virulence in 

planta (Herrera et al., 2008). We assessed the P. stewartii Rcs mutants for swarming 

motility to further explore the role of Rcs regulation in this aspect of the infection 

process. Wild type DC283 and the ΔrcsB, ΔrcsC, and ΔrcsD mutants were grown on 

motility medium (0.4% nutrient agar supplemented with 0.4% glucose) for 24 hours at 

28°C. While the wild type displayed a characteristic unidirectional movement across the 

soft agar surface, all of the Rcs mutants were deficient in swarming motility and 

remained in the center of the plate (Fig. 3.5). Complemented strains ΔrcsB/rcsB
+
, 

ΔrcsC/rcsC
+
, and ΔrcsD/rcsD

+ 
had at least a partially restored motility phenotype. 
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Figure 3.5 The Rcs phosphorelay regulates surface motility.  

 

 

 
 

 

 

 
Swarm plates consist of nutrient soft agar (0.4% agar) plates with added 0.4% glucose. A 2µl 

volume containing approximately 10
7
 cells was placed in the center of the swarm plates and 

incubated at 28°C. Photographs were taken after 24 hours of incubation. Experiments were 

conducted with at least 3 biological replicates, with 5 technical replicates each (total 15 plates per 
strain) and representative images were chosen based on reproducible trend. 
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DISCUSSION 

 The E. coli Rcs system controls expression of the capsule synthesis genes in 

response to a wide variety of stimuli that result in perturbations to the cell envelope 

(Callewaert et al., 2009; Farris et al., 2010; Gottesman et al., 1985). In addition to capsule 

synthesis, the E. coli Rcs regulon consists of at least 150 genes including those predicted 

to be involved in cell surface remodeling. Many of these genes are induced by cell 

surface contact in an RcsC-dependent manner implicating the Rcs system in initiation and 

maturation of microbial biofilms (Ferrières & Clarke, 2003). In certain cases, pathogenic 

bacteria in the Enterobacteriaceae utilize the Rcs system to transition to a virulent state. 

Salmonella tyhpi RcsB differentially regulates flagellin synthesis, secretion of invasion 

proteins and the capsular polysaccharide Vi antigen in order to promote invasion of 

epithelial cells (Arricau et al., 1998).  E. coli RcsB, in conjunction with RcsA, negatively 

regulates FlhDC, master regulator of flagellar biosynthesis and therefore reduces 

swarming motility while simultaneously inducing capsule production, a process which is 

implicated in biofilm formation (Francez-Charlot et al., 2003; Takeda et al., 2001).   

 Recent work has provided significant insight into the involvement of the Rcs 

regulatory system in plant pathogens as well (Andresen et al., 2010; Wang et al., 2009). 

In Pectobacterium carotovorum, the Rcs phosphorelay regulates the expression of plant 

cell wall degrading enzymes, (Andresen et al., 2007). P. carotovorum, the causal agent of 

bacterial soft-rot disease in a number of plants, produces polygalacturonase, pectate 

lyase, and extracellular proteases to digest plant material and obtain the necessary 

nutrients for replication and infection. Expression of these enzymes is essential for 
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virulence and is tightly regulated to occur at the proper phase of the infection process. P. 

carotovorum RcsB directly represses the expression of FlhDC, a master regulator of 

virulence which controls motility, in addition to enzyme expression, through the RsmB 

regulator (Andresen et al., 2010). Consequently, loss of RcsB leads to overproduction of 

plant cell wall degrading enzymes and a hyper-motile phenotype in P. carotovorum 

(Andresen et al., 2007). In addition, loss of RcsB, RcsC, or RcsD in the fire blight 

pathogen Erwinia amylovora leads to a dramatic loss of virulence in pear fruit (Wang et 

al., 2009).  

 In our characterization of Rcs phosphorelay mutants in P. stewartii, we 

demonstrate that this regulatory system is indeed essential for virulence in the sweet corn 

host. The ∆rcsB, ∆rcsC and ∆rcsD mutants were unable to incite Stewart’s wilt 

symptoms, but could still be isolated from the inoculated plant tissue six days later; 

indicating that the virulence defect was not due to an inability to survive in the plant 

environment, although the mutant strains had significantly reduced population levels. E. 

amylovora ΔrcsB and ΔrcsD produce significantly less of the EPS, amylovoran, an 

important virulence factor. In contrast, an E. amylovora ΔrcsC mutant produced a much 

greater amount of EPS compared with the wild type in vitro. We also observed that the 

RcsB, D and C components of the Rcs regulatory system contribute to regulation of EPS 

production in P. stewartii. ΔrcsD and ΔrcsB had significantly reduced EPS production 

constistant with the role of activated RcsB in inducing the EPS biosynthetic genes. 

Interestingly, similar to what was observed in E. amylovora, (Wang et al., 2011), P. 

stewartii ∆rcsC also over-produced EPS. In E. amylovora, this phenotype is believed to 
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result from net phophatase activity of RcsC in the wild type under in vitro growth 

conditions, when no inducing signal is present. RcsC acting as a phosphatase on the 

major sensor kinase, RcsD, would lead to downstream reduction of phosphorylated 

(active) RcsB (Wang et al., 2009). P. stewartii RcsC was able to partially restore 

virulence in E. amylovora ΔrcsC, suggesting that this pathway is highly conserved across 

these two different species (Wang et al., 2011). Thus, it would be logical to hypothesize 

that P. stewartii RcsC behaves in a similar manner to E. amylovora RcsC, explaining the 

increased EPS production we observed in vitro. A significant increase in active RcsB, 

and an increase in capsule production was also observed in an E. coli ΔrcsC mutant 

(Gottesman et al., 1985; Majdalani et al., 2002) suggesting a common mechanism of Rcs 

induction under in vitro growth conditions. More extensive expression analysis revealed 

that the E. amylovora Rcs regulon contains at least 648 genes, some of which are 

differentially expressed in vitro and in vivo. Interestingly, genes involved in amylovoran 

EPS biosynthesis in the rcsC mutant were over-expressed in vitro but had reduced 

expression levels in vivo (Wang et al., 2011). It was suggested that this is the result of an 

inducing signal during plant colonization, which is absent in vitro, that activates the Rcs 

phosphorelay and leads to net kinase activity of RcsC in planta (Wang et al., 2009; Wang 

et al., 2011). Further experiments focusing on gene expression in the plant would be 

necessary to determine if this is also the case in P. stewartii. Despite constitutive 

expression of stewartan EPS, the P. stewartii ∆rcsC mutant was still dysfunctional in host 

colonization and virulence, reiterating the need for proper temporal expression of EPS 

during the infection process.  
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 In P. carotovorum, E. coli, and E. amylovora, the Rcs system negatively regulates 

FlhDC, a regulator of swarming motility (Andresen et al., 2010; Francez-Charlot et al., 

2003). Rcs mutants of P. carotovorum were hypermotile, although Rcs mutants in E. 

amylovora showed only a slight reduction and irregularity in swarming motility in vitro 

(Andresen et al., 2010; Wang et al., 2009). We found that P. stewartii ΔrcsB, ΔrcsD, and 

ΔrcsC mutants all exhibited loss of swarming motility, which appears to be in contrast 

with the established role of the Rcs phosphorelay as a negative regulator of motility. 

However, it should be noted that P. stewartii requires EPS production for the swarming 

phenotype, (Herrera et al., 2008) making it difficult to determine if  the loss of motility 

observed in ΔrcsB and ΔrcsD is a direct result of loss of EPS production or by some 

other mechanism involving regulation by the Rcs system. ΔrcsC on the other hand, 

overproduces EPS and is still deficient in swarming motility. We previously hypothesized 

that the increased EPS production is due to constitutive phosphorylation of RcsB in the 

ΔrcsC mutant. If RcsB negatively regulates motility similar to in E. coli, this over-

activation of RcsB would in fact lead to repression of swarming in the ΔrcsC mutant. 

Thus it seems likely that in P. stewartii, as in other related enteric species, the Rcs 

phosporelay acts as a positive regulator of EPS production and a negative regulator of 

flagellar motility.  

The environmental signal(s) that activate the Rcs phosphorelay remain poorly 

defined. Interestingly, in silico analysis of the promoter of the rtx1/rtx2/rcsD/rcsB operon 

indicates a conserved binding site for the redox-sensing transcription factor, OxyR.  We 

hypothesized that reactive oxygen species, sensed via OxyR, may serve as a signal that 
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stimulates phosphotransfer through the Rcs system. However, we were unable to show 

any significant difference in rcsB expression in response to exposure to ROS in the form 

of H2O2 treatment, or in an OxyR mutant (data not shown). Numerous attempts to 

demonstrate that purified P. stewartii OxyR binds to the promoter region of the 

rtx1/rtx2/rcsD/rcsB operon were also unsuccessful. Thus, OxyR does not appear to play a 

direct role in regulation of the Rcs system.  

 

MATERIALS AND METHODS 

Strains and Growth Conditions. All relevant strains are listed in Table 3.1. The P. 

stewartii strains were grown on Nutrient Agar (Difco Laboratories, Detroit, MI), Luria-

Bertani (LB) Broth (Difco, Laboratories), or AB minimal medium (Clark, 1967) at 28ºC 

in the presence of nalidixic acid (30µg/ml), kanamycin (30µg/ml), or chloramphenicol 

(35µg/ml) when needed. E. coli strains were grown at 37ºC in LB in the presence of 

kanamycin (30µg/ml), ampicillin (100µg/ml) or chloramphenicol (35µg/ml) as needed. E. 

coli DH10β was used as a cloning host and S17-1 served as a donor for conjugal 

transfer of RK-2 based plasmid constructs into P. stewartii.  

Standard DNA Manipulations. Genomic DNA was extracted with a Dneasy DNA 

extraction kit (Qiagen, Valencia, CA). Plasmid DNA was purified with a Zyppy
tm

 

Plasmid Miniprep kit (Zymo Research Corporation, Irvine, CA). DNA fragments were 

amplified using Takara Ex-Taq DNA polymerase (Takara Bio USA, Madison, WI). 

Synthetic oligonucleotide primers were ordered from Integrated DNA Technologies 

(Coralville, IN). Restriction enzymes were purchased from New England Biolabs 
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(Ipswich, MA) or Invitrogen, Inc. (Carlsbad, CA). 

Mutant construction. The P. stewartii rcsB, rcsD and rcsC mutants were created 

using a previously described method that is based on Gateway technology (Life 

Technologies, Inc., Carlsbad, CA) (Choi & Schweizer, 2005). The rcsB mutant was 

created using primer pairs rcsBLFfwd/ rcsBLFfwd, rcsBRFfwdkan/ rcsBRFrev and 

pKD13fwd/pKD13rev that amplified the 5’ and 3’ flanking regions of rcsB (GenBank 

Accession # WP_006120001) and the kanamycin resistance cassette derived from 

plasmid pKD13 (Datsenko & Wanner, 2000), respectively. All primer sequences can be 

found in Table 3.2. In a second round of PCR, the three PCR products generated from the 

first round were combined into one tube (without primers) and assembled by PCR 

overlap extension using optimized PCR conditions. Primer pair rcsBLFfwd/rcsBRFrev 

was added after fifteen rounds of PCR and then the rest of the PCR reaction was carried 

out. The resulting PCR product was cloned into vector pCR8/GW/TOPO (Invitrogen) 

following the manufacturer’s instructions to create plasmid pL B46. This plasmid was 

recombined with a Gateway compatible suicide vector, pAUC40, created from plasmid 

pKNG101 and modified to contain attL/attR specific recombination sites (Carlier et al., 

2009) to create plasmid pLPB47. The mutagenesis constructs was separately transformed 

into E. coli strain S17-1λ for conjugation with wild type P. stewartii and the merodiploid 

state was resolved by sucrose selection. Sucrose resistant colonies were selected for Kan
R
 

and Strep
S
 (streptomycin resistance is carried on the pKNG101 plasmid) and double 

crossover events were confirmed using PCR with two primer sets designed to amplify the 

flanking regions of the rcsB gene (rcsBoutsidefwd/rcsBoutsiderev) and the Kan
R
 marker 
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(pKD13fwd/pKD13rev). The resulting PCR products were sequenced and BLAST was 

used to confirm that the targeted rcsB deletion had occurred and was replaced with the 

Kan
R
 marker. The Kan cassette used for selection was excised by Flp recombinase 

carried on pFLP2 leaving an 85 bp frt scar to create the unmarked strain, LB114 (ΔrcsB). 

The pFLP2 plasmid was cured by sucrose selection and correct removal of the Kan 

marker was confirmed by DNA sequencing.  

 The rcsD and ΔrcsC mutants were similarly created. Briefly, the 5
'
 and 3

'
 

flanking regions of rcsD (GenBank Accession # WP_006120000), rcsC  (GenBank 

Accession #WP_006120002 ) and kanamycin cassette (from pKD13) (Datsenko & 

Wanner, 2000) were amplified using primer pairs, rcsDLFfwd/rcsDLFrevKan and 

rcsDRFfwdKan/rcsDRFrev (for rcsD), rcsCLFfwd/rcsCLFrevKan and 

rcsCRFfwdkan/rcsCRFrev (for rcsC), and pKD13fwd/pKD13rev, respectively. DC283 

genomic DNA was used as template for amplification of the flanking regions of the rcsD 

and rcsC open reading frames using optimized PCR conditions.  In a second round of 

PCR, the three PCR products generated from the first round were combined into one tube 

(without primers) and assembled by PCR overlap extension using optimized PCR 

conditions. Primer pairs rcsDLFfwd/rcsDRFrev and rcsCLFfwd/rcsCRFrev were added 

after fifteen rounds of PCR and then the rest of the PCR reaction was carried out. PCR 

products were cloned into vector pCR8/GW/TO O following manufacturer’s instructions 

to create plasmids pLPB53 (rcsD) and pLPB48 (rcsC). pLPB53 and pLPB48 were 

recombined with Gateway compatible suicide vector, pAUC40  to create plasmids 

pLPB54 (rcsD) and pLPB50 (rcsC). These mutagenesis constructs were introduced into 
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P. stewartii DC283 by conjugation, and transconjugants were selected on LB medium 

containing kanamycin 30 µg/ml. The mutagenesis construct was separately transformed 

into E. coli strain S17-1λ for conjugation with wild type P. stewartii and the merodiploid 

state was resolved by sucrose selection. Sucrose resistant colonies were selected for Kan
R
 

and double crossover events were confirmed using PCR with two primer sets designed to 

amplify the flanking regions of the locations of genomic deletion 

(rcsDoutsidefwd/rcsDoutsiderev, rcsCoutsidefwd/rcsCoutsiderev) and the Kan
R
 marker 

(pKD13fwd/pKD13rev). The resulting PCR products were sequenced and BLAST was 

used to confirm that the targeted deletions had occurred and was replaced with the Kan
R
 

marker. Kan
R
 markers were removed as described for the rcsB mutant to create the 

unmarked mutant strains LB121 (ΔrcsD) and LB115 (ΔrcsC). Correct gene deletions 

were confirmed by DNA sequencing.  

Mutant strains ΔrcsB and ΔrcsC were complemented by insertion of a wild type 

copy of the respective gene into a neutral region of the chromosome using a mini-Tn7 

vector system developed by (Choi et al., 2005). In brief, the rcsB ORF fused to 500bp of 

its native promoter region was amplified by PCR using primer pair 

rcsBfwdTn7BamHI/rcsBrevTn7XhoI and cloned into the BamHI and XhoI restriction 

sites of the pUC18R6K-mini-Tn7-cat vector (Choi et al., 2005) to create plasmid 

pLPB61. The rcsC ORF with an additional 200bp upstream that included the native 

promoter was amplified by PCR using primer pair rcsDfwdXhoI/rcsDrevKpnI and cloned 

into the XhoI and KpnI restriction sites of the pUC18R6K-mini-Tn7-cat vector to create 

plasmid pLPB58. The pLPB61, pLPB58, and pLPB65 complementation constructs were 
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transformed into E. coli strain S17-1λ and subsequently conjugally transferred either into 

strain LB114 or LB115 respectively. The Tn7 constructs were expected to integrate into a 

single conserved chromosomal location in a neutral, intergenic region downstream of the 

glmS gene, as demonstrated in a number of bacterial species (Choi et al., 2005), to create 

complemented strains LB126 (ΔrcsB/rcsB
+
), and LB119 (ΔrcsC/rcsC

+
). Correct 

insertion into this site was confirmed by DNA sequencing of the glmS locus and 

downstream region. For complementation of ΔrcsD, the rcsD open reading frame in 

addition to 500bp of its native promoter were cloned into the broad host range plasmid 

pBBR1-MCS4 (Kovach et al., 1995), to create construct pLPB69. This plasmid was 

transformed into E. coli strain S17-1λ and conjugally transferred to P. stewartii ΔrcsD to 

create strain LB167 (ΔrcsD/rcsD
+)

. Correct transformation was confirmed by plasmid 

extraction and sequencing of the rcsD insert. 

In planta virulence assays. Virulence was assessed for all strains using a scratch 

inoculation technique developed by (Herrera et al., 2008).  Five µl of inoculum 

containing 5x10
7 
cells/ml in sterile 1X PBS + 0.2% Tween 20 (PBS-T), was placed over 

a wound created by scratching the stem of a ten-day old seedling with a sterile 20 gauge 

syringe needle. Disease progression was assessed using an arbitrary rating system 

between 0 and 4 where 0= no symptoms, 1= a few lesions, 2=spreading lesions that 

coalesce, 3= severe lesions + some wilt and 4 = severe wilting and death of the plant.  

Symptom development was assessed daily for 6 days after inoculation. At least three 

biological replicates of the bacterial strains were inoculated into five plants each for a 
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total of fifteen plants per strain for each trial. Trials were repeated independently at least 

three times. Seedlings inoculated with wild type DC283 served as positive controls and 

seedlings inoculated with 1XPBS-T buffer alone served as negative controls.  

Quantification of bacterial populations in planta. The initial leaf from each inoculated 

plant was harvested six days post-inoculation. Leaf tissue was individually weighed and 

surface sterilized using the following procedure. Leaves were soaked in 70% ethanol then 

10% bleach for 30 seconds each and rinsed twice in sterile diH2O (30 seconds for each 

rinse). Following this, the leaf tissue was placed in a sterile plastic grinding bag (Agdia, 

Inc. Elkhart, IN) with 2 ml sterile 1X PBS and ground to a slurry. Serial dilutions of the 

plant slurry in 1X PBS were plated for viable cell counts. Colonies were counted after 48 

hours incubation at 28°C. Bacterial populations were quantified as cfu per gram fresh 

tissue.  

Exopolysaccharide isolation and quantification. EPS was extracted from culture 

supernatants by ethanol precipitation. All strains were grown in 15 ml AB minimal 

medium with the addition of 0.4% glucose to late log phase (OD600=0.7). Cells were 

removed by centrifugation and EPS was precipitated with three volumes of 95% ethanol 

at -80° C for 30 min. EPS was then collected by centrifugation at 6000rpm for 20 min. 

EPS was washed twice with cold 70% ethanol and resuspended in 1X PBS at 37°C. EPS 

was quantified using the phenol-sulfuric acid colorimetric assay described by (Matsuko et 

al., 2005). Total EPS was normalized to starting cell density (OD600). 

Swarming motility. Strains were grown on swarm plates as described by (Herrera et al., 

2008). Swarm plates consist of nutrient soft agar (0.4% agar) plates with added 0.4% 
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glucose. Wild type DC283 and mutants ΔrcsB, ΔrcsC, and ΔrcsD were grown overnight 

in LB liquid medium. Cells were then diluted 1:20 in fresh LB and grown to mid-log 

phase (OD600=0.5), harvested by centrifugation and washed twice with 1XPBS. A 2µl 

volume containing approximately 10
7
 cells was placed in the center of the swarm plates 

and incubated at 28°C. Photographs were taken of representative plates for each strain 

after 24 hours of incubation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



146 

 

Table 3.1 Strains used in this study. 

 
Strain or Plasmid Relevant genotypes Source or 

Reference 

Pantoea stewartii 

subsp. stewartii 

  

DC283 Wild type, Nal
r
 Coplin et al., 

1986 

ΔrcsB (LB114) Nal
r
, knockout mutant in rcsD This study 

ΔrcsC (LB115) Nal
r
, knockout mutant in rcsC This study 

ΔrcsD (LB121) Nal
r
, knockout mutant in rcsD This study 

ΔrcsB/rcsB
+
 (LB126) Cm

r
, Nal

r
, knockout in rcsB complemented by 

chromosomal integration of wild type rcsB into 

intergenic region downstream of glmS 

This study 

ΔrcsC/rcsC
+
(LB119) Cm

r
, Nal

r
, knockout in rcsC complemented by 

chromosomal integration of wild type rcsC into 

intergenic region downstream of glmS 

This study 

ΔrcsD/rcsD
+
 (LB167) Cm

r
, Nal

r
, knockout in rcsD  complemented by 

chromosomal integration of wild type rcsD into 
intergenic region downstream of glmS 

This study 

Escherichia coli   

DH10B F– endA1 recA1 galE15 galK16 nupG rpsL 

lacX74 80lac Z M15 araD139 (ara,leu)7697 mcrA 
(mrr-hsdR MS-mcrBC) – 

Invitrogen 

S17-1pir+ RP4, Mob+, Sm
r
 Simon et al., 

1983 

EC100pir+ F mcrA (mrr-hsdRMS-mcrBC), 80dlacZ, M15 

lacX74, recA1, endA1araD139,(ara, 
leu)7697galU galK – rpsL nupG pir+(DHFR) 

Epicentre 
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Table 3.2 Plasmids used in this study 

 
Plasmids   

pUC18R6K-mini-Tn7-cat Cm
r
, amp

r
 Choi et al., 2005 

pAUC40  Cm
r
, Sm

r
 Carlier et al., 2009 

pFLP2 sacB+, FLP recombinase, Ap
r
 Kaniga et al., 1991 

pKD13 Kan
r
 Datsenko and Wanner, 

2000 

pCR8/GW/TOPO Cloning vector, Sp
r
 Invitrogen 

pLPB46 rcsB::kan cloned into pCR8/GW/TOPO, 

Sp
r
, Kan

r
 

This study 

pLPB48 rcsC::kan cloned into pCR8/GW/TOPO, 

Sp
r
, Kan

r
 

This study 

pLPB53 rcsD::kan cloned into pCR8/GW/TOPO, 

Sp
r
, Kan

r
 

This study 

pLPB47 rcsB::kan cloned into pAUC40, Sm
r
, Kan

r
 This study 

pLPB50 rcsC::kan cloned into pAUC40, Sm
r
, Kan

r
 This study 

pLPB54 rcsD::kan cloned into pAUC40, Sm
r
, Kan

r
 This study 

pLPB60 rcsB cloned into pCR8/GW/TOPO, Sp
r
 This study 

pLPB61 rcsB cloned into pUC18R6K-mini-Tn7-
cat, Cm

r
, Ap

r
 

This study 

pLPB52 rcsC cloned into pCR8/GW/TOPO, Sp
r
 This study 

pLPB58 rcsC cloned into pUC18R6K-mini-Tn7-

cat, Cm
r
, Ap

r
 

This study 

pLPB64 rcsD cloned into pCR8/GW/TOPO, Sp
r
 This study 

pLPB65 rcsD cloned into pUC18R6K-mini-Tn7-
cat, Cm

r
, Ap

r
 

This study 
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Table 3.3 Primer Sequences 

 
Primer Sequence Source or Reference 

rcsBLFfwd  GGATCACGACGTACAGATCACCGACG This study 

rcsBLFrevpKD13 
GAAGCAGCTCCAGCCTACACAATCGCTTATTG

GTTACCTTGCTG This study 

rcsBRFfwdpKD13 
GGTCGACGGATCCCCGGAATTAATTGGCGGTG

CACTCGCACCGC This study 
rcsBRFrev CCGCATTGCCGTGGAAACCGAGAGCAC This study 

rcsBfwdTn7BamHI GCGCGGATCCGCATTGTTACTGGCAGAAGACG This study 

rcsBrevTn7XhoI GCGCCTCGAGAACTTACTCTTTGTCGATCTGGG This study 
rcsCLFfwd GTTGTCGACAGCGATCAGATCATGAT This study 

rcsCLFrevpKD13 
GAAGCAGCTCCAGCCTACACAATCGTATTTCA

AAGGTGACTCGC This study 

rcsCRFfwdpKD13 
GGTCGACGGATCCCCGGAATTAATTGATAAAA

GAGAAGCGGAAG This study 

rcsCRFrev ATTACGCTGATCAAATATATCAAACGCCA This study 
rcsCfwdXhoI AGCGCCTCGAGTTGAAATATCTAGTTTCTTTC This study 

rcsCrevKpnI AGCGCGGTACCTGACGGTATTACGCTGATCA This study 

rcsDLFfwd AGAAGGCGCAGTACTGGACTGGGGT This study 

rcsDLFrevKan 
GAAGCAGCTCCAGCCTACACAATCGAGCGTCT
CAGATACCTGAT This study 

rcsDRFfwdKan 
GGTCGACGGATCCCCGGAATTAATTGATGAAT

AACCTGAATGTAA This study 

rcsDRFrev AGCCTTCAGCGAAGAGACGTAATACTT This study 

rcsDORFfwd ATGTTGTATAAGTTTCCTCTGACATCCAGC This study 

rcsDrevXhoI 
CCCCCTCGAGTTGGTTACCTTGCTGCAGCAGTT
GA This study 

pKD13fwd CGATTGTGTAGGCTGGAGCTGCTTC 

Datsenko and 

Wanner, 2000 

pKD13rev AATTAATTCCGGGGATCCGTCGACC 

Datsenko and 

Wanner, 2000 
rcsBoutsidefwd GGAAAACTGGGGCGCGCGCTGCCTG This study 

rcsBoutsiderev GTGGATATGCCGCGTGAGCCGCAGGCA This study 

rcsCoutsidefwd ATTTCCATCAAAGTAACTGAGCGTAATGGC This study 
rcsCoutsiderev CTTGATGCCAATGTGCTGATCACCGA This study 

rcsDoutsidefwd GACTGTAGATACGACCGCACCATTGATTCA This study 

rcsDoutsiderev TTCATCATGGCCGATTTTTTCTGGCTACTG This study 
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APPENDIX A: Investigation of suppressor mutations that restore 

exopolysaccharide production in a P. stewartii ΔoxyR mutant. 

 

INTRODUCTION 

 

 In Chapter 1 we characterized the OxyR transcription factor in regards to its role 

in oxidative stress defense and plant colonization of P. stewartii. OxyR induces gene 

expression under oxidizing conditions and is necessary for development of wilting 

symptoms, although not for survival in planta (Chapter 1). We demonstrated that the 

xylem and apoplast represent oxidative environments for the bacterium during the 

infection process. An interesting characteristic of the mutant ΔoxyR which remains 

unexplained is that it exhibits reduced EPS production compared with the wild type 

(Chapter 1). Stewartan EPS is the major virulence factor for P. stewartii and is necessary 

for biofilm formation, motility, and colonization of the xylem (Coplin et al., 1986). 

ΔoxyR was deficient in eliciting wilt symptoms, which can be attributed to its reduced 

EPS production. EPS biosynthesis is tightly controlled by an integrated regulatory circuit 

that includes the environmental sensing Rcs phosphorelay and the EsaI/R quorum sensing 

system (Minogue et al., 2005; Von Bodman et al., 1998) (Chapter 3). At low cell 

densities, expression of the RcsA regulator, a co-transcription factor which is part of the 

Rcs phosphorelay, is repressed by the quorum sensing regulator EsaR. At high cell 

densities, repression of RcsA is lifted, allowing increased expression of the downstream 

EPS biosynthetic genes (Minogue et al., 2005). In Chapter 3 we characterized the Rcs 

phosphorelay components of P. stewartii, as well as investigating the possible role of 

OxyR regulation of Rcs, in an attempt to explain the reduced EPS phenotype of ΔoxyR.  
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However, it is apparent from work in Chapter 3 that OxyR regulation of EPS production 

is not directly linked to the Rcs system, leaving some unanswered questions regarding the 

regulatory control of this pathway, and what leads to the reduced EPS phenotype of 

ΔoxyR. In this study, we sought to further explore how OxyR participates in the 

regulatory hierarchy that governs EPS production in P. stewartii. 

 

RESULTS AND DISCUSSION  

 

Identification of suppressor mutations that restore exopolysaccharide production in 

ΔoxyR.  P. stewartii ΔoxyR exhibits reduced exopolysaccharide (EPS) production as 

compared with the wild type parent strain (Fig.4.1) (Chapter 1). It is intriguing that a 

mutation in a major oxidative stress sensing transcription factor, OxyR, significantly 

affects production of EPS. This suggests that P. stewartii utilizes OxyR to monitor the 

external environment and to elicit a response that includes production of antioxidant 

enzymes (Chapter 1) and a protective EPS matrix. We wanted to further explore the 

mechanism for reduced EPS production in this mutant. To accomplish this, we performed 

random transposon mutagenesis using Mar2xT7, a derivative of the Himar1 transposon 

(Liberati et al., 2006), in the P. stewartii ΔoxyR mutant. We obtained a mutant pool 

consisting of approximately 400 mutants, which we screened for production of EPS in 

vitro by patching individual colonies onto EPS inducing medium (nutrient agar 

supplemented with 0.4% glucose). Twenty-five mutants that exhibited a restored EPS 

phenotype compared with the ΔoxyR parent strain were chosen for further analysis and 

mapping of the transposon insertion.  A list of the resulting mutations can be found in 
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Table 4.1. In two of the strains that were analyzed, mutations were located in rcsC and 

rcsD, genes encoding the two sensor kinases belonging to the Rcs phosphorelay pathway. 

It is known that the Rcs phosphorelay regulates EPS production in P. stewartii (Minogue 

et al., 2005), and in Chapter 3 we established that a mutant in rcsC overexpresses EPS in 

vitro. This suggests that the pathway through which OxyR influences EPS production is 

in some way related to the Rcs phosphorelay, even if not through direct transcriptional 

regulation. It is interesting to note that a targeted knockout mutant in rcsD results in loss 

of EPS production (Chapter 3), contradicting our results in the random mutant screen. 

However, the Mar2xT7 transposon contains two copies of a constituitive T7 promoter 

(Liberati et al., 2006) which could influence expression of adjacent genes, in this case 

rcsB, resulting in the increase EPS expression. Of particular interest from the random 

mutant pool were two independent mutants with restored EPS production (LB148 and 

LB155) that had transposon insertions occurring in the lon open reading frame (Fig. 4.1). 

Lon encodes a well characterized ATP-dependent protease, which is involved in cellular 

turnover of unstable regulatory proteins, as well as degradation of damaged or mis-folded 

proteins (Goff & Goldberg, 1985; Torres-Cabassa & Gottesman, 1987; Tsilibaris et al., 

2006; Van Melderen and Aertsen, 2009). Lon performs many functions in the cell and in 

E. coli is induced as part of the heat-shock response, dependent on the heat shock 

regulator HtpR (Phillips et al., 1984). In addition, Lon has been studied for its role in 

cellular response to a variety of other stress conditions. In Bacillus subtilis, there was an 

increase in lon mRNA after growth at high temperature, or following ethanol or hydrogen 

peroxide treatment (Riethdorf et al., 1994). Lon is conserved across a wide variety of 
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bacterial and archeal species, as well as eukaryotic mitochondria, with similar functions. 

Mitochondrial Lon degrades inactive or damaged enzymes, such as oxidized aconitase, 

which would otherwise be detrimental to the cell (Bota & Davies, 2002). Additionally, 

Lon is important for degradation of unstable or transient regulatory proteins allowing the 

cell to revert back to an uninduced state following specific inducing conditions. 

Regulatory proteins targeted for Lon degradation in the enteric bacteria include SoxS, a 

regulator of the oxidative stress response, and FlhDC, which controls swarming motility. 

Notably, RcsA, a transcriptional activator of EPS production belonging to the Rcs 

phosphorelay is also a target of Lon protease (Claret & Hughes, 2000; Griffith et al., 

2004; Torres-Cabassa & Gottesman, 1987). A knockout in Lon would result in higher 

concentrations of RcsA in the cell, therefore leading to increased EPS expression.  It 

would be interesting to further investigate whether an increase in Lon activity in P. 

stewartii ΔoxyR is the cause of the reduction in EPS production.  
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Figure 4.1. Exopolysaccharide production in ΔoxyR is restored by lon mutation. 

 

 

 

 
 
 

Random transposon mutants in the ΔoxyR background were screened for restoration of wild type 

exopolysaccharide production (EPS). Individual colonies of wild type DC283, the ΔoxyR parent 

strain, and transposon mutants were patched onto EPS inducing medium (nutrient agar + 0.4% 

glucose). Plates were incubated for 24 hours at 28°C and observed for EPS production. Strains 

LB148 and LB155, both containing a transposon insertion in the lon open reading frame, show 

restored EPS production in comparison with the ΔoxyR parent strain.  
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Expression of lon mRNA is increased in ΔoxyR. To further determine if a mutation in 

oxyR results in differential expression of lon, we compared lon expression in ΔoxyR to 

the wild type P. stewartii using qPCR. Interestingly, we observed a 2.5-fold increase in 

lon expression in ΔoxyR over the wild type (Fig. 4.2). In E. coli, a 2-4 fold increase in lon 

expression is induced by expression of abnormal or truncated proteins, and results in a 

noticeable increase in Lon activity within the cell (Goff & Goldberg, 1985). Under 

conditions where EPS is not induced (i.e. low cell density), the co-regulator of EPS 

expression, RcsA is degraded by Lon (Torres-Cabassa & Gottesman, 1987). Under 

inducing conditions (i.e. high cell density), RcsA is abundant and surpasses degradation, 

causing an increase in the expression of the EPS biosynthetic genes. Degradation of 

damaged proteins due to oxidative stress is believed to be Lon-independent in E. coli 

(Davies & Lin, 1988). However, there are other cases where oxidized proteins are 

removed by Lon protease activity such as in Bacillus subtilis (Riethdorf et al., 1994). It is 

possible that an increase in protein oxidation in P. stewartii ΔoxyR triggers an increase in 

Lon activity, resulting in higher rates of RcsA degradation. We speculate that this would 

then lead to the reduced EPS production that we observed in ΔoxyR. Thus far, our gene 

expression and phenotypic data support this hypothesis. Future work will be focused on 

determining how OxyR is integrated into the regulatory circuit that controls production of 

the EPS matrix and at determining if OxyR directly regulates Lon protease.  
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Figure 4.2. lon expression is increased in ΔoxyR compared with wild type. 

 

 
Gene expression of lon was measured using qPCR. Cells were grown overnight in 2ml of AB 

minimal medium, with the addition of 0.2% glucose and 0.05% yeast extract. Total RNA was 

extracted using hot phenol extraction and treated with TURBO DNase (Ambion). 500ng of DNA-
free RNA was used for cDNA synthesis using the iScript cDNA synthesis kit (Biorad 

Laboratories, Hercules, CA). The level of gene expression was compared by quantitative PCR 

(qPCR) using the iQ SYBR Green Supermix (Biorad Laboratories, Hercules, CA), and expressed 
as a gene expression normalized to expression level of two different reference genes (proC and 

ffh). Graph represents the mean of 9 different samples separate cultures. Bars with different letters 

are significantly different based on a Student’s T-test using p≤0.05. Error bars = standard error of 

the mean.  
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MATERIALS AND METHODS 

Strains and Growth Conditions. All relevant strains and plasmids are listed in Table 

4.2. The P. stewartii strains were grown on Nutrient Agar (Difco Laboratories, Detroit, 

MI), or in Luria-Bertani (LB) Broth (Difco, Laboratories), 28ºC in the presence of 

nalidixic acid (30 µg/ml), and gentamycin (2.5 µg/ml) when needed. E. coli strains were 

grown at 37ºC in LB in the presence of gentamycin (10µg/ml), as needed. E. coli S17-

1λ served as a donor for conjugal transfer plasmid constructs into P. stewartii.  

Random transposon mutagenesis and screeening. Mutants were created in the ΔoxyR 

background by conjugation with E. coli strain S17-1λ carrying pMAR2xT7, a suicide 

vector which contains the MAR2xT7 transposon (Abarca-Grau et al., 2012; Liberati et 

al., 2006).  Gentamycin (2.5µg/ml) selection was used to screen for successful 

chromosomal insertion events. Phenotype screening consisted of patching individual 

colonies onto EPS inducing medium (nutrient agar supplemented with 0.4% glucose) 

alongside ΔoxyR and the wild type parent strain DC283 for comparison.  Colonies were 

observed for visible EPS production after 24 hours incubation at 28°C. 

Indentification of transposon insertion site. For twenty five ΔoxyR EPS
+
 mutants, we 

used two-round arbitrary PCR following the protocol of (Abarca-Grau et al., 2012) to 

amplify the genomic region adjacent to the transposon insertion. The first round of PCR 

used genomic DNA extracted from mutant strains as template and primer pair 

TnMar1/ARB1. Second round PCR used 50ng of first round product as the template 

nested primer pair TnMar2/ARB2. PCR primer sequences are listed in Table 4.3. Second 

round PCR products where purified by ethanol precipitation and sequenced using primer 
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SeqTnMar. A BLAST search of the sequenced PCR products against the P. stewartii 

agenome revealed the genomic locations of the mutations (Table 4.1).  

Gene expression analysis. Cells were grown overnight in two ml of AB minimal 

medium, with the addition of 0.2% glucose and 0.05% yeast extract, diluted 1:20 and 

grown to mid-log phase (OD600=0.5). Total RNA was extracted using the hot phenol 

extraction method described in (Jahn et al., 2008). Removal of any residual genomic 

DNA was accomplished by treatment with TURBO DNase (Ambion), according to the 

manufacturer’s protocol.  NA purity and concentration were measured by the 

absorbance ratio of 260nm/280nm light and RNA quality was analyzed by agarose gel 

electrophoresis. 500ng of DNA-free RNA was used for cDNA synthesis using the iScript 

cDNA synthesis kit (Biorad Laboratories, Hercules, CA), according to manufacturers 

protocol. The level of gene expression between the different strains and under different 

conditions was compared by quantitative PCR (qPCR) using the iQ SYBR Green 

Supermix (Biorad Laboratories, Hercules, CA). Fluorescence detection was performed in 

a CFX96 Real-time PCR detection instrument (BioRad Laboratories, Hercules, CA). 

Primers for qPCR analysis were designed using Beacon Design® software and analyzed 

for optimal concentration and annealing temperature prior to use. Gene expression was 

normalized to two reference genes (ffh and proC) chosen based on previous work (Takle 

et al., 2007) (Chapter 2) and compared for stability across samples. All primer sequences 

are included in Table 4.3. The qPCR data were analyzed using the CFX Manager 

software (BioRad Laboratories, Hercules, CA) and expressed as a normalized gene 
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expression compared with reference gene concentration, plus or minus the standard error 

of the mean.  
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Table 1. Genomic locations of transposon insertions in mutants with restored 

exopolysaccharide production in ΔoxyR.   

 

 
Strain Locus Tag Gene Name Function 

ΔoxyR EPS
+
 1 (LB134) ACV- 028930 unknown Putative transposase 

ΔoxyR EPS
+
 2 (LB135) ACV-0287694/ 

ACV-0287693 
ilvH/ilvI Acetolactate synthase III 

(large/small subunits) 

ΔoxyR EPS
+
 3 (LB136) ACV-0287694 ilvH Acetolactate synthase III, 

large subunit 
ΔoxyR EPS

+
 4 (LB137) ACV-0288823 unknown Type III restriction enzyme 

ΔoxyR EPS
+
 5 (LB138) ACV-0289733 unknown Protein phosphatase 

ΔoxyR EPS
+
 6 (LB139) ACV-0287457 narQ Nitrate/nitrite sensor protein 

ΔoxyR EPS
+
 7 (LB140) ACV-0290645/ 

ACV-0290644 
dhaK/dhaL ATP-dependent 

dihydroxyacetone kinase 

subunits 

ΔoxyR EPS
+
 8 (LB141) ACV-0288453 zntA Zinc/cobalt/lead efflux system 

ΔoxyR EPS
+
 9 (LB142) ACV-0285924 rcsD Sensor-like histidine kinase 

ΔoxyR EPS
+
 10 (LB143) ACV-0287035 unknown Phage integrase 

ΔoxyR EPS
+
 11 (LB144) ACV-0287188 yiiQ DUF1454 family protein 

(function unknown) 

ΔoxyR EPS
+
 12 (LB145) ACV-0286945 mdoH Glycosyl transferase 

 ΔoxyR EPS
+ 

13 (LB146) ACV-0286628 unknown Glycine oxidase 

ΔoxyR EPS
+
 14 (LB147) ACV-0285922 rcsC Sensor histidine kinase 

ΔoxyR EPS
+
 15 (LB148) ACV-0290766 lon protease 

ΔoxyR EPS
+ 

16 (LB149) ACV-0289731 unknown Protein serine/threonine 

kinase 
ΔoxyR EPS

+
 17 (LB150) ACV-0288328 gltX Glutamyl-tRNA synthase 

ΔoxyR EPS
+ 

18 (LB151) ACV-0285761 unknown Putative bacteriophage 

protein 

ΔoxyR EPS
+
 19 (LB152) ACV-0285761 unknown Putative bacteriophage 

protein 

ΔoxyR EPS
+
 20 (LB153) ACV-0285924 rcsD Sensor-like histidine kinase 

ΔoxyR EPS
+
 21 (LB154) ACV-0289732 unknown Hypothetical protein 

ΔoxyR EPS
+
 22 (LB155) ACV-0290766 lon protease 

ΔoxyR EPS
+
 23 (LB156) ACV-0285810 unknown Phage tail fiber protein 

ΔoxyR EPS
+
 24 (LB157) ACV-0285811 unknown Phage protein 

ΔoxyR EPS
+
 25 (LB158) ACV-0289730 unknown Hypothetical protein 

 

Genomic regions adjacent to transposon insertions where amplified with PCR and their sequences 

were compared using BLAST to the P. stewartii DC283 genome sequence published by Glasner 
et al. (2006). Two separate locus tags indicate insertion of the transposon across two adjacent 

annotated features.  
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Table 2. Strains and plasmids used in this study 

 
Strain or plasmid Relevant Genotypes Source or Reference 
Pantoea stewartii subsp. 

stewartii 
  

DC283 Wild type, Nal
r
 Coplin et al., 1986 

ΔoxyR Knockout in oxyR, Nal
r
 Burbank & Roper, 2014 

Escherichia coli   

S17-1λ RP4, Mob+, Smr Simon et al., 1983 

Plasmids   
pMAR2xT7 Suicide vector for delivery of 

the mariner family transposon 

MAR2xT7; Amp
r
, Gm

r 

Liberati et al., 2006 

 

 

 

 

 

 

 

 

Table 3. Primer sequences 
 

Primer  Sequence Source or Reference 

ARB1 GGCCAGGCCTGCAGATGATGN Abarca-Grau et al., 2012 
TnMar1 TACAGTTTACGAACCGAACAG Abarca-Grau et al., 2012 

ARB2 GGCCAGGCCTGCAGATGATGN Abarca-Grau et al., 2012 

TnMar2 TGTCAACTGGGTTCGTGCCTT Abarca-Grau et al., 2012 
SeqTnMar GACCGAGATAGGGTTGAGTG Abarca-Grau et al., 2012 

lon RT fwd CCGTACCTATATTGGCTCTATG This study 

lon RT rev AAGGCGATGTTCTGTTCAG This study 

proC RT fwd CTCGGTCACGCCCAATGC Chapter 2 
proC RT rev CTCACGCCTACCACGGAATG Chapter 2 

ffh RT fwd GTATCGCCTCACGCATCC Chapter 2 

ffh RT rev CATCTGCTTCAGTTGCTCAAG Chapter 2 
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