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ABSTRACT 

 Cystic fibrosis (CF) is a genetic disease that causes the thick accumulation of 

mucus in the lung alveoli. The mucus layer provides a suitable environment for the 

growth of bacteria including the predominant pathogen Pseudomonas aeruginosa. To 

adapt to the reduced environmental oxygen (EO) and iron-limited conditions within the 

CF mucus, P. aeruginosa likely alters the production of its virulence factors such as 

pyoverdine and exotoxin A (ETA). Pyoverdine is a siderophore that competes with the 

host for free and bound iron and is encoded by the pyoverdine genes such as pvdD. ETA, 

encoded by toxA, is an ADP-ribosylating enzyme that transfers a NAD+ moiety onto 

elongation factor 2, which halts host cell protein synthesis.  Regulation of toxA 

expression is highly complex and dependent upon several activators including RegA, 

PtxR, and PvdS. RegA is considered essential for toxA expression and ETA production. 

PtxR is required for maximal toxA expression and appears to regulate toxA through regA. 

PvdS is an alternative sigma factor that positively regulates the pyoverdine genes, 

including pvdD, and appears to regulate toxA expression through regA and ptxR. We 

hypothesized that under reduced EO and as part of the adaptation process, P. aeruginosa 

alters ETA production by a mechanism(s) that involves some or all of the above-

described regulators. We examined toxA expression throughout the growth cycle of the P. 

aeruginosa strain PAO1 under different levels of EO (20 %-0 %) using β-galactosidase 

reporter fusions and real time polymerase chain reaction. We also measured the amount 

of secreted ETA protein by sandwich enzyme linked immunoabsorbent assay. Results 

showed that toxA transcription and ETA synthesis increased as the level of EO decreased. 

In contrast, the expression of pvdD and the production of pyoverdine were reduced under 

lower EO levels. The pattern of regA expression was similar to that of pvdD, but ptxR 

expression followed the same trend as toxA. These results suggest that reduced EO 

increases toxA expression in P. aeruginosa by a unique mechanism that is different from 

the known regulatory circuit described for aerobic conditions. Since PvdS is a key 

regulator of toxA and pvdD, we examined its role in this phenomenon under aerobic (20 

%) shaking and microaerobic (10 %) static conditions. The expression levels of toxA, 

regA, ptxR, and pvdD were determined throughout the growth cycle of PAO1 and its 
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pvdS isogenic mutant under both conditions. The expression of regA and pvdD were 

stringently regulated by PvdS under both conditions. However, while toxA expression 

was modulated by PvdS under both conditions, expression of ptxR was partially regulated 

by PvdS only under aerobic-shaking conditions. Purified PvdS complexed with core 

RNA polymerase (RNAP) has been shown to bind to a specific consensus sequence in the 

promoter regions of the pyoverdine genes including pvdD. The upstream regions of toxA, 

regA, and ptxR contain the potential binding site for PvdS. Using core-RNAP and 

purified PvdS, we determined that the PvdS-RNAP holoenzyme specifically bound to the 

upstream regions of toxA, regA, and ptxR. Results of our studies suggest that (1) reduced 

EO increases toxA and ptxR expression in P. aeruginosa, (2) PvdS regulates the 

expression of toxA, regA, and ptxR by directly binding to the upstream regions of these 

genes, (3) the increase in toxA expression appears to occur through a mechanism that is 

not related to PvdS or RegA since expression of both regulators is decreased under 

reduced EO, and (4) PtxR may play a role in toxA regulation under lower levels of EO. 

This study represents the first report of a potential toxA regulatory mechanism that does 

not involve the main regulators, RegA and PvdS. Therefore, within the thick mucus of 

the CF lung, P. aeruginosa may utilize such a mechanism to manipulate the production of 

individual virulence factors that are controlled by a common regulator.  
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CHAPTER I 

INTRODUCTION 

 

General characteristics of Pseudomonas aeruginosa 

 Pseudomonas aeruginosa is a ubiquitous, Gram-negative bacterium capable of 

survival on human skin and in mop water, jet fuel, and dilute cleaning solutions 

(Palleroni and Moore, 2004; Salyers and Whitt, 2001). P. aeruginosa is an important 

plant, animal, and human pathogen (Kulasekara and Lory, 2004; Salyers and Whitt, 

2001). The genus, Pseudomonas, was established in 1895 after hospital care givers 

observed a blue-green discharge in bandages from patients and soldiers (Palleroni and 

Moore, 2004). The blue-green pigment is now a hallmark for Pseudomonas infection 

(Salyers and Whitt, 2001). The P. aeruginosa 6 Mb genome was sequenced in 2000 and 

encodes multiple regulatory proteins, several alternative sigma factors, and different 

transport mechanisms (Kulasekara and Lory, 2004). This allows P. aeruginosa the 

genetic flexibility to survive in wide range of environments that are otherwise 

inhospitable (Sadikot et al., 2005). 

 

Pseudomonas aeruginosa is an opportunistic pathogen 

 P. aeruginosa does not infect healthy individuals, but does cause a wide variety of 

severe infections in immunocompromised patients. For that reason, P. aeruginosa is 

categorized as an opportunistic pathogen. This has caused great concern in hospital 

settings where nosocomial pneumonia with P. aeruginosa is now ranked second after 

Staphylococcus aureus (Sadikot et al., 2005). Infections commonly occur in 

immunocompromised individuals including those with burn and trauma wounds, patients 

with AIDS, and patients with cystic fibrosis (CF) (Pier and Goldberg, 2004).   

 

Cystic fibrosis 

Cystic fibrosis is a fatal autosomal recessive disease primarily aflicting 

Caucasions (Sadikot et al., 2005). This disease is characterized by airway and intestinal 
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obstruction, malnutrition, and excessive host inflammatory response (Chmiel and Davis, 

2003). CF patients are born with normal lungs, but 97 % of them will develop persistent 

bacterial infections by the age of three or less (Boucher, 2004; Sadikot et al., 2005). The 

establishment of chronic infections is due to the failure of host innate defenses, such as 

alveolar macrophages, neutrophils, and cilia to clear the inhaled bacteria (Boucher, 2004; 

Lau et al., 2005).  

CF results from a defective cAMP-regulated chloride channel known as the cystic 

fibrosis transmembrane conductance regulator (CFTR) in which the most common 

mutation involves improper folding of the CFTR protein (Boucher, 2004; Chmiel and 

Davis, 2003; Sadikot et al., 2005). Healthy CFTR transports chloride ions across the 

apical surface of secretory cells rendering the mucus layer to be well hydrated (Hassett et 

al., 2002). Normal, healthy mucus is a thin gel consisting of water, entangled 

glycoproteins, cellular debris, and bacteria (Boucher, 2004; van Delden, 2004). The 

function of mucus is to entrap inhaled bacteria through turbulent enmeshing and low 

affinity binding of the microorganisms (Boucher, 2004; van Delden, 2004).  The debris is 

then removed from the respiratory tract through the beating of cilia and finally 

expectorated (Boucher, 2004; van Delden, 2004). The absence of CFTR results in 

chloride ions and water being quickly reabsorbed into the epithelial cell (Bush et al., 

2006; Hassett et al., 2002; Sadikot et al., 2005). This causes the accumulation of a thick 

viscous mucus layer in the alveolar lumen of CF patients (Bush et al., 2006; Hassett et 

al., 2002; Sadikot et al., 2005). Goblet cells function normally in CF patients and 

continue to secrete mucus to the apical surface of the epithelial cell, which further 

increases the depth of the mucus layer (Boucher, 2004; Chmiel and Davis, 2003; Hassett 

et al., 2002; Lau et al., 2005). Eventually the airway surface fluid is depleted due to 

increased water absorption by the epithelial cell causing the mucus to adhere, which 

renders the cilia immobile (Boucher, 2004; Chmiel and Davis, 2003; Hassett et al., 2002; 

Lau et al., 2005). The alveoli then become a breeding ground for several species of 

bacteria with the predominant pathogen being P. aeruginosa (Fig. 1.1) (Hassett et al., 

2002).  
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CF patients are classified from mild to severe according to the severity of the 

symptoms. P. aeruginosa infections cause either severe acute nosocomial necrotizing 

pneumonia or persistent airway infections (Lau et al., 2005). Chronic P. aeruginosa 

infections increases CF lung deterioration by invading the pulmonary vasculature and 

causing septicemia or the production of a chronic neutrophilic inflammatory response 

(Lau et al., 2005). It has been estimated that approximately 85 % of all CF deaths are due 

to P. aeruginosa complications (Erwin and Van Devanter, 2002). Alarmingly current CF 

treatments to combat P. aeruginosa infections, including the most commonly used 

antibiotic TOBI® (inhaled tobramycin solution), are virtually ineffective due to inherent 

resistance (Boucher, 2004; Chmiel and Davis, 2003).  

 

Pseudomonas aeruginosa and virulence factors 

The aptitude of P. aeruginosa to cause acute and chronic infections is due to its 

ability to quickly adapt and regulate its arsenal of virulence factors in response to the 

environment (van Delden, 2004; Sadikot et al., 2005). P. aeruginosa’s virulence factors 

are usually divided into two main categories: cell associated and extracellular (Fig. 1.2).  

 

CFTR 

Na+ 

mucus

H2O Defective CFTR

O2

Cl- 

CFTR

Na+ 

mucus 

Figure 1.1 Comparison between a healthy lung and a CF lung. (A) The alveolar lumen in a 
healthy lung consists of a thin mucus layer in which turbulent mixing entraps bacteria and 
foreign debris.  (B) When CFTR is absent, the mucus layer thickens becoming static and 
depleted in oxygen and iron. P. aeruginosa penetrates into the CF mucus, adapts to the 
environment by switching to anaerobic metabolism, and produces a chronic infection. 
Redrawn from Hassett et al. (2002). 

A. B. 
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Cell associated virulence factors for adherence and colonization 

P. aeruginosa is capable of colonizing both abiotic and biotic surfaces using 

several cell-associated factors (van Delden, 2004). Pili, which are small appendages, aid 

in attachment to both abiotic and biotic surfaces and in biofilm formation (van Delden, 

2004). The single polar flagellum allows for motility and adherence to carbohydrate 

moieties such as asialo-GM1 and GM2 in human mucus, which induces the host cytokine 

interlukin-8 (van Delden, 2004). The exopolysaccharide, alginate, is a sticky mucoid coat 

that promotes attachment, protection from innate host defenses, and encapsulates the 

bacteria in biofilm communities (van Delden, 2004). Lipopolysaccharide is an endotoxin 

that modulates host functions by binding to the Toll-like receptor 4 signaling complex 

(Lau et al., 2005). Endotoxin has also been postulated to bind to mutated CFTR that is 

expressed on airway epithelium, which may allow for bacterial ingestion by the host cell 

(Lau et al., 2005).  

Extracellular virulence factors 

P. aeruginosa secretes numerous extracellular virulence factors that cause tissue 

damage and facilitates the development of bacteremia and septicemia (van Delden, 

2004). Mutants defective in the production of a specific virulence factor are attenuated in 

vivo; production of each factor appears to be modulated according to the infection site 

(van Delden, 2004). This suggests that the host has a direct role in regulating the 

expression of P. aeruginosa virulence genes (Boucher, 2004). Some of P. aeruginosa’s 

alginate 
flagellum pili 

lipopolysaccharide 
Extracellular factors 

exotoxin A 
elastases 

siderophores 
type III secretion factors 

Figure 1.2. Cell associated and extracellular virulence factors of P.  aeruginosa. 
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extracellular factors include elastase, exoenzyme S, phospholipase C, pyocyanin, 

siderophores, and exotoxin A. Elastase degrades elastin which is a major component of 

lung tissue and blood vessels (van Delden, 2004). Elastase is also responsible for 

pulmonary hemorrhages associated with invasive P. aeruginosa infections, stimulates 

mucin release from goblet cells, and degrades complement components (Chmiel and 

Davis, 2003; van Delden, 2004). The type III secretion system secretes effector 

molecules directly into eukaryotic cells through the formation of a needle-like injection 

device (van Delden, 2004).  Exoenzyme S is a type III effector molecule that disrupts 

eukaryotic cell signal transduction through ADP ribosylation of GTP-binding proteins 

such as Ras and Rho (van Delden, 2004). Thus, exoenzyme S appears to promote chronic 

P. aeruginosa infection by inhibiting host tissue regeneration and wound healing (van 

Delden, 2004). Phospholipase C induces vascular permeability and decreases neutrophil 

respiratory burst (van Delden, 2004). Several animal studies using purified phospholipase 

C have shown that the activity of this virulence determinant may facilitate bacterial 

survival in environments with an abundance of neutrophils such as the CF lung (van 

Delden, 2004).  Pyocyanin is a blue redox phenazine pigment that generates reactive 

oxygen species and reduces ciliary beating (Chmiel and Davis, 2003; van Delden, 2004; 

Sadikot et al., 2005). P. aeruginosa produces pyocyanin as a secondary metabolite which 

readily penetrates cell membranes causing lung tissue damage, alteration of host cytokine 

production, and modulation of host signaling pathways (Lau et al., 2005). Siderophores 

are iron chelating compounds which compete with transferrin and lactoferrin for iron 

(van Delden, 2004). P. aeruginosa produces two major siderophores, pyoverdine and 

pyochelin (van Delden, 2004; Sadikot et al., 2005). Iron-loaded siderophores reenter the 

bacterial cell using specific cell-surface receptors (van Delden, 2004).Within the cell, 

iron is converted from the ferric (Fe3+) to the ferrous form (Fe2+) and released from the 

siderophore to be utilized in metabolic activities (Vasil and Ochsner, 1999).  
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Exotoxin A 

Exotoxin A (ETA) is considered one of the most virulent factors produced by P. 

aeruginosa and causes direct tissue damage and necrosis (Hamood et al., 2004; Sadikot 

et al., 2005). The entire toxin molecule is comprised of three domains for receptor 

binding, translocation, and enzymatic activity (Hamood et al., 2004; Yates et al., 2006). 

ETA, encoded by toxA, is synthesized as a 71 kDa precursor with a 25 amino acid leader 

peptide. The protein is secreted to the extracellular environment through the type II 

secretion machinery as a 66 kDa mature toxin. ETA enzymatically transfers a 

nicotinamide adenine dinucleotide moiety onto elongation factor 2 thereby blocking 

polypeptide chain elongation, which inhibits host cell protein synthesis and results in 

cellular death (Hamood et al., 2004; Yates et al., 2006).  

Role of ETA in pathogenesis 

CF patients typically show a decline in pulmonary function and erratic 

exacerbations during the chronic stages of P. aeruginosa infection (Chmiel and Davis, 

2003). Treatment usually requires the administration of two or more antibiotics since P. 

aeruginosa is inherently resistant to one or more agents (Chmiel and Davis, 2003; Storey 

et al., 1992). Both clinical and animal studies have demonstrated the importance of ETA 

in P. aeruginosa pathogenesis. Adult mice injected with purified ETA demonstrate 100 

% mortality (Fogle et al., 2002). CF patients typically demonstrate high levels of 

circulating antibodies to ETA which strongly correlate with increased mortality (Hamood 

et al., 2004; Hassett et al., 2002). Analysis of six P. aeruginosa isolates from CF patients 

revealed that five of the six isolates produce ETA (Gallant et al., 2000). This confirms 

earlier studies which demonstrated nearly all P. aeruginosa clinical isolates obtained 

from the lungs of CF patients produce ETA (Hamood et al., 2004). RNA-hybridization 

studies using RNA extracted from CF sputum showed that toxA is frequently transcribed 

at variable levels (Storey et al., 1992; Storey et al., 1998). This indicates that P. 

aeruginosa regulates toxA expression within the CF lung (Storey et al., 1992; Storey et 

al., 1998). Overall, these results suggest that patients maintain circulating antibodies to 
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ETA due to the varied toxA regulation and continuous assault of ETA within the CF lung 

(Chmiel and Davis, 2003; Storey et al., 1992). 

Regulation of toxA 

toxA regulation is a highly complex process that is affected by environmental 

conditions such as temperature, amino acids, and aeration (Hamood et al., 2004). The 

most stringent toxA environmental regulator is iron, which represses ETA production at 

the transcriptional level (Hamood et al., 2004). Based on early findings, optimal levels of 

ETA are produced in vitro when P. aeruginosa is grown to late growth phase at 32 ˚C 

with maximum aeration in iron-deficient medium (Hamood et al., 2004). Iron binds and 

activates the ferric uptake regulator, Fur (Hamood et al., 2004). Activated Fur then binds 

its target sequence within the promoter regions of iron repressible genes including 

regulatory genes that control the production of ETA and the siderophores (Hamood et al., 

2004; Ochsner et al., 1995).  

Positive toxA regulators include regA, pvdS, and ptxR (Fig. 1.3). regA encodes a 

29 kDa protein, RegA, that is essential for toxA transcription. A P. aeruginosa regA 

mutant produces neither ETA nor toxA mRNA (Hamood et al., 2004). Despite several 

previous studies, the exact mechanism of toxA regulation by RegA is not fully understood 

(Hamood et al., 2004). pvdS encodes an alternative sigma factor, PvdS, that enhances the 

transcription of toxA and the pyoverdine genes (Hamood et al., 2004). Purified PvdS has 

been shown to bind to a specific consensus sequence, the iron starvation box, upstream of 

the pyoverdine genes, pvdA, pvdD, and the intergenic region of pvdEF (Hamood et al., 

2004; Leoni et al., 2000; Wilson et al., 2001). A potential iron starvation box has been 

identified in the promoter regions of toxA, regA and ptxR (Hunt et al., 2002; Wilson et 

al., 2001). However, direct binding of PvdS to these promoter regions has not been 

demonstrated (Hamood et al., 2004).  ptxR encodes a 34 kDa protein, PtxR, which is a 

member of the LysR family of transcriptional activators (Hamood et al., 2004).  Although 

ptxR contains a typical helix-turn-helix motif, the DNA sequence to which PtxR directly 

binds is unknown (Hamood et al., 2004). PtxR has also been shown to positively regulate 

the pvc operon and the quorum sensing gene lasI (Carty et al., 2006; Stintzi et al., 1999). 
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Interestingly, PtxR has also been shown to negatively regulate expression of the quorum 

sensing genes rhlI and pqs and the phenazine genes (Carty et al., 2006). All three 

regulators are repressed in the presence of iron under aerobic conditions (Hamood et al., 

2004).  

 

 

 
 

 

 

Pseudomonas aeruginosa in response to the CF microenvironment 

Oxygen Deficiency 

One environmental factor associated with CF is the reduced oxygen within the 

mucus layer of the lung alveoli. To examine the in vivo oxygen partial pressure, an 

oxygen electrode was inserted directly into the right upper lobar bronchi of chronically 

infected CF patients (Worlitzsch et al., 2002). While the expected 180 mmHg was 

detected in the bronchi, oxygen levels were severely lowered to 2.5 mmHg in the mucus 

layer (Worlitzsch et al., 2002).  A similar phenomenon was not detected in patients with 

primary ciliary dyskinesia, a comparable respiratory disease associated with 

malfunctioning cilia and chronic bacterial infections, indicating that the anaerobic 

conditions are unique to CF patients (Worlitzsch et al., 2002). The steep hypoxic gradient 

PvdS

PtxR 

ptxR 

regA

RegA 

ETA

toxA

pyoverdine 

pvdS 

pvd genes 

Figure 1.3. toxA regulatory circuit under aerobic-shaking conditions with 
respect to PvdS regulation. Arrow size depicts stringency of regulation.
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within the CF mucus is due to the cumulative effect of increased oxygen consumption by 

bacteria, cells of the host defenses, and the stressed epithelial cells coping with the 

increased water and ion absorption (Hassett et al., 2002).  

During chronic stages of the disease, P. aeruginosa penetrates into the anaerobic 

CF mucus and grows as spherical colonies protected by a thick alginate coat (Hassett, 

1996; Hassett et al., 2002; Worlitzsch et al., 2002). P. aeruginosa can respire in 

anaerobic conditions if a terminal electron acceptor such as nitrate (NO3
-), nitrite, or 

nitrous oxide is present (Hassett et al., 2002; Yoon et al., 2002). Sufficient NO3
- levels 

exist within the airway surface fluid that allows P. aeruginosa to survive and flourish 

within the mucus layer (Hassett et al., 2002; Yoon et al., 2002). Due to the 

microenvironment within the mucus layer of the CF lung (hypoxic, acidic, and nutrient 

depleted), P aeruginosa forms biofilms; thereby slowing metabolism, which prompts 

reduced antibiotic efficacy for successful treatment (Hassett et al., 2002).  

One known P. aeruginosa global regulator induced under anaerobic conditions is 

the anaerobic response regulator, ANR, encoded by anr. ANR is a dual activator and 

repressor that regulates P. aeruginosa gene expression in response to decreased 

intracellular oxygen levels and iron availability (Blumer and Haas, 2000; Cooper et al., 

2003). ANR has been shown to positively regulate the expression of the arginine 

deiminase gene, the nitrate reduction operon, and the hcn operon which encodes the 

virulence factor hydrogen cyanide (Pessi and Haas, 2000; Ray and Williams, 1997). ANR 

represses the aerobic respiration pathways and possibly the gene that encodes for terminal 

oxidase (Pessi and Haas, 2000; Ray and Williams, 1997). ANR is 51 % identical to FNR 

in E. coli and binds in trans to a loosely defined consensus sequence called the ANR box, 

TTGAC Nx ATCAG (Galimand et al., 1991; Ray and Williams, 1997; Winteler and 

Haas, 1996). Potential ANR boxes have been identified in the upstream regions of pvdS 

and regA. This would indicate that ANR may regulate toxA expression indirectly under 

reduced EO conditions. However, direct binding of ANR to the upstream regions of pvdS 

and regA has not been shown.  

 



 10

 

CF mucus 

Another distinct factor associated with CF is the thickened mucus layer within the 

lung alveoli. To determine if CF sputum is capable of supporting P. aeruginosa growth, 

bacterial cultures were grown in vitro using defined minimal media supplemented with 

sputum obtained from ten CF patients (Palmer et al., 2005). The approximate doubling 

time of P. aeruginosa remained the usual 40 min, even though the CF sputum was the 

sole carbon and energy source (Palmer et al., 2005). These results indicate that CF mucus 

supports luxuriant growth of P. aeruginosa. 

Another feature of the CF mucus is its ability to affect P. aeruginosa gene 

expression. An in vivo selection system identified the expression of three P. aeruginosa 

promoters that were induced by CF mucus: migA, np20, and fptA (Wang et al., 1996). 

migA (mucus inducible gene) encodes a peptide involved in lipopolysaccharide synthesis 

(Wang et al., 1996).  np20 encodes a transcriptional regulator involved in quorum sensing 

(Want et al., 1996). A mutation in np20 results in decreased P. aeruginosa virulence in 

neutropenic mice (Gallagher et al., 2002; Wang et al., 1996). FptA, encoded by fptA, is 

an outer membrane cell surface receptor for the siderophore pyochelin (Wang et al., 

1996).  Expression of fptA is repressed when P. aeruginosa was grown in iron-deficient 

medium supplemented with mucus and iron (Wang et al., 1996). These results suggest 

mucus generates iron-limited conditions within the CF lung (Wang et al., 1996). A recent 

microarray analysis identified 14 repressed and 47 activated P. aeruginosa genes 

responding to airway surface fluid from CF patients (Wolfgang et al., 2004). This study 

focused on the repression of flagellin production but did report several proteins and 

transcriptional activators, which may play a role in virulence regulation (Wolfgang et al., 

2004). 

Purpose and rationale of this study 

 P.  aeruginosa causes different infections including chronic lung infections in 

patients with CF and acute infections in severely burned patients (Hamood et al., 2004). 

Several factors that promote the invasion and growth of P. aeruginosa are restricted 
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within these infection sites. Two characteristics associated with CF patients include the 

accumulation of stagnant mucus within the lung alveoli and reduced environmental 

oxygen (EO) that forms a severely hypoxic gradient within the mucus layer (Chmiel et 

al., 2003; Hassett et al., 2002). A similar scenario exists within P. aeruginosa biofilms 

(bacterial communities) that form on abiotic and biotic surfaces (Costerton et al., 1999; 

Singh et al., 2002). Oxygen within mature biofilms is depleted within 30 μM of the 

surface (Xu et al., 1998; Yoon et al., 2002). To adapt to these environments, P. 

aeruginosa likely modifies the production of different virulence factors. In vitro analysis 

of the production of different virulence factors and their regulators is usually 

accomplished under environmental conditions that differ from the actual in vivo 

condition. Maximum in vitro production of the virulence factor exotoxin A is usually 

accomplished by growing P. aeruginosa in iron-deficient medium at 32 °C with 

maximum aeration (250 r.p.m.) (Hamood et al., 2004). However, P. aeruginosa would 

grow statically under a hypoxic gradient within the mucus layer of the CF lung (Hassett 

et al., 2002). Thus, the exact in vivo environmental conditions that influence the 

production of virulence factors should be considered to fully understand the pathogenesis 

of P. aeruginosa infections. In this study we examined the effect of reduced EO on the 

expression of the exotoxin A gene toxA and its regulatory genes pvdS, regA, and ptxR. 

 

Hypothesis 

Pseudomonas aeruginosa alters exotoxin A production under reduced environmental 

oxygen as part of the adaptation process by a mechanism(s) that involves some or all of 

the known toxA regulators (regA, ptxR, pvdS). 

 

Specific aims of this study 

Aim I. Examine the effect of reduced EO and static conditions on the regulation and 

production of the virulence factor exotoxin A throughout the growth cycle of P. 

aeruginosa strain PAO1. 

(a) Define the expression of toxA and the production of ETA  
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(b) Examine the expression of the known regulators of toxA:                      

regA, ptxR, and pvdS. 

Aim II. Determine the role of the P. aeruginosa alternative sigma factor PvdS on the 

expression of toxA and toxA regulatory genes under reduced EO and static conditions. 

(a) Compare the expression of toxA, regA, ptxR, and the siderophore gene 

pvdD in P. aeruginosa stain PAOIL and its isogenic mutant of pvdS.  

(b) Examine the binding of the PvdS and core RNA polymerase holoenzyme 

to the upstream regions of toxA, regA, and ptxR.  

 

Table 1.1. Abbreviations used throughout study 

Abbreviation Description 

20 %-Sh 20 % environmental oxygen; shaking cultures at 250 rpm 

20 %-St 20 % environmental oxygen; static culture growth 

10 %-St 10 % environmental oxygen; static culture growth 

0 %-St 0 % environmental oxygen; static culture growth 

A Absorbance 

A-sh Aerobic; shaking conditions 

CF Cystic fibrosis 

CFTR Cystic fibrosis transmembrane receptor 

DO Dissolved oxygen 

ELISA Enzyme linked immunoabsorbent assay 

EO Environmental oxygen 

ETA Exotoxin A 

IS Iron starvation box 

M-st Microaerobic; static conditions 

OD Optical density 

RNAP RNA polymerase 

TSB-DC Tryptic soy broth dialysate 
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Table 1.2 Strains, plasmids, and genes used throughout study 
Strains Description 
PAO1 P. aeruginosa prototypic laboratory strain 
PAOIL P. aeruginosa strain PAO1; parent to the pvdS isogenic mutant 
PAO::pvdS PAOIL with 460 bp pvdS internal deletion 
DH5α E. coli strain used for routine genetic manipulations 
M15 E. coli strain used for routine genetic manipulation 
 
Plasmids 
pSW205 lacZ translational fusion vector 
pMP190 lacZ transcriptional fusion vector 
pSW228 toxA-lacZ fusion in pSW205 

 
pRL88 regA-lacZ fusion in pSW205 

 
pJAC24 ptxR-lacZ fusion in pSW205                                                               

(contains both promoter regions) 
pJH2 ptxR-lacZ fusion in pSW205                                                              

(contains second promoter region)  
ppvdD pvdD-lacZ fusion in pMP190 

 
pPvdSF pvdS expression plasmid used for PvdS purification 

 
pJAC73 Source of the ptxR P2 promoter region 

 
 
Genes 
ptxR Encodes PtxR; positive regulator of ETA 
pvdD Encodes PvdD; incorporates two L-threonines into the pyoverdine molecule 
pvdEF Intergenic region of pyoverdine genes to which PvdS directly binds  
pvdS Encodes PvdS; alternative sigma factor and positive regulator of ETA and 

pyoverdine 
regA Encodes RegA; essential regulator of ETA 
toxA Encodes ETA; ADP-ribosylating enzyme 

 
 

lacZpvdD lacZpvdD

lacZ7 aatoxA lacZ7 aatoxA lacZ7 aatoxA

lacZ90 bpregA lacZ90 bpregA lacZ90 bpregA

lacZ55 aaptxR P1/P2 lacZ55 aaptxR P1/P2

lacZ55 aaptxR P2 lacZ55 aaptxR P2
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CHAPTER II 

EFFECT OF STATIC GROWTH AND DIFFERENT LEVELS OF 
ENVIRONMENTAL OXYGEN ON TOXA AND PTXR EXPRESSION IN THE 

PSEUDOMONAS AERUGINOSA STRAIN PAO1 
 
 

Abstract 

Within certain infection sites, such as the lung of cystic fibrosis patients, 

Pseudomonas aeruginosa grows statically under reduced oxygen tension or anaerobic 

conditions, a situation that likely influences the production of virulence factors.  The goal 

of this study was to determine the effect of static growth under microaerobic (reduced 

oxygen) and anaerobic conditions on the expression of the P. aeruginosa exotoxin A 

(ETA) gene toxA and its positive regulator ptxR.  Using toxA- and ptxR-lacZ fusion 

plasmids, we measured the level of toxA and ptxR expression throughout the growth cycle 

of PAO1 that was grown in either iron-deficient or iron-sufficient medium under four 

different conditions:  20 %-SH (aerobic-shaking), 20 %-ST (aerobic-static), 10 %-ST 

(microaerobic-static), and 0 %-ST (anaerobic-static).  In iron-deficient medium, toxA 

expression was higher under 20 %-ST and 10 %-ST than under 20 %-SH.  However, the 

highest level of toxA expression occurred under 0 %-ST.  Analysis of ETA protein using 

sandwich ELISA revealed that between 8 and 24 h of the growth curve, PAO1 produced 

higher levels of ETA under 0 %-ST than under 20 %-SH.  In iron-sufficient medium, 

toxA expression was significantly repressed under all conditions.  Additional analyses, 

using PAO1 strains that carry lacZ fusions with the toxA regulatory genes regA and pvdS, 

revealed that the expression of regA and pvdS is reduced rather than increased under 0 %-

ST.  ptxR expression under different conditions paralleled that of toxA expression, except 

that it was repressed by iron under 20 %-SH only.  Between 6 and 24 h of growth and 

under all conditions, the level of dissolved oxygen (DO) within the PAO1 cultures was 

sharply reduced.  These results suggest that (1) the combined effect of static growth and 

anaerobic conditions produced a significant increase in toxA and ptxR expression in 

PAO1, (2) this effect appears to be unique to toxA and ptxR since the level of regA and 
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pvdS expression was reduced under the same conditions, (3) neither static growth nor 

anaerobic conditions interfere with the repression of toxA expression by iron although 

static growth deregulates ptxR expression with respect to iron, and (4) the enhanced 

expression of toxA and ptxR is not related to the reduced levels of DO in PAO1 cultures. 

 

Introduction 

Pseudomonas aeruginosa is an opportunistic Gram-negative pathogen that causes 

serious infections in immunocompromised hosts, including patients with human 

immunodeficiency virus infections, cancer patients, and severely burned patients (Baltch, 

1994; Holder, 1993; Pollack, 2000). P. aeruginosa is the leading causative agent of 

chronic lung infections in cystic fibrosis (CF) patients (Baltch, 1994; Davis et al., 1996).  

While other microorganisms such as Haemophilus influenzae and Staphylococcus aureus 

also colonize the lungs of CF patients, P. aeruginosa becomes the predominant 

microorganism as the disease progresses to the chronic stage (Baltch, 1994; Hassett et al., 

2002).  The defect in chloride secretion in CF results in the accumulation of a stagnant 

thick mucus within the alveoli of the lung (Baltch, 1994; Jiang et al., 1993). P. 

aeruginosa grows within the thick mucus producing a persistent infection (Baltch, 1994; 

Wood et al., 1976). The major survival challenge P. aeruginosa faces during this type of 

infection is the limited supply of oxygen within the mucus (Worlitzsch et al., 2002). A 

similar situation also occurs within biofilms that P. aeruginosa forms on abiotic and 

biotic surfaces, including the lung of CF patients (Costerton et al., 1999; Singh et al., 

2002).  An oxygen gradient exists within a mature biofilm where oxygen is usually 

depleted within 30 μm of the biofilm surface (Xu et al., 1998; Yoon et al., 2002).  Such 

environmental stress is likely to produce several physiological changes in P. aeruginosa 

including possible variations in the production of virulence factors. 

Tissue damage produced during P. aeruginosa infections is due to the production 

of several extracellular and cell-associated virulence factors including: exotoxin A 

(ETA), elastases, type III secretion proteins, pyocyanin, and alginate (Baltch, 1994; 

Frank, 1997; Govan and Deteric, 1996; Sato and Frank, 2004; Woods and Vasil, 1994). 
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ETA is an ADP-ribosylating enzyme that catalyses the transfer of an NAD moiety onto 

elongation factor 2 causing cessation of host protein synthesis and cell death (Hamood et 

al., 2004; Iglewski and Kabat, 1975).  Clinical studies have indicated that ETA is an 

important virulence factor in the pathogenesis of different P. aeruginosa infections. For 

example, most of the P. aeruginosa isolates that were obtained from patients with wound, 

urinary tract, and respiratory tract infections produced detectable levels of ETA (Hamood 

et al., 1996a). In addition, ETA antibodies were detected within the sera of CF patients 

infected with P. aeruginosa (Hollsing et al., 1987; Jagger et al., 1982; Pollack et al., 

1976). Increasing levels of IgG antibodies to P. aeruginosa lipopolysaccharide and ETA 

in CF patients is usually associated with a poor prognosis (Moss et al., 1986). 

Furthermore, the detection of toxA mRNA in the sputum samples obtained from CF 

patients indicates that toxA is transcribed by P. aeruginosa within the lungs of these 

patients (Raivio et al., 1994; Storey et al., 1998). Besides the clinical studies, several 

animal studies using purified ETA or ETA-deficient mutants have demonstrated that 

ETA plays a critical role in the virulence of P. aeruginosa (Fogle et al., 2002; Matsumoto 

et al., 1999; Nicas and Iglewski, 1985; Rahme et al., 1995). 

ETA production by P. aeruginosa in vitro is regulated by several environmental 

factors including growth temperature, concentration of iron in the growth medium, and 

the presence of certain nucleotides and amino acids in the growth medium (Hamood et 

al., 2004; Liu, 1973). The most extensively analyzed of these factors is iron, which 

represses the transcription of the ETA gene, toxA (Hamood et al., 2004; Lory, 1986). 

Maximum levels of toxA transcription are usually detected when P. aeruginosa is grown 

in iron-deficient medium (Frank and Iglewski, 1988; Grant and Vasil, 1986; Hamood et 

al., 2004; Lory, 1986).  The complicated process of ETA production by P. aeruginosa 

also involves several positive regulatory genes, including regA, ptxR and pvdS (Hamood 

et al., 2004). The regA locus is essential for toxA expression in P. aeruginosa; i.e., no 

toxA mRNA was detected in a regA isogenic mutant of P. aeruginosa (Hamood et al., 

2004; Wick et al., 1990).  However, the exact mechanism through which regA regulates 

toxA expression is not completely defined. The 29 kDa RegA protein encoded by regA 
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neither binds to the toxA upstream region nor carries significant homology to other 

prokaryotic transcriptional activators (Hamood and Iglewski, 1990; Hamood et al., 2004; 

Raivio et al., 1996). The ptxR gene codes for PtxR, a 34 kDa protein that belongs to the 

LysR family of transcriptional activators (Hamood et al., 2004; Hamood et al., 1996b). 

The presence of a ptxR plasmid in P. aeruginosa enhances toxA expression by 4-5 fold 

(Hamood et al., 2004; Hamood et al., 1996b). Available evidence suggests that ptxR 

regulates toxA expression through regA; although, unlike regA, ptxR is not essential for 

toxA expression (Hamood et al., 2004; Hamood et al., 1996b). The alternative sigma 

factor PvdS was originally described as a transcriptional activator of the pyoverdine 

synthesis genes (Cunliffe et al., 1995; Hamood et al., 2004). PvdS specifically binds to a 

DNA sequence element, the iron starvation box, within the upstream region of the 

pyoverdine synthesis genes pvdE and pvdF (Wilson et al., 2001). PvdS is also required 

for the expression of toxA, regA and ptxR (Beare et al., 2003; Hamood et al., 2004).  Iron 

negatively regulates the expression of several P. aeruginosa genes through the ferric 

uptake regulator (Hamood et al., 2004; Vasil and Ochsner, 1999), including the 

siderphore regulatory genes (pchR and pvdS), toxA, regA and ptxR (Hamood et al., 2004; 

Vasil and Ochsner, 1999). Fur regulates pchR and pvdS by specifically binding to the Fur 

binding box in their upstream regions (Ochsner et al., 1995).  Available evidence 

suggests that Fur regulates the expression of toxA, regA and ptxR through pvdS (Barton et 

al., 1996). Based on the analysis of several PAO1 fur mutants, Barton et al. (1996) 

proposed that Fur regulates toxA and regA through pvdS under microaerobic conditions. 

Vasil et al. (1998) suggested a similar scenario for the regulation of ptxR expression by 

Fur. 

Despite extensive analyses of toxA expression, our knowledge regarding the effect 

of environmental oxygen on toxA expression throughout the growth cycle of P. 

aeruginosa is still incomplete. The standard protocol to examine toxA expression in vitro 

involves growing P. aeruginosa cultures at 32 °C with maximum aeration (shaking the 

culture flasks at 250 r.p.m. under aerobic conditions) (Hamood et al., 2004; Wick et al., 

1990). However, as demonstrated by several studies, the conditions within infection sites, 
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such as the lung alveoli of CF patients or infected wounds, are likely to be either hypoxic 

(microaerobic) or anaerobic (Hohn et al., 1976; Worlitzsch et al., 2002; Xu et al., 1998; 

Yoon et al., 2002). Therefore in this study, we tried to determine if static growth and 

different levels of environmental oxygen affect toxA and ptxR expression throughout the 

growth cycle of P. aeruginosa and if these different levels interfere with the negative 

regulation of toxA and ptxR expression by iron. 

 

Material and Methods 

Bacterial strains, plasmids, and growth media   

The P. aeruginosa prototypic strain PAO1 (Holloway et al., 1979) was utilized to 

examine toxA expression and ETA production.  To examine the effect of pvdS on toxA 

expression, we utilized the previously described mutant PAO::pvdS, which carries a 

specific deletion within pvdS (Cunliffe et al., 1995).  The expression of regA and pvdS 

was examined using PAO1 clones 6424 and 2812, respectively (Bailey and Manoil, 

2002).  The clones were obtained from the UWGC Mutant Library (University of 

Washington, Department of Medicine, Seattle, WA, 

http://www.genome.washington.edu/UWGC/pseudomonas/index.cfm).  In 6424, the 

region that codes for the first 125 amino acids of RegA is fused in-frame with the β-

galactosidase gene (Jacobs et al., 2003).  In 2812, the region that codes for the first 116 

amino acids of PvdS was fused in-frame with the β-galactosidase gene (Jacobs et al., 

2003).  The previously described plasmid pSW228, which carries a toxA-lacZ 

translational fusion, was utilized to examine toxA expression in PAO1.  In this plasmid, 

760 bp of the toxA upstream region plus the region that codes for the first seven amino 

acids of ETA is fused in-frame with the β-galactosidase gene (West et al., 1994). 

For general growth experiments including preparation of overnight cultures, 

plasmid DNA extraction, and electroporation, PAO1 was grown in Luria Bertani (LB) 

broth (Miller, 1972). For aerobic and microaerobic conditions, PAO1 was grown in iron-

deficient medium (TSB-DC) or iron-sufficient medium (TSB-DC plus iron). TSB-DC is a 

chelexed trypticase soy broth dialyzate containing 1 % glycerol and 0.5 M monosodium 
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glutamate (Ohman et al., 1980). Iron as FeCl3 (10 mg/mL Fe3+) was added to TSB-DC at 

a concentration of 25 μg/mL of Fe3+ (Frank and Iglewski, 1988; Hamood et al., 1996b).  

For anaerobic growth, cells were grown in TSB-DC supplemented with 1 % potassium 

nitrate (KNO3) as a terminal electron acceptor (Hassett, 1996). To maintain the plasmids 

in PAO1, carbenicillin was added to the growth medium at a concentration of 300 

μg/mL. 

Growth conditions   

PAO1 containing different plasmids was grown overnight in LB broth under 20 % 

EO with shaking (20 %-SH) at 37 °C. A 1.5 mL aliquot of the culture was pelleted, 

washed, and resuspended in 300 μl TSB-DC medium. The resuspended cells were 

inoculated into 100 mL fresh TSB-DC medium to an initial OD600 of 0.03-0.05. Five mL 

aliquots of the inoculated medium were then dispensed into 125 mL flasks, one for each 

time point and condition.  Flasks were incubated at 32 °C aerobically in a shaking (250 

r.p.m.) water bath (20 %-SH) or in a nonshaking incubator (20 %-ST).  For microaerobic 

static conditions (10 %-ST), flasks for each time point were sealed into individual 

GasPak Jars (Becton Dickinson) with Campy Pak Plus™ envelopes (Becton Dickinson) 

designed to generate the microaerobic atmosphere (10 % EO) and incubated in the 

nonshaking 32 °C incubator.  For anaerobic static conditions (0 %-ST), the resuspended 

cells were inoculated into 100 mL TSB-DC containing 1 % KNO3 to an OD600 of 0.03 to 

0.05.  Five mL aliquots of the diluted culture were dispensed into 5 mL polystyrene 

round bottom tubes (Falcon, BD Sciences) leaving a very small space between the 

surface of the culture and the cap of the tube.  Anaerobic conditions were generated using 

Oxyrase® For Broth (Oxyrase, Inc.), which contains the Oxyrase Enzyme System and a 

blend of substrates to maximize Oxyrase activity, following the manufacturer’s 

recommendations.  Oxyrase® For Broth reduces the oxygen concentration within aerobic 

cultures to less than 10 parts per billion (0 % EO) in 30 min and maintains these 

conditions for at least 16 d. A methylene blue anaerobic indicator strip that changes to 

colorless in oxygen-free medium (Becton Dickinson) was included in a control tube. 

Tightly closed tubes were incubated in the nonshaking 32 °C incubator. Throughout the 
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24 h growth cycle, flasks or tubes for each time point were removed from their incubation 

conditions and samples of the cultures were obtained for analysis.  Each growth curve 

experiment was repeated three times. 

β-galactosidase assay 

For each growth condition and time point throughout the growth cycle, duplicate 

samples were obtained and cells were pelleted for the β-galactosidase assay, which was 

performed as previously described (Stachel et al., 1985).  Briefly, pelleted cells were 

resuspended in 600 μl of lacZ buffer.  A 100 μl sample was isolated to determine the cell 

density by measuring the OD600.  Samples were lysed with chloroform and SDS and the 

level of β-galactosidase activity was determined as previously described (Stachel et al., 

1985).  The following formula was utilized to calculate the units of β-galactosidase 

activity:  (A420 x 103) / (OD600 x t) in which t = min of incubation (Stachel et al., 1985). 

Sandwich ELISA  

The assay was done as previously described using 96-well microtiter 

immunoassay plates (Immulon 1B, Dynex Technologies, Inc.) (Coligan et al., 2001).  

Throughout the assay, the plates were washed with PBST buffer (0.02 % Tween 20 [v/v] 

in phosphate buffered saline).  Each well was coated with 100 μl of diluted goat-anti-

ETA antibody (0.25 μg/mL in 100 mM Na2HCO3) (List Biologicals) overnight at 4 °C.  

The plates were washed and treated with bovine serum albumin, 1 mg/mL in PBST, for 1 

h at 37 °C to block non-specific binding sites.  The plates were then washed twice and 

incubated with different supernatant fractions (100 μl/well) for 1 h at room temperature.  

As a standard, we utilized several dilutions (2 to 62.5 pg/μl in PBST) of purified ETA 

(MP Biomedicals).  The plates were washed six times and incubated with rabbit-anti-

ETA (100 μl/well) (Fogle et al., 2002) that was diluted in PBST for 1 h at room 

temperature.  The plates were then washed six times and incubated with goat-anti-rabbit 

IgG conjugated to horseradish peroxidase (Sigma-Aldrich) for 1 h at room temperature.  

The plates were then washed six times and incubated with 100 μl substrate solution per 

well (ImmunoPure TMB Substrate, Pierce Biotechnology, Inc.) at 37 °C for 5 min.  The 

reaction was stopped by adding 100 μl of 2 M H2SO4 per well.  The absorbance was read 
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at 450 nm using an ELISA plate reader (Bio-Tek Instruments, Inc.).  The values were 

standardized by dividing the amount of ETA (pg/μl) from each supernatant fraction by 

the OD600 of the culture from which that fraction was obtained. 

Measuring dissolved oxygen   

The level of dissolved oxygen (DO) within each culture at each time point was 

determined using the Dissolved Oxygen Measuring System (Instech) as recommended by 

the manufacturer.  Basically, a flask containing uninoculated TSB-DC medium was 

incubated together with the PAO1 cultures under the tested conditions.  At each time 

point, the machine was standardized by placing 1 mL of the uninoculated TSB-DC in the 

measuring chamber and the reading was set at 100 %.  The uninoculated TSB-DC was 

then replaced with the PAO1 culture and the % of DO was recorded. 

Statistical analysis   

Statistics were calculated using InStat (Graph Pad Software).  ANOVA was used 

to determine significant differences in the expression of toxA and ptxR among the various 

conditions. 

 

Results 

Comparing the normal growth cycle of PAO1 under different oxygen levels 

In most research laboratories, P. aeruginosa is grown under maximum aeration – 

aerobic conditions (20 % environmental oxygen [EO]) with vigorous shaking (250 r.p.m.) 

– to examine the expression of its different genes in vitro.  However, in several infection 

sites, such as the thick mucus in the lung alveoli of the CF patient, P. aeruginosa grows 

in a static state with a significantly lower level of EO (Worlitzsch et al., 2002). 

Therefore, to examine the effect of static growth and EO on toxA and ptxR expression 

under conditions that more closely resemble those in vivo, we grew PAO1 under the 

following conditions: aerobic-static (20 %-ST), microaerobic-static (10 %-ST) and 

anaerobic-static (0 %-ST). We included the aerobic-shaking condition (20 %-SH) for 

comparison since this was the condition under which we grew PAO1 in all of our 

previous analyses of toxA and ptxR expression (Hamood et al., 2004). 
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We analyzed the growth cycle of PAO1 under the different EO levels described 

above in both iron-deficient and iron-sufficient media. All cultures were standardized to 

an optical density at 600 nm (OD600) of 0.03-0.05 at the time of inoculation (zero time). 

Samples were obtained every 2 h and the OD600 was determined.  As shown in figure 2.1, 

throughout the growth cycle under 20 %-ST and 10 %-ST, we detected comparable 

growth of PAO1.  For the four tested conditions, minimum growth was detected under 0 

%-ST while the highest level of growth was seen under 20 %-SH (Fig. 2.1).  Under all 

conditions, the growth of PAO1 was slightly enhanced in the presence of iron (Fig. 2.1B).  

Under the different conditions, cells appeared to reach stationary phase at 12-14 h.  No 

major change in growth was detected after this time (Fig. 2.1). 
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Figure 2.1. Growth curves of PAO1 grown in shaking or static conditions under different 
levels of EO and in either iron-deficient (A, closed symbols); or iron-sufficient medium 
(B, open symbols).  Cells were grown as described in Material and Methods. Samples 
were obtained every 2 h and the OD600 was determined. Circles represent growth under 
20 %-SH; triangles, 20 %-ST; squares, 10 %-ST; and diamonds, 0 %-ST.  Each growth 
curve experiment was repeated three times. 
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Effect of static growth and EO level on toxA expression in PAO1 

Having established the consistency of the growth cycle of PAO1, we then 

analyzed the effect of the different conditions on toxA expression.  Plasmid pSW228 was 

utilized to examine toxA expression (West et al., 1994).  This plasmid was generated 

from the promoterless lacZ cloning vector pSW205, which replicates stably in P. 

aeruginosa (West et al., 1994).  PAO1 carrying pSW205 or pSW228 was grown in either 

iron-deficient or iron-sufficient medium under the four conditions for 24 h at 32 °C.  

Samples were obtained every 2 h and the level of β-galactosidase activity was determined 

as previously described (Stachel et al., 1985).  The growth rate (OD600) is incorporated 

into the formula for calculating the units (U) of β-galactosidase activity (Stachel et al., 

1985); thus, any remaining growth-related bias is compensated. Growth curves similar to 

those in figure 2.1 were obtained with PAO1 carrying pSW228 or pSW205 (data not 

shown).  PAO1 carrying pSW205 produced no detectable level of β-galactosidase 

activity under any condition of growth (data not shown).  

 20 %-SH:  In iron-deficient medium, toxA expression followed a biphasic curve in 

which the first peak was detected between 6-8 h, while the second peak occurred at 14 h 

(Fig. 2.2A). In iron-sufficient medium, toxA expression showed no specific features and 

the level of expression was significantly (P <0.001) lower than that produced in iron-

deficient medium throughout the growth cycle (Fig. 2.2A). 

20 %-ST:  In both iron-deficient and iron-sufficient media, comparable levels of 

toxA expression were detected between the 4 and 10 h time points (Fig. 2.2B).  After that, 

toxA expression increased sharply until the 14 h time point and then basically leveled off  

in iron-deficient medium but remained unchanged in iron-sufficient medium (Fig. 2.2B).  

The level of toxA expression in iron-deficient medium was significantly (P <0.001) 

higher than that in iron-sufficient medium from 12-24 h (Fig. 2.2B). 

10 %-ST:  The pattern of toxA expression was basically similar to that under 20 

%-ST except that the increase in the level of the expression was detected at the 8 h time 

point (Fig. 2.2C).  At the 16 and 18 h time points, the level of toxA expression was 
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significantly higher (P <0.05) in iron-deficient medium than in iron-sufficient medium 

(Fig. 2.2C). 

0 %-ST:  Similar to 20 %-ST, comparable levels of toxA expression were detected 

in iron-deficient and iron-sufficient media from 4 through 10 h, (Fig. 2.2D). In iron-

deficient medium, two peaks of toxA expression were detected, a major one at 14 h and a 

smaller one at 22 h (Fig. 2.2D). In iron-sufficient medium, a single peak of toxA 

expression was detected at the 14 h time point (Fig. 2.2D). At several time points, toxA 

expression in iron-deficient medium was significantly (P <0.001) higher than that in iron-

sufficient medium (Fig. 2.2D). 
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Figure 2.2.  The effect of shaking or static conditions under different levels of EO on 
toxA expression throughout the growth cycle of PAO1.  PAO1 carrying the toxA-lacZ 
fusion plasmid pSW228 was grown as described in Methods.  Duplicate samples were 
obtained every two h and the level of β-galactosidase activity was determined.  (A) 20 %-
SH, circles; (B) 20 %-ST, triangles; (C) 10 %-ST, squares; (D) 0 %-ST, diamonds.  
Closed symbols, iron-deficient medium; open symbols, iron-sufficient medium. Values 
represent the average of three independent experiments ± SEM. 1 Asterisk, P <0.001; 2 
Asterisks, P <0.05     
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Comparison of toxA expression under the different growth conditions 

 Based on the analysis of toxA expression under the different growth conditions, 

we made the following observations. (1) In iron-deficient medium, static growth and 

anaerobic conditions enhance toxA expression in PAO1 (Fig. 2.2). Under 20 %-SH, the 

level of toxA expression ranged from 200-400 U of β-galactosidase activity (Fig. 2.2A). 

The range increased to 200-1000 U under 20 %-ST, 250-1200 U under 10 %-ST, and 

200-3600 U under 0 %-ST (Fig. 2.2B, C, and D). The most significant increases in toxA 

expression occurred under 0 %-ST in both iron-deficient and iron-sufficient media (at 

least 9-fold higher than that under 20 %-SH) (Fig. 2.2). (2) Between the 12-22 h time 

points, neither static growth nor anaerobic conditions abolished the repression of toxA 

expression by iron (Fig. 2.2).  However, at earlier stages of growth (4-10 h) under  

20 %-ST and 0 %-ST, toxA expression appears to be deregulated with respect to iron 

(Fig. 2.2B and D).  (3) As previously described, two peaks of toxA expression were 

detected at 6-8 h and 14 h of growth under 20 %-SH and in iron-deficient medium only 

(Hamood et al., 2004). Under both 20 %-ST and 10 %-ST toxA expression is 

characterized by an initial increase that plateaus throughout the remainder of the growth 

cycle (Fig. 2.2B and C). Under 0 %-ST, two peaks of toxA expression were detected but 

later in the growth cycle at 14 and 22 h of growth (Fig. 2.2D).  In addition, the 14 h peak 

appears to be present even in iron-sufficient medium, although at a lower level (Fig. 

2.2D). 

             Maximum production of ETA occurs in vitro when P. aeruginosa is grown at 

32°C (Hamood et al., 2004).  Accordingly, the above described experiments were 

conducted at 32°C.  However, the temperature within the lung alveoli (including the lung 

of CF patients) is likely to be closer to the core temperature of the body, which is 37 °C 

(Jessen, 2001).  Therefore, we tried to determine if the increase in toxA expression under 

0 %-ST occurs at 37 °C.  PAO1/pSW228 was grown under 20 %-SH and 0 %-ST at 32 

and 37 °C.  In iron deficient medium and at both temperatures, toxA expression was 

higher under 0 %-ST than under 20 %-SH (data not shown). 
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The effect of anaerobic conditions on ETA production by PAO1 

The above results showed that the most significant increase in toxA expression 

occurs under 0 %-ST.  Thus, we tried to determine if, similar to toxA expression, ETA 

production by PAO1 is enhanced under 0 %-ST.  Cells were grown under either 20 %-SH 

or 0 %-ST for 24 h and samples were obtained every two h.  The supernatant fractions 

were isolated and the amount of ETA in each fraction was determined by sandwich 

ELISA as described (Methods; (Coligan et al., 2001).  In iron-deficient medium and 

between the 8 and 24 h time points, PAO1 produced considerably higher amounts of 

ETA under 0 %-ST than under 20 %-SH (Fig. 2.3A).  In iron-sufficient medium and 

throughout the growth cycle PAO1 produced very low levels of ETA under 20 %-SH 

(Fig. 2.3B).  In comparison, higher levels of ETA were produced under 0 %-ST (Fig. 

2.3B).  These results confirm our toxA-lacZ transcriptional analyses and indicate that the 

growth of PAO1 under 0 % EO enhances ETA production.  With respect to iron, and 

similar to toxA transcription, we detected no major difference in the level of ETA protein 

within the supernatant of PAO1 that was grown under 0 %-ST at the 10 and 12 h time 

points (Fig. 2.3).  After 14 h, the amount of ETA in the supernatant of PAO1 grown in 

iron-deficient medium is considerably higher than that in iron-sufficient medium (Fig. 

2.3). 

Comparison of the results in figures 2.2 and 2.3 shows that in iron-deficient 

medium under 0 %-ST the maximum level of toxA transcription occurs at 14 h while the 

maximum level of ETA production occurs at 12 h.  The simplest explanation for this 

observation is that at specific time points in these separate experiments, the growth rate 

of PAO1 is not necessarily the same.  At the two time points described above, PAO1 

reached a comparable growth index of OD600 1.35 – 1.40. 
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Figure 2.3.  The amount of ETA in the supernatant fraction of PAO1 grown in iron-
deficient (A) or iron-sufficient (B) medium under either 20 %-SH or 0 %-ST as 
determined by sandwich ELISA (Materials and Methods).  Values were standardized by 
dividing the amount of ETA (pg/μl) in each fraction by the OD600 of the culture from 
which the fraction was obtained. 20 %-SH, circles; 0 %-ST, diamonds; closed symbols, 
iron-deficient medium; open symbols, iron-sufficient medium. 
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for the production of exotoxin A by P. aeruginosa; i.e. a pvdS deletion mutant produced 

significantly lower levels of toxA mRNA.  Similarly, RegA is essential for toxA 

expression in P. aeruginosa. Several previous studies showed that both positive and 

negative regulation of toxA expression occur through regA (Hamood et al., 2004).   We 

determined that the growth of PAO1 under anaerobic conditions affects the expression of 

regA and pvdS.  This was done using P. aeruginosa clones 6424 and 2812 that carry 

chromosomal regA- and pvdS-lacZ translational fusions, respectively, both generated 

from PAO1 (Jacobs et al., 2003).  Cells were grown as described above and samples were 

obtained at 8, 12, 16, and 20 h.  In iron-deficient medium, regA expression under 20 %-

SH was higher than that under 0 %-ST at 12, 16, and 20 h (Fig. 2.4A).  However, in iron-

sufficient medium, no major differences were detected (Fig. 2.4A).  In addition, pvdS 

expression was considerably higher under 20 %-SH than under 0 %-ST at all time points 

in iron-deficient medium only (Fig. 2.4B).  These results indicate that the growth of 

PAO1 under 0 %-ST decreases rather than increases regA and pvdS expression.  This 

suggests that despite the dependence of toxA on pvdS and regA for its expression under 

20 %-SH conditions, it is regulated differently under anaerobic conditions. 
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Figure 2.4.  The effect of environmental oxygen on regA and pvdS expression in PAO1.  
PAO1 carrying either a chromosomal regA-lacZ translational fusion (6424) or a 
chromosomal pvdS-lacZ translational fusion (2812) was grown as described in Methods.  
Duplicate samples were obtained at the 8, 12, 16, and 20 h time points and the level of β-
galactosidase activity was determined.  A) regA expression in 6424. B) pvdS expression 
in 2812.  20 %-SH, circle; 0 %-ST, diamond.  Closed symbols indicate iron-deficient 
medium while open symbols indicate iron-sufficient medium.  Values represent the 
average of three independent experiments ± SEM. 
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Although the enhancement in toxA expression may not occur through regA or 

pvdS, it may still require a functional pvdS, regA, or both. (i.e., it is not completely 

independent of these genes).  To examine this possibility with respect to pvdS, we 

determined the level of toxA expression in the pvdS deletion mutant, PAO::pvdS (Cunliffe 

et al., 1995).  In iron-deficient medium, and in comparison with PAO1/pSW228, the level 

of toxA expression in PAO::pvdS/pSW228 was reduced under both 20 %-SH and 0 %-ST 

by about 5-fold (Fig. 2.5).  This indicates that PvdS is required for toxA expression under 

both conditions.  Despite this reduction, however, the level of toxA expression in 

PAO::pvdS/pSW228 under 0 %-ST was 2-fold higher than that produced under 20 %-SH 

(Fig. 2.5).  This difference paralleled that detected in PAO1/pSW228 (2-fold increase 

under 0 %-ST) (Fig. 2.5).  Even in iron-sufficient medium, the increase in toxA 

expression under 0 %-ST (in comparison with 20 %-SH) was about 2-fold for 

PAO::pvdS/pSW228 and 4-fold for PAO1/pSW228 (Fig. 2.5).  These results suggest that 

the increase in toxA expression due to anaerobic conditions is pvdS-independent.  

However, maximum toxA expression still requires PvdS.    

 

 

 

 

 

 

 

 

 

Figure 2.5. Levels of toxA expression in PAO1/pSW228 and PAO::pvdS/pSW228 that 
were grown in iron-deficient and iron-sufficient  media under 20 %-SH and 0 %-ST.  
Cells were grown as described in Methods and the level of β-galactosidase activity was 
determined.  Samples were obtained at the 16 h time point.  Similar results were obtained 
at other time points.  Each value represents the average of three independent experiments 
± SEM.  
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The effect of static growth and EO level on ptxR expression in PAO1 

One of the toxA transcriptional activators is PtxR.  To determine if the pattern of 

ptxR expression under the above described conditions may be similar to that of toxA, we 

utilized the previously described fusion plasmid pJAC24 in which the ptxR upstream 

region plus the region that codes for the first 55 amino acids of PtxR is fused in-frame 

with the β-galactosidase gene was used to examine ptxR expression (Colmer and 

Hamood, 1998).  PAO1 containing pJAC24 was grown as described above for 

PAO1/pSW228.  The presence of pJAC24 did not alter the growth curve for PAO1 (data 

not shown). 

20 %-SH:  In iron-deficient medium, ptxR expression was detected at the 4 h time 

point, reached a peak at the 6 h time point, gradually declined until the18 h time point, 

and then increased again to the end of the growth cycle (Fig. 2.6A).  In iron-sufficient 

medium, ptxR expression showed no major variations (Fig. 2.6A).  Overall, ptxR 

expression was significantly (P <0.001) lower in iron-sufficient medium than in iron-

deficient medium at several time points (Fig. 2.6A).  

20 %-ST and 10 %-ST:  ptxR expression showed no specific features in iron-

deficient or iron-sufficient medium (data not shown).  The level of ptxR expression in 

iron-deficient medium was not significantly different from that in iron-sufficient medium 

(data not shown).   

0 %-ST:  Between the 4-14 h time points, ptxR expression in iron-deficient 

medium paralleled but was lower than that in iron-sufficient medium (Fig. 2.6B). ptxR 

expression in iron-sufficient medium reached a peak at 16 h and then declined to the end 

of the growth cycle; whereas in iron-deficient medium, ptxR expression reached a peak at 

14 h, declined at 16 h, but then increased to a second peak at 22 h (Fig. 2.6B). At 16 h, 

ptxR expression in iron-sufficient medium was significantly (P <0.001) higher than that 

in iron-deficient medium (Fig. 2.6B). This difference was reversed at the 22 (P <0.001) 

and 24 (P <0.05) h time points (Fig. 2.6B). 
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Figure 2.6. The effect of shaking or static conditions under different levels of EO on ptxR 
expression throughout the growth cycle of PAO1.  PAO1 carrying the ptxR-lacZ fusion 
plasmid pJAC24 was grown as described in Methods.  Duplicate samples were obtained 
every 2 h and the level of β-galactosidase activity was determined.  (A) 20 %-SH, circles; 
(B) 0 %-ST, diamonds.  Closed symbols, iron-deficient medium; open symbols, iron-
sufficient medium. Values represent the average of three independent experiments ± 
SEM. 1 Asterisk, P <0.001; 2 Asterisks,   P <0.05 
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Comparison of ptxR expression under the different growth conditions 

Analysis of ptxR expression provided us with the following observations. (1) 

Under all conditions, ptxR is expressed in PAO1 at a low level. For example under 20 %-

SH at different time points, the level of ptxR expression ranged from only 2-14 U of β-

galactosidase activity (Fig. 2.6A). In contrast, toxA expression ranged from 200-400 U 

(Fig. 2.2A).  The highest level of ptxR expression was 67 U detected at 22 h under 0 %-

ST (Fig. 2.6B), while toxA expression reached 3600 U (Fig. 2.2D). This low level of ptxR 

expression, which we have previously reported, is a characteristic feature of genes 

encoding LysR-type proteins (Colmer and Hamood, 1999). (2) ptxR expression is 

negatively regulated by iron under 20 %-SH only; in iron-sufficient medium, ptxR 

expression was 2-6 fold lower than that in iron-deficient medium (Fig. 2.6A). This 

difference was eliminated by static growth (Fig. 2.6, data not shown). At several time 

points under 20 %-ST, ptxR expression in iron-sufficient medium was higher than that in 

iron-deficient medium (data not shown). Similarly, between 6 and 16 h under 0 %-ST, 

ptxR expression in iron-sufficient medium was higher than that in iron-deficient medium 

(Fig. 2.6B).  ptxR expression in iron-deficient medium under 0 %-ST was significantly 

higher than that in iron-sufficient medium only from 20-24 h (Fig. 2.6B).  These results 

suggest iron stringently represses ptxR expression under 20 %-SH and in the late 

stationary phase (20-24 h) under 0 %-ST.  This differs from the effect of iron on toxA 

expression (iron represses toxA expression under 20 %-SH and 0 %-ST) (Fig. 2.2).   

Level of DO within P. aeruginosa cultures 

The above-described changes in the expression of toxA and ptxR may have been 

induced by variations in the level of dissolved oxygen (DO) within the P. aeruginosa 

cultures. Previous investigators, using different methods to produce varying levels of EO 

when growing P. aeruginosa, reported that levels of DO within the culture medium were 

significantly reduced after 2-6 h of incubation (Cooper et al., 2003; Sabra et al., 2002; 

Worlitzsch et al., 2002).  We used a dissolved oxygen meter to measure DO levels within 

the culture medium of PAO1 grown under 20 %-SH, 20 %-ST, and 10 %-ST at each time 

point for each growth condition.  (For cultures grown under 0 %-ST, anaerobic indicator 
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strips confirmed that the DO level within the medium reached 0% within 30 min of 

adding the Oxyrase ® For Broth.) Uninoculated TSB-DC medium was used to 

standardize the oxygen meter. In uninoculated TSB-DC incubated in parallel with the 

PAO1 cultures, the DO level remained at approximately 88 % throughout the incubation 

time (data not shown).   PAO1 cultures in iron-deficient medium had DO levels ranging 

from 60 %-75 % at the 2 h time point (Fig. 2.7).  By 6 h, the level of DO had dropped to 

6-11 % regardless of growth condition (Fig. 2.7).  For cultures grown in iron-sufficient 

medium, the levels also dropped from 78-88 % at the 2 h time point to 5-15 % at 6 h (Fig. 

2.7). Similar to the levels in iron-deficient medium, the level of DO remained between 1-

10 % for all three conditions throughout the remainder of the growth cycle (Fig. 2.7).  

These results confirm previous studies and indicate that regardless of the level of EO or 

presence or absence of shaking, the growth of P. aeruginosa reduces the level of DO 

drastically (Kim et al., 2003; Sabra et al., 2002; Worlitzsch et al., 2002). 

 

 

 

 

 

  

 

 

 

 

  

Figure 2.7. Level of dissolved oxygen in PAO1 cultures that were grown in shaking or 
static conditions under different levels of EO.  Cells were prepared and grown in either 
iron-deficient or iron-sufficient medium for 22 h.  The level of DO was determined at 2 h 
intervals using a dissolved oxygen meter.  20 %-SH, circles; 20 %-ST, triangles; 10 %-
ST, squares; closed symbols, iron-deficient medium; open symbols, iron-sufficient 
medium.  Values represent the average of 3 independent experiments. 
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Discussion 

The goal of the present study was to determine if the expression of toxA and its 

regulatory gene ptxR changes when P. aeruginosa is grown in static cultures and under 

reduced levels of EO (two conditions that resemble the environment within the lung 

alveoli of CF patients).  Our results indicate that both conditions contribute to increases 

in toxA and ptxR expression.  The growth of PAO1 in a static liquid culture increased 

toxA expression and changed the pattern of its expression but did not interfere with the 

repression of toxA expression by iron, at least at later stages of growth (Fig. 2.2).  Under 

the same conditions, ptxR expression was increased but was deregulated with respect to 

iron (Fig. 2.6).  These changes are not caused by differences in the levels of either EO 

(which is the same under both 20 %-SH and 20 %-ST) or DO within the PAO1 cultures.  

Under 20 %-SH and 20 %-ST, the level of DO after the 6 h time point and throughout the 

remainder of the growth cycle was 4-6 % (Fig. 2.7).  In addition, no major difference in 

toxA or ptxR expression was detected between 20 %-ST and 10 %-ST despite the 

difference in the level of EO (Fig. 2.2; data not shown).  

Major phenotypic changes have been previously reported in P. aeruginosa strains 

grown in static versus shaking conditions.  Deziel et al. (2001) reported that the growth 

of P. aeruginosa strain 57RP in a static liquid culture led to the spontaneous emergence 

of small colony variants that were defective in swimming, swarming, and twitching 

motilities.  In addition, in comparison with their parent form (large colony variants), the 

small colony variants produced increased levels of pyocyanin and pyoverdine but a 

reduced level of LasB.  Wyckoff et al. (2002) also reported that the growth of the P. 

aeruginosa strain FRD1 in a static liquid culture gave rise to non-mucoid motile variants.  

This flagellum-mediated motility was associated with enhanced expression of the fliC 

gene (Wyckoff et al., 2002).  Switching the culture to shaking conditions reversed the 

enhancement in fliC expression producing non-motile variants.  Wyckoff et al. (2002) 

suggested that the phenomenon is related to the availability of O2.  In static culture, the 

reduced level of O2 forms a gradient that selects for motile variants able to swim to the 

highest level of O2 at the meniscus (Wyckoff et al., 2002).  In shaking conditions, 
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however, the equilibration of O2 within the culture selected for stable non-motile variants 

instead (Wyckoff et al., 2002).  It is possible that the mechanism that produced changes 

in toxA and ptxR expression in PAO1 under 20 %-SH and 20 %-ST conditions is similar 

to the one that affects fliC expression.  However, our results indicated that the level of 

DO in both 20 %-SH and 20 %-ST cultures is 4-6 % (Fig. 2.7).  Therefore, the vigorous 

and continuous agitation of the culture under 20 %-SH may provide the cells with equal 

access to EO.  In contrast, under 20 %-ST, cells are exposed to EO only at the meniscus 

where they form a pellicle, as reported by Deziel and Wyckoff (2001; 2002).  Thus, while 

the levels of EO and DO are similar under 20 %-SH and 20%-ST, the limited access of 

the cells in 20 %-ST to EO may trigger the observed changes in toxA and ptxR 

expression.  This scenario would explain the lack of major differences in toxA and ptxR 

expression under 20 %-ST and 10 %-ST as cells have limited access to EO under both 

conditions. 

In addition to the static condition, the elimination of O2 from PAO1 cultures (0 

%-ST) has an effect on toxA expression.  The highest level in toxA expression occurred in 

PAO1 that was grown anaerobically (Fig. 2.2).  The lack of this additional increase in 

toxA expression in PAO1 that was grown under 10 %-ST despite the much reduced level 

of DO (4-6 %) (Fig. 2.7) indicates the necessity of the anaerobic environment to produce 

it.  This increase was detected in cells regardless of the presence or absence of iron (Fig. 

2.2).  It is clear that the phenomenon is not caused by the presence of the toxA-lacZ 

multicopy plasmid pSW228.  In addition, transcriptional analysis using real-time PCR 

revealed  that the number of copies of toxA mRNA was significantly higher when PAO1, 

which carries a single chromosomal copy of toxA, was grown in 0 %-ST rather than 20 

%-SH shaking (data not shown).  In addition, throughout the growth cycle and in both 

iron-deficient and iron-sufficient media, the amount of ETA protein produced within the 

supernatant of PAO1 alone was considerably higher under 0 %-ST than under 20 %-SH 

shaking (Fig. 2.3).  Similar to toxA expression, ptxR expression reached its highest levels 

under 0 %-ST (Fig. 2.6).  The increase in the expression of these two genes despite the 

considerable decrease in PAO1 growth under 0 %-ST (Fig. 2.1) indicates that this 
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phenomenon is not influenced by the change in the growth rate.  At this time, our 

knowledge of toxA and ptxR regulation under anaerobic conditions is very limited.  

However, the significant increase in toxA and ptxR expression under 0 %-ST may 

represent part of the PAO1 adaptive response to anaerobic conditions.  Under 0 %-ST, 

PAO1 may regulate toxA and ptxR expression through one of the anaerobic regulators 

such as the anaerobic response regulator ANR (Zimmermann et al., 1991). When P. 

aeruginosa is grown under 0 %-ST, ANR enhances the transcription of several genes 

including the genes for the deaminase and dentrification pathways as well as the genes 

for the extracellular virulence factor hydrogen cyanide (Galimand et al., 1991; Sawer, 

1991; Zimmermann et al., 1991).  Under the same condition, ANR represses the 

expression of several genes of the P. aeruginosa aerobic respiratory pathway (Galimand 

et al., 1991; Ray and Williams, 1997; Sawer, 1991; Zimmermann et al., 1991). ANR 

accomplishes this effect by recognizing a conserved sequence (TTGAC Nx ATCAG) 

within the upstream regions of these genes (Winteler and Haas, 1996).  To determine if 

ANR regulates the expression of toxA or ptxR directly, we searched the upstream regions 

of these genes for a potential ANR recognition site.  While no ANR recognition site 

exists within the toxA upstream region, we detected a potential site (TTGAC Nx ATCGG) 

that carries 9 of the 10 conserved residues within the ptxR-ptxS intergenic region (data 

not shown). However, the site is closer to the ptxS structural gene, located at 112 bp 5′ of 

the ptxS GTG start codon, than to ptxR.  The significance of this site and whether ANR 

plays a role (direct or indirect) in toxA and ptxR expression is yet to be determined. 

Based on available evidence, most of the enhancement in toxA expression seen 

under 20 %-SH in P. aeruginosa occurs through pvdS and regA.  In addition, iron 

represses toxA expression in P. aeruginosa through these genes (Hamood et al., 2004; 

Ochsner et al., 1996).  The biphasic pattern of toxA expression under these conditions is 

due to the differential expression of regA from two promoters, P1 and P2.  The 

expression from P1 is iron-insensitive and occurs early in the growth cycle while the 

expression from P2 is iron-responsive and occurs late in the growth cycle (Frank and 

Iglewski, 1988; Hamood et al., 2004; Storey et al., 1990; Wick et al., 1990).  
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Furthermore, other regulatory genes may regulate toxA expression indirectly through 

either regA or pvdS (Hamood et al., 2004; Hamood et al., 1996b).  However, evidence 

provided here suggests that unlike those studies conducted under 20 %-SH the increase in 

toxA expression that occurs under 0 % EO does not occur through regA or pvdS.  In 

contrast to the increase in toxA expression (Fig. 2.2), pvdS and regA expression was 

reduced (Figs. 2.4A and B).  Although the enhancement in toxA expression under 0 %-ST 

may not occur through pvdS or regA, it may still require a functional PvdS, RegA, or 

both; i.e., is not completely independent of these genes.  As shown in figure 2.5, the loss 

of pvdS reduced the level of toxA expression by PAO:pvdS in both 20 %-SH and 0 %-ST 

conditions.  However, even in PAO::pvdS the increase in the level of toxA expression in 0 

%-ST paralleled that detected in PAO1.  This suggests that although pvdS is required for 

maximum expression of toxA, the increase in toxA expression that is induced by 

anaerobic condition is independent of pvdS. 

 Unlike pvdS and regA expression, and similar to toxA expression, ptxR expression 

in PAO1 was considerably increased under 0 %-ST (Fig. 2.6).  In addition, under most 

conditions, the pattern of ptxR expression resembles that of toxA (Figs. 2.2 and 2.6; data 

not shown).  Although a logical conclusion is that the enhancement of toxA expression 

occurs through ptxR, it is less likely a possibility for several reasons.  (1) Based on 

available findings, our current understanding is that ptxR enhances toxA expression 

through regA.  In the presence of a ptxR plasmid, the expression of both toxA and regA 

was increased by 4-5 fold (Hamood et al., 1996b).  Accordingly, if the increase in toxA 

expression at 0 %-ST occurs through regA, we would have detected an increase rather 

than a decrease in regA expression (Fig. 2.4A).  (2) Under 0 %-ST, toxA expression 

increased but was still repressed by iron, especially at the stationary phase of growth (Fig. 

2.2) whereas ptxR expression was negatively regulated by iron only under 20%-SH and 

late in the growth cycle under 0 %-ST (Fig. 2.6).  Therefore, if either static growth or EO 

regulates toxA expression through ptxR, toxA expression would have been deregulated 

with respect to iron. 
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A striking feature of ptxR expression in PAO1 was its deregulation with respect to 

iron under 20 %-ST, 10 %-ST, and 0 %-ST (Fig. 2.6B; data not shown).  Using RNase 

protection analysis, we have previously shown that ptxR is transcribed from two separate 

promoters (P1 and P2) in PAO1, producing T1 and T2 transcripts (Vasil et al., 1998).  

Transcription from P1 is iron-insensitive throughout the growth cycle while that from P2 

is iron regulated.  Based on additional RNase protection experiments, we suggested that 

under microaerobic conditions (10 %-ST), iron negatively regulates P2 expression by the 

ferric uptake regulator (Fur) through pvdS (Vasil et al., 1998).   However, our present 

analysis showed that under 10 %-ST and throughout the growth cycle of PAO1, ptxR 

expression did not differ between iron-sufficient and iron-deficient media (data not 

shown).  In both studies, we utilized the GasPak™ Microaerobic Jar System to generate 

the 10 %-ST conditions (Methods; Vasil et al., 1998).  However, while the RNase 

protection analysis measured the accumulation of T1 and T2 transcripts separately, the β-

galactosidase assay that we used in this study measured the activity of both promoters.  It 

is possible that under 20 %-ST, 10 %-ST, and 0 %-ST most of ptxR transcription is 

produced from the iron-insensitive P1 promoter.  As a result, ptxR expression under these 

conditions is deregulated with respect to iron (Fig. 2.6B; data not shown).  To examine 

this possibility, we have recently constructed a ptxR-lacZ fusion plasmid that carries the 

P2 promoter only.  ptxR expression from this plasmid will be examined under different 

levels of EO and compared with that produced by pJAC24. 

Our results clearly show that the level of EO does not correlate with the level of 

DO within the PAO1 cultures.  Regardless of starting level of EO (20 % or 10 %) and 

whether static or shaking, after 4-6 h of PAO1 culture growth, the level of DO was 

significantly reduced from as high as 88 % to ~ 6 % (Fig. 2.7). These data corroborate 

previous studies that utilized different methods to control the level of EO (Cooper et al., 

2003; Sabra et al., 2002; Worlitzsch et al., 2002).  One possible reason for this 

phenomenon is the consumption of DO by the rapidly growing bacteria (Worlitzsch et 

al., 2002).  In addition, Sabra et al. (2002) suggested two mechanisms unique to P. 

aeruginosa that contribute to the sharp reduction in the level of DO:  first, P. aeruginosa 
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may block the transfer of EO from the gas phase into the liquid culture; and second, the 

polysaccharide capsule produced by P. aeruginosa may function as a physical barrier and 

interfere with the transfer of EO into the culture.  In addition, Kim et al. (2003) recently 

proposed that limitation of iron in the growth medium interferes with transfer of O2 into 

the PAO1 culture causing a significant reduction in the level of pO2 (DO tension). They 

showed that, in iron-deficient medium only, the rate of O2 transfer from the gas phase 

into the culture was significantly reduced (Kim et al., 2003). However, our present 

analysis shows that in both iron-deficient and iron-sufficient media and under all tested 

conditions, the level of DO was reduced considerably throughout the growth cycle of 

PAO1 (Fig. 2.7). This suggests that the sharp reduction in the level of DO is not produced 

by the limitation of iron in PAO1 culture. This apparent discrepancy is likely due to the 

different growth conditions utilized in each study.  For example, while Kim et al. (2003) 

grew PAO1 in modified glucose medium in a bioreactor and monitored the changes in a 

single shaking culture, we grew PAO1 in dialyzed chelexed trypticase soy broth in 

individual flasks for each time point under the conditions described above, only one of 

which involved continuous shaking (20 %-SH). Another difference involved the level of 

iron in the iron-deficient medium.  In this study, as in our previous studies, the level of 

iron in the iron-deficient medium was 0.05 μg/mL, while Kim et al. (2003) reported the 

level of iron in their iron-deficient medium to be 0.6 μg/mL.  Other studies, however, in 

which PAO1 was grown in Luria Bertani broth (which contains iron), also reported a 

sharp reduction in the DO of the culture, providing indirect support for our results 

(Cooper et al., 2003; Worlitzsch et al., 2002). 

As stated before, one of the aims of this study was to examine the expression of 

toxA and ptxR under in vitro conditions that closely resemble in vivo conditions. Most in 

vitro growth conditions are designed to maximize the production of specific virulence 

factor(s). For example, the optimum in vitro growth conditions for ETA production by P. 

aeruginosa include iron-deficient medium (TSB-DC), 32 °C incubation, and maximum 

aeration (aerobic-shaking at 250 r.p.m.) (Hamood et al., 2004; Liu, 1973; Wick et al., 

1990). However, while iron deficiency and 32 °C may have their counterparts in vivo 
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within the infected lungs of a CF patient, vigorous shaking is unlikely to occur.  Rather, 

within the thick mucus that fills the alveoli, P. aeruginosa presumably grows under static 

conditions (Worlitzsch et al., 2002) similar to the three static conditions described in this 

study.  Worlitzsch et al. (2002) suggested that the severe hypoxic conditions within the 

thick mucus in CF airways are generated by two possible mechanisms. One mechanism is 

related to the severe reduction in mucus clearance in the CF airway which increases O2 

consumption by the CF epithelium by 2-3 fold (Worlitzsch et al., 2002). The second 

mechanism involves the thickening of the stationary mucus due to the continuous mucus 

secretion (Worlitzsch et al., 2002). As it penetrates the thick mucus, growth of P. 

aeruginosa would convert the hypoxic conditions to anaerobic. P. aeruginosa is 

considered an obligate aerobe, yet it grows under anaerobic conditions in vitro in the 

presence of nitrate as an electron acceptor (Hassett, 1996).  The level of nitrate within the 

surface liquid of the CF airway is sufficient to sustain the growth of P. aeruginosa (Kim 

et al., 2003; Linnane et al., 1998). Thus, at least two of the conditions that we employed 

in our study [10 %-ST and 0 %-ST] appear to closely resemble the in vivo conditions 

within the CF airway.  As shown in figure 2.2, we detected higher levels of toxA 

expression when we grew P. aeruginosa under static rather than shaking conditions. 

More importantly, the level of toxA expression increases further as the growth 

environment becomes anaerobic (0 %-ST) (Fig. 2.2).  Based on these results, it is 

possible to assume that P. aeruginosa produces increased levels of exotoxin A protein 

within the lungs of CF patients.  Our results strongly support previous studies which 

suggested that toxA is expressed in the P. aeruginosa-infected lungs of CF patients 

(Raivio et al., 1994; Storey et al., 1998). 
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CHAPTER III 
 

EFFECT OF PVDS ON THE TOXA REGULATORY CIRCUIT UNDER 
REDUCED OXYGEN AND STATIC CONDITIONS 

 

Abstract 

 The level of environmental oxygen (EO) within different Pseudomonas 

aeruginosa infection sites is likely to be reduced (hypoxic). As a result, P. aeruginosa 

may modulate the production of different virulence factors. Exotoxin A (ETA) and the 

siderophore pyoverdine are two major extracellular virulence factors. The expression of 

the ETA gene toxA is regulated by regA and ptxR. In addition, the alternative sigma 

factor PvdS regulates the expression of toxA and the pyoverdine genes such as pvdD. We 

recently showed that toxA expression is significantly increased under anaerobic 

conditions in comparison with aerobic conditions. Preliminary results suggested that regA 

and pvdS expression decreases under anaerobic conditions. In this study, we present a 

comparative analysis of toxA, regA, pvdD, and ptxR transcription throughout the growth 

cycle of the P. aeruginosa strain PAOIL and its pvdS isogenic mutant (PAO::pvdS) under 

aerobic-shaking (A-sh) and microaerobic-static (M-st) conditions. This was done using 

lacZ reporter fusions with the above described genes. Expression of regA and pvdD and 

pyoverdine production in PAOIL was significantly lower under M-St in comparison with 

A-sh conditions. Under both conditions, regA and pvdD expression and pyoverdine 

production in PAO::pvdS was significantly lower than PAOIL. Expression of toxA and 

ptxR in PAOIL was significantly higher under M-st than that under A-sh conditions. The 

level of toxA expression in PAO::pvdS was significantly lower than that in PAOIL under 

both conditions. Although reduced, the level of toxA expression in PAO::pvdS was 

relatively higher under M-st than under A-sh conditions. While ptxR expression in 

PAO::pvdS was lower than that in PAOIL under A-sh conditions, it was not different 

under M-St conditions. Reverse transcriptase PCR revealed that pvdS expression in 

PAOIL is lower under M-st compared with A-sh conditions. DNA gel shift experiments 

showed that affinity purified recombinant PvdS complexed with E. coli core RNA 

polymerase specifically bound to the upstream regions of toxA, regA, and ptxR that carry 
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the potential PvdS binding site. These results suggest that (1) reduced EO affects the 

expression of PvdS regulated genes in two ways: (a) similar to pvdS, expression of regA 

and pvdD is reduced, and (b) in contrast, toxA and ptxR expression is increased; (2) 

regardless of the EO, PvdS is required for the expression of toxA, regA, and the 

pyoverdine genes; (3) PvdS has a limited effect only on ptxR expression under A-sh 

conditions; (4) expression of toxA increases under M-st conditions through a mechanism 

that is not directly related to PvdS; and (5) PvdS regulates the expression of toxA, regA, 

and ptxR by directly binding to their upstream regions. 

 

Introduction 

Cystic fibrosis (CF) is a genetic disease characterized by airway obstruction, 

chronic bacterial infection, and excessive host inflammatory response (Chmiel and Davis, 

2003; Hassett et al., 2002; Sadikot et al., 2005; Yoon et al., 2002). Pseudomonas 

aeruginosa is the predominant opportunistic pathogen associated within the thickened 

mucus layer of the CF lung (Baltch, 1994; Hassett et al., 2002). As disease progresses, P. 

aeruginosa accelerates lung deterioration and establishes a chronic infection with 

frequent exacerbations (Baltch, 1994; Davis et al., 1996). Current antibiotic therapies are 

virtually ineffective against P. aeruginosa due to inherent resistance (Boucher, 2004; 

Chmiel and Davis, 2003). Additionally, P. aeruginosa produces an arsenal of virulence 

factors that are important for its survival within the CF lung (van Delden, 2004; Hamood 

et al., 2004). 

Exotoxin A (ETA) is considered one of the most virulent extracellular factors 

produced by P. aeruginosa (Hamood et al., 2004). The 68 kDa ETA, encoded by toxA, is 

an ADP-ribosyl transferase that irreversibly inhibits protein synthesis in eukaryotic cells 

causing cell death (Hamood et al., 2004; Iglewski and Kabat, 1975). The regulation of 

ETA production is an intricate process that involves environmental factors and several 

regulators (Hamood et al., 2004). Environmental factors include aeration, cations, 

temperature, and iron (Hamood et al., 2004; Liu, 1973). The most extensively analyzed 

of these factors is iron which represses ETA production at the transcriptional level (Frank 
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and Iglewski, 1988; Grant and Vasil, 1986; Hamood et al., 2004; Lory, 1986). Therefore 

to achieve maximum ETA levels in vitro, P. aeruginosa is usually grown in iron-

deficient medium at 32 °C with maximum aeration (Frank and Iglewski, 1988; Grant and 

Vasil, 1986; Hamood et al., 2004; Lory, 1986).  

The regulation of toxA expression involves both positive and negative regulators, 

including regA, ptxR, and pvdS (Hamood et al., 2004). The 29 kDa protein RegA is 

essential for toxA expression (Hamood et al., 2004; Wick et al., 1990). Neither ETA nor 

toxA mRNA was detected in a regA-deficient mutant of the P. aeruginosa strain PA103 

(Hamood et al., 2004; Wick et al., 1990). At this time, the mechanism through which 

RegA regulates toxA expression has not been completely determined (Hamood and 

Iglewski, 1990; Hamood et al., 2004; Raivio et al., 1996). The LysR-type transcriptional 

activator PtxR is not essential but does increases toxA expression by 4-5 fold (Hamood et 

al., 1996; Hamood et al., 2004). The exact mechanism of PtxR regulation of toxA 

expression is unknown. However, PtxR also regulates the expression of several quorum 

sensing genes and the pvc operon (Carty et al., 2006; Stintizi et al., 1999).  pvdS encodes 

the alternative sigma factor PvdS that enhances toxA expression and the production of the 

siderophore pyoverdine, which includes the pyoverdine gene pvdD (Cunliffe et al., 1995; 

Hamood et al., 2004). Evidence suggests PvdS regulates toxA expression through regA 

(Beare et al., 2003; Hamood et al., 2004).  Repression of toxA and the pyoverdine genes 

occurs through the negative iron regulation of pvdS expression (Beare et al., 2003; 

Hamood et al., 2004). 

Within the thickened CF mucus layer of the lung alveoli, iron availability is 

limited and oxygen is reduced to form a hypoxic gradient ranging from microaerobic (10 

% environmental oxygen) to anaerobic conditions (Hassett et al., 2002; Worlitzsch et al., 

2002).  Traditionally described as an obligate aerobe, P. aeruginosa survives the reduced 

oxygen conditions within the CF mucus by utilizing nitrate within the airway surface 

fluid as the alternative electron acceptor (Hassett et al., 2002; Yoon et al., 2002). 

Sufficient levels of nitrate allow for favorable growth and chronic colonization of P. 

aeruginosa within the mucus layer (Hassett et al., 2002; Yoon et al., 2002). The unique 
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microniche within the CF mucus likely affects the production of P. aeruginosa’s 

virulence factors. 

 Recently, we have shown that static and reduced oxygen conditions considerably 

increases toxA transcription and ETA production in iron-deficient medium (Gaines et al., 

2005). Preliminary analysis suggested that the influence of reduced oxygen on ETA 

production does not occur directly through regA or pvdS (Gaines et al., 2005). Therefore, 

reduced oxygen in the mucus layer within the CF lung appears to induce a novel pathway 

of P. aeruginosa toxA regulation. In this study, we examined the effect of reduced 

oxygen on the toxA regulatory circuit. We also examined how PvdS would affect the 

regulation of these genes (regA, toxA, pvdD, and ptxR) under the defined conditions. 

 

Material and Methods 

Bacterial strains, plasmids, and growth media 

 All strains and plasmids used in this study are listed in Table 3.1. For general 

growth experiments, including preparation of overnight cultures, plasmid DNA 

extraction, and electroporation, PAOIL or E. coli were grown in Luria-Bertani (LB) broth 

(Miller, 1972). To examine gene expression, ETA synthesis, and pyoverdine production, 

PAOIL was grown in iron-deficient medium (TSB-DC). TSB-DC is a chelexed trypticase 

soy broth dialysate containing 1 % (v/v) glycerol, 500 mM monosodium glutamate, 500 

mM MgSO4, and 50 mM CaCl2 (Ohman et al., 1980). Antibiotics were added to the 

growth medium at the following concentrations (μg/mL): for P. aeruginosa ─ 

carbenicillin 300, gentamicin 60, streptomycin 300; and for E. coli ─ carbenicillin 100, 

kanamycin 50, naladixic acid 20.   

Growth Conditions  

PAOIL containing different plasmids was grown overnight in LB broth under 

aerobic conditions with shaking at 250 rpm (A-sh) at 37 °C. Cells were pelleted, washed, 

resuspended in fresh TSB-DC, and inoculated into TSB-DC as previously described 

(Gaines et al., 2005). Individual 125 mL flasks were incubated at 32 °C in A-sh, A-st 

(aerobic-static), or M-st (microaerobic-10 % oxygen-static) conditions as previously 



 60

described (Gaines et al., 2005). M-st conditions were achieved using GasPak Jars with 

Campy Pak Plus envelopes (Becton Dickinson). Throughout the 24 h growth cycle, 

individual flasks for each time point were removed from their incubation condition, and 

samples of the cultures were obtained for analysis. Each growth curve experiment was 

repeated at least three times.  

DNA manipulations 

 Routine genetic manipulations were conducted following standard protocols as 

described by Sambrook and Russell (2001). Enzymes were purchased from Promega. 

Plasmid DNA was extracted using the Wizard Plus Minipreps DNA Purification System 

(Promega). Plasmid DNA was introduced into PAOIL or PAO::pvdS by electroporation 

(Smith and Iglewski, 1989). Oligonucleotide primers, except for rpsL, were designed 

using Primer Express 1.0 (Applied Biosystems). All primer sets used for PCR are listed 

in Table 3.2. Gel purification of PCR products was done using the Qiaex II Gel 

Extraction Kit (Qiagen).  

 The 430 bp fragment containing the putative P2 promoter of ptxR was obtained 

from pJAC73 that carries 430 bp of the ptxR upstream region. The DNA fragment was 

inserted into the EcoRI and BamHI sites in the previously described translational vector, 

pSW205 (West et al., 1994). The insert was cloned in-frame with the β-galactosidase 

gene and confirmed by sequencing (Texas Tech University Core Facility).  

β-galactosidase assay  

For each growth condition and time point throughout the growth cycle, triplicate 

samples were obtained, and cells pelleted for the β-galactosidase assay as described by 

Miller et al (1972). Briefly, pelleted cells were resuspended in 1mL of lacZ buffer (60 

mM Na2HPO4/40 mM NaH2PO4/10 mM KCl/1mM MgSO4) and 50 mM β-

mercaptoethanol was added prior to use. The OD600 of the culture was used to 

compensate for growth differences. Samples were lysed with chloroform and 0.1 % SDS, 

and the level of β-galactosidase activity was determined as previously described (Miller, 

1972). The following formula was used to calculate the units of β-galactosidase activity: 
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{(A450 - (1.75 x A550))/(OD600 of the culture x time x volume)} x 1000, in which time is the 

incubation in min and volume is the amount of lysate (Miller, 1972).  

 

Table 3.1 Strains and plasmids 

Strains Description Reference 
PAOIL P. aeruginosa prototypic laboratory strain (Cunliffe et al., 1995) 
PAO::pvdS PAOIL with 460 bp pvdS internal deletion; Gmr (Cunliffe et al., 1995) 
DH5α E. coli supE44 thi-1 recA1 gyrA Nalr (Ausubel et al., 1988) 
M15 E. coli lac1qara-14 galK2 mtl-1 F− (Stuber et al., 1990) 
 
Plasmids 
pSW205 lacZ translational fusion vector carrying the P. 

aeruginosa 1.8-kb stability fragment; Cbr 
(West et al., 1994) 

pMP190 lacZ transcriptional fusion vector, broad-host-
range, low-copy-number, IncQ replicon, Tra−; 
Smr  

(Spaink et al., 1987) 

pSW228 760 bp of the toxA upstream region plus the 
region encoding the first 7 amino acids fused in-
frame with the lacZ gene in pSW205; Cbr 

(West et al., 1994) 

pRL88 598 bp of the regA upstream region plus the first 
90 bp of the open reading frame fused in-frame 
with the lacZ gene in pSW205; Cbr 

(Storey et al., 1990) 

pJAC24 555 bp of the ptxR upstream region plus the 
region encoding the first 55 amino acids fused in-
frame with the lacZ gene in pSW205; Cbr 

(Colmer and Hamood, 
1998) 

pJH2 430bp of  the ptxR upstream region plus the 
region encoding the first 55 amino acids fused in-
frame with the lacZ gene in pSW205; Cbr 

This study 

ppvdD 550 bp of the pvdD upstream region fused in-
frame with the lacZ gene in pMP190, Smr 

(Rombel et al., 1995) 

pPvdSF 564 bp fragment containing the pvdS coding 
sequence ligated to the NcoI-HindIII sites of 
pQE60 and cloned in-frame with the FLAG 
coding sequence; Cbr, Kmr 

(Leoni et al., 2000) 

pJAC73 430 bp ptxR upstream region cloned into the 
vector pUC18 

This study 

r, resistant; Gm, gentamicin; Nal, naladixic acid; Cb, carbenicillin; Km, kanamycin; Sm, 
streptomycin 
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Table 3.2 Primer sets 

Gene Primer set Reference 
ptxR Forward:5′-ACA GGG CGG CGC TCA-3′ 

Reverse:5′-AAT GAA TGT GCC ATA TCT CCA TAA ATA A-3′ 
This study 

pvdEF Forward:5′-GAC GAA GCA GGA TGC CCG GT-3′ 
Reverse:5′-GTC GAC CTG CGA CGG GCG G-3′ 

This study 

pvdS Forward: 5′-ACC GTA GAT CCT GGT GAA GA-3′ 
Reverse: 5′-CGA GTA TTT CTG TTC GAG CGC-3′ 

This study 

regA Forward: 5′-AGT GAT GGC TCT ATG GGC AAA-3′ 
Reverse: 5′-CGG AAA AAT CGG TAA CAG CG-3′ 

This study 

rpsL Forward: 5′-GCA ACT ATC AAC CAG CTG-3′ 
Reverse: 5′-GCT GTG CTC TTG CAG GTT GTG-3′ 

(Sobel et 
al., 2003) 

toxA Forward:5′-CCC TGC ATG TAT CCT CCG A-3′ 
Reverse:5′-GAT GGC TCC TTT GAT GGG TG-3′ 

This study 

 

 

Purification of PvdS 

The purification of PvdS was followed as previously described by Leoni et al. 

(2000) with modifications. An overnight culture of E. coli M15 carrying the pvdS 

expression plasmid, pPvdSF, was grown in LB supplemented with 0.4 % glucose. 

Expression plasmid pPvdSF contains a 564 bp fragment of the pvdS coding sequence 

cloned in-frame with the C-terminus FLAG peptide. A 5 mL aliquot of overnight culture 

was subcultured into 500 mL LB supplemented with 0.4 % glucose and grown at 37 °C 

for 2.5 h to an OD600 of 0.5. Cultures were induced with 500 μM isopropyl-β-D-

thiogalacto-pyranoside (IPTG) for 3 h at 37 °C. Cells were centrifuged and pellets stored 

at -80 °C.  

Analysis of the different cell fractions indicated that the recombinant PvdS 

(PvdSF) was localized to inclusion bodies (data not shown). The insoluble fraction was 

lysed and purified using CelLytic B (Sigma) according to manufacturer recommendations 

and the inclusion bodies solubilized using CelLytic IB (Sigma). Proteins were refolded 

by dialysis in 6 M urea for 24 h at 4 °C with an additional 250 mL of 25 mM Tris-HCl 

(pH 7.4) added at 6, 12, and 18 h. PvdSF was purified using a 1 mL anti-FLAG M2 

affinity gel chromatography column as instructed by the manufacturer (Sigma). Briefly, 
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the affinity column was washed once with100 mM glycine-HCl (pH 3.5) and washed six 

times with 5X Tris-buffered saline (TBS). The refolded proteins were passed through the 

column multiple times to increase binding efficiency. The column was then washed six 

times with 10X TBS to remove unbound proteins. Bound proteins were eluted with six 1 

mL aliquots of 100 mM glycine-HCl (pH 3.5) into tubes containing 25 μl 1M Tris (pH 

8.0). Proteins in the eluates were estimated by the Coomassie (Bradford) protein assay 

using BSA as the standard (Pierce Biotechnology). Proteins (10 μg) from the eluates 

were separated by SDS-PAGE, transferred to membrane and probed for PvdSF using 

anti-FLAG M2 antibody. PvdSF was present in eluates 2, 3, and 4 (data not shown). 

These eluates were combined, concentrated and exchanged into DNA binding buffer 

(described below) for a final PvdSF concentration of 0.582 μg/μl 

Electrophoretic mobility shift assays (EMSA)  

DNA fragments of 211 bp, 251 bp, 354 bp, and 129 bp carrying the PvdS 

consensus sequence were obtained by PCR from the upstream regions of toxA, regA, 

ptxR, and pvdEF, respectively. Purified DNA fragments were end-labeled with [γ-
32P]ATP (Perkin Elmer) using T4 polynucleotide kinase (Sambrook and Russell, 2001). 

Binding reactions for EMSAs were set up in DNA-binding buffer (10 mM Tris/HCl, 

(pH 7.4)/1 mM EDTA/10 mM KCl/0.1 mM DTT/5 % glycerol) containing BSA 

(50 mg/mL) and poly(d[I-C]) (1 mg/mL) (Sambrook and Russell, 2001). Purified PvdS 

(2.5 μg/μl) and E. coli core RNAP (0.5 μg/μl) (Epicentre) were preincubated for 30 min 

at 37 °C in DNA-binding buffer to reconstitute the holoenzyme (Dupuy et al., 2006). 

Radiolabelled probe (105–107 c.p.m.) was added to the mixture and incubated for 1 h at 

room temperature. Reactions were stopped with the addition of 5 μl of 0.8 μg/mL 

heparin-loading dye (1 % bromophenol blue, 50 % glucose) and allowed to incubate for 5 

min at room temperature. Reactions were separated on a 5 % polycacrylamide gel 

prepared in 0.5X Tris-borate-EDTA buffer for 16 h at 4 °C. Gels were then dried and 

exposed to X-ray film. 
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Pyoverdine assay 

PAOIL cultures were grown throughout the growth cycle in TSB-DC at 32 °C and 

analyzed for cell density at 600 nm. The supernatant fraction was collected every 4 h and 

pyoverdine quantitated spectrophotometrically at 405 nm (Stintzi et al., 1996). 

Normalization of pyoverdine levels for growth was obtained by dividing the A405 by the 

OD600. 

Quantification of pvdS by reverse transcriptase PCR (rt-PCR)                                                                      

 PAOIL cultures were grown until early stationary phase in TSB-DC under A-sh 

and M-st conditions. Total RNA was extracted by the hot phenol/chloroform method as 

previously described (Carty et al., 2003). Residual DNA was removed from the RNA 

with RQI DNase I (1U/μl) for 1.5 h at 37 °C in the presence of RNase inhibitor 

(RNasin®). The enzymes and buffers were removed using the Qiagen RNAeasy Kit 

(Qiagen). rt-PCR was performed using 1 μg of RNA and 6 μl of Stratascript™ Reverse 

Transcriptase (1U/μl) (Stratagene) and incubated for 2 h at 42 °C. Reactions were 

stopped by warming the mixtures to 94 °C for 5 min. PCR was performed using 250 ng 

of cDNA obtained from the rt-PCR, 3 μM concentration each of the appropriate primers, 

10 mM dNTPs, and 1.25U of GoTaq® DNA Polymerase per reaction.  We utilized the 

PCR program designed by Sobel et al. (2003) to detect the rpsL or pvdS message; one 

initiative cycle of 94 °C for 5 min, 20 cycles (rpsL) or 29 cycles (pvdS) of 95 °C, 1 

min/60 °C, 1 min/72 °C, for 1.5 min and a final elongation cycle at 72 °C for 7 min. The 

amount of product was assessed by electrophoresis on a 1.5 % agarose gel and visualized 

with GelStar Stain (Campex).    

Sandwich enzyme linked immunoabsorbent assay (ELISA)  

The assay was done as previously described by Gaines et al. (2005), using 96-well 

microtiter immunoassay plates (Immulon 2HB; Dynex Technologies). Throughout the 

assay, the plates were washed with PBST buffer (0.02 % [v/v] Tween 20 in phosphate-

buffered saline). Each well was coated with 100 µl diluted goat-anti-ETA antibody 

(0.25 µg/mL in 100 mM Na2HCO3) (List Biological Laboratories) overnight at 4 °C. The 

plates were washed, and treated with bovine serum albumin, 1 mg/mL in PBST, for 1 h at 
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room temperature to block non-specific binding sites. The plates were then washed three 

times, and incubated with different supernatant fractions (100 µl per well) for 1 h at room 

temperature. As a standard, we utilized a range of dilutions (2–62.5 pg/µl in PBST) of 

purified ETA (MP Biomedicals). The plates were washed 6 times, and incubated with 

rabbit-anti-ETA (100 µl per well) (Fogle et al., 2002), which was diluted in PBST, for 1 h 

at room temperature. The plates were then washed 6 times, and incubated with goat-anti-

rabbit IgG conjugated to horseradish peroxidase (Sigma-Aldrich) for 1 h at room 

temperature. The plates were then washed 6 times, and incubated with 100 µl substrate 

solution per well (ImmunoPure TMB Substrate; Pierce Biotechnology) at room 

temperature for 2 min. The reaction was stopped by adding 100 µl 2 M H2SO4 per well. 

The absorbance was read at 450 nm using an ELISA plate reader (Bio-Tek Instruments). 

The values were standardized by dividing the amount of ETA (pg/µl) from each 

supernatant fraction by the OD600 of the culture from which that fraction was obtained.  

Statistical analysis   

Statistics were calculated using InStat (Graph Pad Software).  ANOVA and the 

Student-t test were used to determine significant differences among the various 

conditions. 

 

Results 

The effect of PvdS on toxA expression under reduced EO conditions 

 Within the mucus layer of the CF lung, environmental oxygen (EO) forms a 

hypoxic gradient (microaerobic to anaerobic) (Hassett et al., 2002). We have previously 

presented evidence suggesting that in comparison with aerobic conditions, toxA 

expression in P. aeruginosa is increased under reduced EO conditions (Gaines et al., 

2005). We also suggested that this increase does not occur through PvdS directly (Gaines 

et al., 2005). In this study, we examined this possibility using a PAOIL isogenic mutant 

that carries a specific deletion within pvdS (PAO::pvdS). We first examined the increase 

in toxA expression under reduced EO conditions using strain PAOIL from which the pvdS 

deletion mutant was generated. PAOIL carrying the toxA-lacZ fusion plasmid, pSW228, 
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(West et al., 1994) was grown under aerobic-shaking (A-sh) and microaerobic-static (M-

St) conditions in iron-deficient medium for 24 h. Samples were obtained every 2 h and 

the level of β-galactosidase activity was determined (Miller, 1972). As we have 

previously seen, the level of toxA expression in PAOIL under M-st was significantly 

higher (P <0.001) from the 16-24 h time points in comparison with A-sh (Fig. 3.1A). 

Deletion of pvdS reduced the level of toxA expression under both conditions (Figs. 3.1B 

and C). At the12-24 h time points, the level of toxA expression in PAO::pvdS was 

significantly lower (P <0.001) than that in PAOIL (Figs. 3.1B and C). This indicates that, 

under A-sh and M-st conditions, maximal toxA expression in PAOIL requires a 

functional PvdS. Despite the loss of PvdS, toxA expression in PAO::pvdS from the 10-24 

h time points was slightly higher under M-st conditions in comparison with A-sh (Fig. 

3.1D). This suggests that reduced EO causes a limited increase in toxA expression even in 

PAO::pvdS. To further confirm these results, we measured the amount of ETA protein 

secreted by PAOIL and PAO::pvdS under A-sh and M-st conditions. Cells were grown to 

mid-stationary phase, and the amount of ETA within the supernatant fraction was 

determined by sandwich ELISA as previously described (Gaines et al., 2005). Both 

PAOIL and PAO::pvdS produced more ETA under M-st conditions than under A-Sh 

conditions (Fig. 3.2). In addition, under both conditions, PAO::pvdS produced lower 

levels of ETA than PAOIL (Fig. 3.2).  
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Figure 3.1. Effect of reduced EO levels on toxA expression throughout the growth cycle 
of PAOIL and PAO::pvdS. PAOIL and PAO::pvdS carrying the toxA-lacZ fusion plasmid 
pSW228 were grown in TSB-DC medium under A-sh or M-st conditions as described in 
Material and Methods. Triplicate samples were obtained every 2 h, and the level of β-
galactosidase activity was determined. (A) toxA expression in PAOIL under A-sh and M-
st conditions, (B) toxA expression in PAOIL and PAO::pvdS under A-sh conditions, (C) 
toxA expression in PAOIL and PAO::pvdS under M-st conditions, and (D) toxA 
expression in PAO::pvdS under both conditions. Filled symbols, PAOIL; open symbols, 
PAO::pvdS; circles, A-sh conditions; squares, M-st conditions. Values represent the 
means of three independent experiments (± SEM). Asterisk, P <0.001 
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Figure 3.2. Amount of ETA in supernatant fraction of PAOIL (black bars) and 
PAO::pvdS (white bars) grown under A-sh and M-st conditions as determined by 
sandwich ELISA (Material and Methods). Cells were grown in TSB-DC medium to mid-
stationary phase. Values were standardized by dividing the amount of ETA (pg/μL) in 
each fraction by the OD600 of the culture from which the fraction was obtained. Values 
represent the mean of three replicates from three independent experiments. Similar results 
were obtained from additional experiments.  

 

 

The effect of PvdS on regA expression under reduced EO conditions   

 The transcriptional activator, RegA, is considered essential for toxA expression in 

P. aeruginosa (Hamood et al., 2004). PvdS regulates the expression of both toxA and 

regA under A-sh conditions (Hamood et al., 2004). We have previously shown that 

during certain time points of growth, regA expression in PAO1 is decreased under 

anaerobic conditions in comparison with A-sh (Gaines et al., 2005). Therefore, we tried 

to determine if this phenomenon is induced by reduced EO rather than the complete lack 

of oxygen. Additionally, we tried to determine the role of PvdS on regA expression under 

these conditions. This was done using plasmid pRL88, which contains a regA-lacZ 

translational fusion (Storey et al., 1990). As shown in figure 3.3A between the 8-20 h 

time points and in contrast to toxA expression, regA expression in PAOIL under A-sh 

conditions was significantly higher (P <0.001) than that under M-st conditions. Under 
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both conditions, regA expression in PAO::pvdS was significantly (P <0.001) lower than 

that in PAOIL from the 12-20 h time points (Fig. 3.3B and C). These results suggest that 

reduced EO negatively influences regA expression in PAOIL. In addition, PvdS is 

essential for regA expression regardless of the level of EO. 
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Figure 3.3. Effect of reduced EO on regA expression in PAOIL and PAO::pvdS. PAOIL 
and PAO::pvdS carrying the regA-lacZ fusion plasmid pRL88 were grown in TSB-DC 
medium under A-sh or M-st conditions as described in Material and Methods. Triplicate 
samples were obtained every 4 h, and the level of β-galactosidase activity was 
determined. (A) regA expression in PAOIL under A-sh and M-st conditions, (B) regA 
expression in PAOIL and PAO::pvdS under A-sh conditions, and (C) regA expression in 
PAOIL and PAO::pvdS under M-st conditions. Filled symbols, PAOIL; open symbols, 
PAO::pvdS; circles, A-sh conditions; squares, M-st conditions. Values represent the 
means of three independent experiments (± SEM). Asterisk, P <0.001 
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The effect of PvdS on pyoverdine and pvdD expression under reduced EO conditions  

 Previous studies suggested that P. aeruginosa utilizes similar mechanisms to 

regulate the production of pyoverdine and ETA (Ochsner et al., 1995). In addition, under 

A-sh conditions, the production of both ETA and pyoverdine is stringently controlled by 

PvdS (Hunt et al., 2002; Ochsner et al., 1995; Prince et al., 1993). Therefore, we 

examined whether reduced EO alters pyoverdine production and if PvdS stringently 

controls pyoverdine production under these conditions. PAOIL was grown in TSB-DC at 

32 °C under A-sh and M-st conditions. Samples were obtained every 4 h and the level of 

pyoverdine within the supernatant fractions was determined as previously described 

(Stintzi et al., 1996). As shown in figure 3.4, PAOIL produced considerable levels of 

pyoverdine only under A-sh conditions. As previously demonstrated (Ochsner et al., 

1995) and similar to ETA, pyoverdine production is repressed by iron under A-sh 

conditions (Fig. 3.4). In iron-deficient medium and contrary to ETA, PAOIL produced 

significantly (P <0.001) lower levels of pyoverdine under M-st conditions in comparison 

with A-sh after 12 h (Fig. 3.4). PAO::pvdS produced no detectable levels of pyoverdine 

under either condition (data not shown). 
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Figure 3.4. Effect of the reduced EO on pyoverdine production by PAOIL in iron-
deficient (closed symbols) and iron-sufficient (open symbols) medium of PAOIL.  
Samples were obtained every 4h, and the supernatant fraction was separated. Pyoverdine 
levels were determined by measuring the absorbance of the supernatant fraction at A405. 
Values were standardized by dividing the amount of pyoverdine in each fraction by the 
OD600 of the culture from which the fraction was obtained. Values represent three 
independent experiments. 1 Asterisk, P <0.001, 2 Asterisks, P <0.05  
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Variations in the amount of EO may affect the expression of the pyoverdine 

synthesis genes. To examine this possibility, we observed the expression of one of the 

pyoverdine synthesis genes, pvdD, using the pvdD transcriptional fusion plasmid ppvdD-

lacZ (Rombel et al., 1995). PvdD catalyzes the incorporation of two L-threonines into the 

C-terminus site of the pyoverdine peptide and is stringently repressed by iron under A-sh 

conditions (Ackerley and Lamont, 2004).  Between the 8-20 h time points, pvdD 

expression in PAOIL under M-st conditions was significantly (P <0.001) reduced in 

comparison with A-sh (Fig. 3.5A). Under both conditions, pvdD expression in 

PAO::pvdS was significantly (P <0.001) lower than that in PAOIL from the 8-20 h time 

points (Fig. 3.5B). These results suggest that reduced EO affects the expression of regA 

and pvdD by the same mechanism. However, this mechanism is different from the one 

governing toxA expression.  
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 Figure 3.5. Effect of reduced EO on pvdD expression throughout the growth cycle of 
PAOIL and PAO::pvdS. PAOIL or PAO::pvdS carrying the pvdD-lacZ fusion plasmid 
were grown in TSB-DC medium under A-sh or M-st conditions as described in Material 
and Methods. Triplicate samples were obtained every 4 h, and the level of β-
galactosidase activity was determined. (A) pvdD expression in PAOIL under A-sh and 
M-st conditions, and (B) pvdD expression in PAOIL and PAO::pvdS under A-sh and M-st 
conditions; , significant difference between PAOIL and PAO::pvdS under A-sh 
conditions; , significant difference between PAOIL and PAO::pvdS under M-st 
conditions. Filled symbols, PAOIL; open symbols, PAO::pvdS; circles, A-sh conditions; 
squares; M-st conditions. Values represent the means of three independent experiments 
(± SEM). 1 Asterisk, P <0.001; 2 Asterisks, P <0.05 
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The effect of PvdS on ptxR P1and P2 promoters under reduced EO conditions  
 The LysR transcriptional activator, PtxR, modulates ETA production in P. 

aeruginosa by increasing toxA expression by 4-5 fold (Hamood et al., 2004). We have 

previously demonstrated that similar to toxA expression, ptxR expression increases under 

reduced EO (Gaines et al., 2005). Thus, we examined the role of PvdS on ptxR 

expression under reduced EO levels using the previously described ptxR-lacZ fusion 

plasmid, pJAC24 (Colmer and Hamood, 1999). Under both conditions, ptxR expression 

in PAOIL followed essentially a similar pattern; an increase until the 8 h time point under 

A-sh and the 12 h time point under M-st followed by a decrease to a relatively stable 

level of expression at the 14-24 h time points (Fig. 3.6A). Consistent with our previous 

observations (Gaines et al., 2005), ptxR expression in PAOIL under M- st conditions was 

significantly (P <0.001) higher at the 12-24 h time points than that under A-sh conditions 

(Fig. 3.6A). In PAO::pvdS, ptxR expression was also significantly (P <0.001) higher at 

the10-24 h time points under M-st in comparison with A-sh (Fig. 3.6B).Under A-sh 

conditions, ptxR expression was significantly higher at 8-24 h in PAOIL in comparison 

with PAO::pvdS (Fig. 3C). However, there were no clear differences in ptxR expression 

in PAOIL or PAO::pvdS under M-st conditions (Fig. 3.6D). These results suggest that 

while ptxR shares with toxA the characteristic increase in expression under M-st 

conditions, ptxR expression differs from toxA in that PvdS does not appear to affect its 

expression under M-st conditions.  
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 Figure 3.6. Effect of reduced EO on ptxR expression throughout the growth cycle of 
PAOIL and PAO::pvdS. PAOIL and PAO::pvdS carrying the ptxR-lacZ fusion plasmid, 
pJAC24, were grown in TSB-DC medium under A-sh or M-st conditions as described in 
Material and Methods. Triplicate samples were obtained every 2 h, and the level of β-
galactosidase activity was determined. (A) ptxR expression in PAOIL under A-sh and M-
st conditions, (B) ptxR expression in PAO::pvdS under both conditions, (C) ptxR 
expression in PAOIL and PAO::pvdS under A-sh conditions, and (D) ptxR expression in 
PAOIL and PAO::pvdS under M-st conditions. Filled symbols, PAOIL; open symbols, 
PAO::pvdS; circles, A-sh conditions; squares, M-st conditions. Values represent the 
means of three independent experiments (± SEM). Asterisk, P <0.001 
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The effect of PvdS on ptxR-P2 promoters under reduced EO conditions  

 Available evidence suggests that ptxR is expressed from two separate promoters; 

P1 and P2 (Vasil et al., 1998). Based on the results of RNase protection experiments, we 

previously suggested that ptxR expression from P2 is regulated by PvdS under 

microaerobic conditions (Vasil et al., 1998). Therefore, we tried to determine the effect 

of reduced EO and PvdS on the expression of ptxR-P2 throughout the growth cycle of 

PAOIL. These experiments were conducted using the ptxR-P2-lacZ fusion plasmid, 

pJH2. In contrast to pJAC24, which carries both P1 and P2, pJH2 carries only the P2 

promoter (Table 3.2). Similar to pJAC24, ptxR expression from pJH2 was significantly 

(P <0.001) higher under M-st conditions in comparison with A-sh conditions from the 

10-24 h time points in both PAOIL and PAO::pvdS (Fig. 3.7A). While significant 

changes in ptxR-P2 expression were observed between PAOIL and PAO::pvdS, the 

patterns of expression were similar under A-sh and M-st conditions for most of the time 

points (Fig. 3.7C and D).  

In both strains and conditions, the pattern of ptxR expression from pJH2 

resembles that from pJAC24 (Fig. 3.8). Under both conditions, ptxR-P2 expression in 

PAOIL was higher from the 12-24 h time points than that from pJAC24 (Fig. 3.8A and 

B). In PAO::pvdS the increase in the level of ptxR-P2 expression under A-sh and M-st 

conditions was detected throughout the growth cycle (Figs. 3.8C and D). This higher 

expression from pJH2 suggests that reduced EO primarily affects the ptxR-P2 promoter. 

Furthermore, regardless of EO, the increased level of ptxR-P2 expression in PAO::pvdS 

suggests that PvdS is not required for ptxR expression. 
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 Figure 3.7. Effect of reduced EO on ptxR-P2 expression throughout the growth cycle of 
PAOIL and PAO::pvdS. PAOIL and PAO::pvdS carrying the ptxR-lacZ fusion plasmid, 
pJH2, which contains the putative P2 promoter, were grown in TSB-DC medium under 
A-sh or M-st conditions as described in Material and Methods. Triplicate samples were 
obtained every 2 h, and the level of β-galactosidase activity was determined. (A) ptxR-P2 
expression in PAOIL under A-sh and M-st conditions, (B) ptxR-P2 expression in 
PAO::pvdS under both conditions (C) ptxR-P2 expression in PAOIL and PAO::pvdS 
under A-sh conditions, , and (D) ptxR-P2 expression in PAOIL and PAO::pvdS under M-
st conditions. Filled symbols, PAOIL; open symbols, PAO::pvdS; circles, A-sh 
conditions; squares, M-st conditions. Values represent the means of three independent 
experiments (± SEM). 1 Asterisk, P <0.001; 2 Asterisks, P <0.05 
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Figure 3.8. Comparison of the effect of reduced EO on ptxR expression from P1 and P2 
(pJAC24) or P2 (pJH2) promoters in PAOIL and PAO::pvdS. (A) ptxR expression from 
pJAC24 and pJH2 in PAOIL under A-sh, (B) ptxR expression from pJAC24 and pJH2 in 
PAOIL under M-st, (C) ptxR expression from pJAC24 and pJH2 in PAO::pvdS under A-
sh, (D) ptxR expression from pJAC24 and pJH2 in PAO::pvdS under M-st. Filled 
symbols, PAOIL; open symbols, PAO::pvdS; circles, pJAC24 expression under A-sh 
conditions; squares, pJAC24 expression under M-st conditions; triangles, pJH2 
expression under A-sh; diamonds, pJH2 expression under M-st conditions. Values 
represent the means of three independent experiments (± SEM). 1 Asterisk, P <0.001; 2 
Asterisks, P <0.05. 
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The effect of reduced EO conditions on pvdS expression 

  The above results suggest that PvdS is involved in the regulation of toxA, regA, 

pvdD, and ptxR under A-sh and M-st conditions (Figs. 3.1- 3.8). Therefore, we examined 

pvdS expression in PAOIL under these two conditions. We determined the level of pvdS 

mRNA in PAOIL using reverse-transcriptase polymerase chain reaction (rt-PCR) 

analysis as previously described (Sobel et al., 2003). We have previously shown that 

under A-sh and M-st conditions the optimal level of pvdS expression occurs during early 

stationary growth (Gaines et al., 2005). Therefore, cells were grown in TSB-DC medium 

under both conditions to early stationary phase and RNA extracted. The rt-PCR analysis 

was conducted using specific primers within the pvdS structural gene. As a control, the 

level of the constitutively expressed rpsL was determined. As shown in figure 3.9, 

PAOIL produced pvdS transcripts under A-sh and M-st conditions. However, the amount 

of pvdS transcripts produced under A-sh conditions is markedly higher than that produced 

under M-St conditions (Fig. 3.9). These results suggest that lower EO reduces pvdS 

transcription in PAOIL.   

 
 
                                                    A-sh        M-st 
 

                                                           
 
Figure 3.9. Effect of reduced EO on pvdS transcription in PAOIL. Cells were grown in 
TSB-DC under A-sh and M-st conditions to early stationary phase. Total RNA was 
extracted and subjected to rt-PCR analysis. The PCR products were separated on a 1.5 % 
agarose gel and stained with GelStar Stain (Cambrex) for visualization. Transcription of 
the constitutively expressed rpsL was used as a control.  
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Binding of purified PvdS to the promoter regions of toxA, regA, and ptxR 

 The above results indicate that PvdS regulates different genes according to EO. 

For example under A-sh and M-st conditions, regA and pvdD are stringently regulated by 

PvdS (Figs. 3.3 and 3.5). Expression of toxA by PvdS is stringently controlled under A-sh 

but relaxes under M-st conditions (Fig. 3.1). Conversely, ptxR expression is only slightly 

influenced by PvdS under A-sh and not at all under M-st conditions (Fig. 3.6). Studies 

have shown that the alternative sigma factor PvdS complexed with core RNA polymerase 

(RNAP) binds to a specific consensus sequence known as the iron starvation (IS) box 

within the promoters of different pyoverdine gene (Table 3.3) (Leoni et al., 2000; Wilson 

and Lamont, 2000). Potential IS boxes were also identified in the upstream regions of 

toxA, regA, and ptxR (Table 3.3) (Hunt et al., 2002; Wilson et al., 2001). However, 

specific binding of the PvdS-RNAP holoenzyme to these upstream regions has not been 

demonstrated. Therefore, we examined the binding of the PvdS-RNAP to the toxA, regA, 

and ptxR promoters.  

 

 

Gene Binding sequence 
pvdA1    C           T       T A A A T         T          C 
pvdD1    G           C       T A A A T         C         C   
pvdE1    G           C       T A A A T         A         C 
pvdF1    C           G       T A A A T         A         G 
toxA2    C           A       T A A A T         C         C 
regA2    G           C       T A G A T         A         C 
ptxR1    A           G       T A A A T         A         G 

Consensus (G/C)    (G/C)     T A A A T     (T/A)    (C/G) 
1 Wilson et al., (2001); 2 Hunt et al., (2002); letters in bold type  
highlight differences from the consensus sequence 

 

E. coli strain M15 carrying the previously described recombinant plasmid pPvdSF 

was used as the source of the purified PvdS protein (Table 3.1) (Leoni et al., 2000). PvdS 

was overexpressed and purified by immunoaffinity chromatography using the FLAG-M2 

antibody as previously described (Leoni et al., 2000). The specific interaction of the 

PvdS-RNAP holenzyme to the promoter regions of the PvdS regulated genes was 

Table 3.3. IS box within upstream regions of PvdS regulated genes 
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examined by mobility shift assays (EMSA). DNA fragments of 211 bp, 251 bp, 354 bp, 

and 129 bp containing the promoter regions of toxA, regA, ptxR, and pvdEF, respectively, 

were labeled with [γ-32P]ATP. The specificity of the holoenzyme binding to the DNA 

was enhanced by the addition of heparin, which is a polyanion that attacks weak/non-

specific binding of RNAP to DNA; the nonspecific RNAP-DNA closed complex is 

heparin sensitive to optimal levels, while the specific RNAP-DNA open complex is 

resistant (Pfeffer et al., 1977). Binding reactions were conducted as described in 

Materials and Methods and primarily consisted of probe, E. coli core-RNAP, purified 

PvdS, and heparin. Titration of core-RNAP with purified PvdS (1:1 (μg/μl), 1:4, and 1:5) 

showed that optimal binding was achieved with a 5-fold excess of PvdS to E. coli core-

RNAP. As previously demonstrated by Wilson et al (2001), the PvdS-RNAP holoenzmye 

produced a specific gel shift band with the pvdEF probe (Fig. 3.10A). Specific binding 

bands with the PvdS-RNAP were detected with the toxA, regA, and ptxR probes (Figs. 

3.10B, C and D). Leoni et al (2000) previously indicated that the PvdS-RNAP 

holoenzyme bound with low efficiency. As shown in figure 3.10, we detected the same 

phenomenon; most of the probe was detected in the free, unbound form. However, 

purified PvdS alone did not bind any of the probes, which indicates the requirement of 

the PvdS-RNAP holoenzyme for binding (Fig. 3.10). These results suggest that PvdS 

regulates the expression of toxA, regA, and ptxR genes by directly binding to their 

respective promoter regions. Whether each gene is regulated independently of the others 

is not known at this time.  
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Promoter pvdEF 

PvdS - - + + 
Core - + - + 
probe + + + + 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10. Binding of PvdS complexed with E.coli core RNA polymerase to DNA 
fragments that carry IS boxes. The PvdS-RNAP complex was incubated with the DNA 
fragments that carry the (A) pvdEF intergenic region (positive control), (B) toxA 
upstream region, (C) regA upstream region, and (D) ptxR upstream region. DNA 
experiments were conducted in the presence of heparin (0.8 μg/mL). 
 
 
 
 

Promoter toxA 

PvdS - - + + 
Core - + - + 
probe + + + + 

Promoter regA 

PvdS - - + + 
Core - + - + 
probe + + + + 

Promoter ptxR 

PvdS - - + + 
Core - + - + 
probe + + + + 

A. B. 

C. D. 
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Discussion 

 We have previously reported that reduced environmental oxygen (EO) 

levels significantly increase toxA expression in PAO1 (Gaines et al., 2005). Under 

anaerobic-static (An-st) conditions, toxA expression was approximately 10-fold higher 

than that under aerobic-shaking (A-sh) conditions (Gaines et al., 2005). In most P. 

aeruginosa infection sites, the environmental conditions are likely to be microaerobic 

rather than aerobic (Xiong et al., 2000). However, initial analysis revealed that in 

comparison with A-sh conditions, pvdS expression under An-st conditions was reduced 

rather than increased (Gaines et al., 2005). In this study, we analyzed the role of PvdS in 

the expression of toxA and other toxA regulators under reduced EO levels (A-sh versus 

microaerobic-static).  We selected A-sh conditions as a control since most in vitro studies 

examined the interaction between PvdS and PvdS-regulated genes under these conditions 

(Cunliffe et al., 1995; Hunt et al., 2002; Leoni et al., 2000; Ochsner et al., 1996; Vasil et 

al., 1998; Wilderman et al., 2001; Wilson et al., 2001). As shown in figure 3.9, the 

amount of pvdS mRNA in PAOIL was considerably less under microaerobic-static (M-st) 

than under A-sh conditions. This confirms our previous results (Gaines et al., 2005) and 

supports the previous analysis of Ochsner et al. (1996) who suggested that PvdS is an 

aerobic-dependent sigma factor. Using RNase protection assays, Ochsner et al. (1996) 

showed that pvdS expression was decreased 10-fold under microaerobic conditions in 

comparison with aerobic conditions. Our analysis suggests that PvdS regulates the 

expression of pvdD, regA, and toxA by a single mechanism under A-sh conditions (Figs. 

3.1-3.5). In comparison with PAOIL, the expression of these genes in PAO::pvdS was 

significantly reduced (Figs. 3.1-3.5). In addition, ptxR expression was partially reduced 

(Fig. 3.6). However, under M-st conditions, PvdS appears to modulate the stringency of 

its regulation of all four genes (toxA, regA, pvdD, and ptxR) by three separate levels.    

 The first level includes pvdD and regA, whose expression paralleled that of pvdS. 

As shown in figures 3.3 and 3.5, the expression of pvdD and regA under M-st conditions 

was significantly lower than that under A-sh conditions (Figs. 3.3, 3.5 and 3.9). This 

confirms the results of previous studies and indicates that PvdS is required for the 
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activation of regA and pvdD regardless of EO levels (Ochsner et al., 1996). Using RNase 

protection experiments, Ochsner et al. (1996) showed that in comparison with PAO1, 

PAO::pvdS produced no detectable regA mRNA under aerobic or microaerobic 

conditions. Besides confirming these results, our current analysis indicates that under M-

st conditions, expression of regA and pvdD was reduced even in the absence of functional 

PvdS (Figs. 3.3 and 3.5).  Under M-st conditions in PAO::pvdS, regA and pvdD 

expression was lower than that under A-sh conditions (Figs. 3.3 and 3.5). This suggests 

that reduced levels of EO negatively regulate the expression of regA and the pyoverdine 

genes through factors other than PvdS.  

The second level includes toxA. Based on studies that were conducted under 

aerobic conditions, the widely accepted hypothesis is that PvdS and RegA constitute part 

of the system through which iron represses toxA expression in P. aeruginosa (Frank et 

al., 1988; Hamood et al., 2004). Upon its activation by iron, the ferric uptake regulator 

Fur binds to the pvdS upstream region and represses pvdS expression, which in turn leads 

to repression of regA and toxA expression (Hamood et al., 2004). In the absence of iron, 

pvdS is fully expressed and synthesizes PvdS, which activates regA and toxA expression 

(Hamood et al., 2004). However, the exact mechanism of toxA and regA activation by 

PvdS is not known (Hamood et al., 2004). Previous studies clearly indicated that toxA 

depends on regA for its expression, as a P. aeruginosa regA mutant failed to produce 

toxA mRNA or ETA protein (Hamood et al., 2004; Raivio et al., 1996; West et al., 1994). 

Our study shows that unlike regA, expression of toxA in PAOIL was significantly 

increased under M-st conditions (Figs. 3.1 and 3.3). Our study demonstrates two main 

features of toxA regulation under M-st conditions. First, unlike pvdS and regA, toxA 

expression is significantly increased under M-st conditions in comparison with A-sh (Fig. 

3.1). Second, maximum toxA expression under M-st conditions still requires PvdS and 

RegA. As shown in figure 3.1, the level of toxA expression in PAO::pvdS was 

significantly reduced under both EO conditions in comparison with PAOIL. In addition, a 

regA mutant of PAO1 produced no detectable ETA under either A-sh or M-st conditions 

(data not shown). The increase in toxA expression under M-st conditions does not occur 
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through PvdS. Although the level of toxA expression in PAO::pvdS was significantly 

reduced, it was still higher under M-st conditions in comparison with A-sh (Fig. 3.1).  

The third level includes ptxR, which includes the following features: (1) As we 

previously showed and similar to toxA transcription, ptxR expression is significantly 

increased under M-st compared with A-sh conditions (Fig. 3.6 and 3.7) (Gaines et al., 

2005). (2) With respect to PvdS, ptxR expression under A-sh conditions appears to be 

partially regulated by PvdS (Fig. 3.6C). (3) However, PvdS does not appear to affect ptxR 

expression under M-st conditions (Fig. 3.6D). As shown in figure 3.6, the pattern of ptxR 

expression in PAOIL and PAO::pvdS are similar throughout the growth cycle of both 

strains. This effect is unique for ptxR expression. One possible explanation for these 

results is that under M-st conditions, ptxR expression in PAO::pvdS is significantly 

increased by a PvdS independent mechanism (Fig. 3.6). (4) The increase in ptxR 

expression under M-st conditions appears to occur through the ptxR-P2 promoter (Fig. 

3.7). The pattern of ptxR expression from pJAC24 and pJH2 in PAOIL and PAO::pvdS 

under M-st conditions is basically the same (Fig. 3.8). These results differ from our 

previous analysis of ptxR expression (Vasil et al., 1998). Based on our RNase protection 

analysis, we suggested that PvdS positively regulates ptxR expression under microaerobic 

conditions but not aerobic (Vasil et al., 1998). Differences between these two studies 

could be explained by the alternate techniques used in both studies. In this study, we 

examined ptxR transcriptional regulation in PAOIL and PAO::pvdS. In our previous 

analysis, we examined both transcriptional and post-transcriptional regulation of ptxR 

(the accumulation of mRNA) (Vasil et al., 1998). In addition, while in this study we 

examined ptxR expression throughout the growth cycle of PAOIL and PAO::pvdS, we 

examined ptxR expression only at the 6 and 8 h time points in the previous study (Vasil et 

al., 1998).  

Reduced levels of EO were previously shown to affect another P. aeruginosa 

virulence attribute; alginate production (Wyckoff et al., 2002). Wyckoff et al. (2002) 

showed that the growth of the mucoid strain FRD1 under low EO in static conditions 

produces non-mucoid variants that gradually predominant. This conversion was not 
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readily detectable in FRD1 cultures that were grown under A-sh conditions (Wyckoff et 

al., 2002). The conversion from mucoid to non-mucoid was associated with the 

acquisition of flagellar motility (Wyckoff et al., 2002). Both phenotypes appear to be 

related to mutations within the alginate regulatory gene, algT (Wyckoff et al., 2002). It is 

possible that the observed increase in toxA expression under M-st conditions is related to 

the conversion of the mucoid phenotype. Although, no previous association between 

alginate synthesis and the expression of toxA and/or toxA regulators has been 

demonstrated, we can not rule out the presence of such an association at this time. One 

possible reason for the lack of a previously reported association is that all toxA regulatory 

studies were conducted in PAO1, which does not produce a clear mucoid phenotype in 

vitro like FRD1 (Bragonzi. et al, 2005). An alternative approach would be to examine the 

effect of reduced EO on toxA expression in strain FRD1 and compare that with a possible 

change in the mucoid phenotype.  

Ochsner et al. (1996) previously suggested the presence of an iron- and oxygen-

dependent toxA negative regulator that would interfere with toxA transcription during late 

stationary phase of growth. This was based on the observations that ETA production was 

reduced but still negatively regulated by iron in PAO::pvdS in which PvdS was 

overexpressed from the tac promoter (Ochsner et al., 1996).  In addition, under 

microaerobic conditions and in iron-sufficient medium, PAO1 in which PvdS was 

overexpressed produced toxA mRNA at the 4 and 8 h time points (Ochsner et al., 1996).  

However, under aerobic conditions, the same strain produced toxA mRNA at 4 h only 

(Ochsner et al., 1996).  In contrast, regA mRNA was detected at 4 and 8 h under both 

conditions (Ochsner et al., 1996).  In support of Ochsner et al. (1996), Barton et al. 

(1996) described a PAO1 fur mutant (C6) in which ETA was constitutively produced 

with respect to iron under microaerobic but not aerobic conditions. We also propose the 

presence of a separate toxA regulator. Our results suggest the presence of a 

microaerobically-induced positive toxA regulator that functions in the presence or 

absence of PvdS (Fig. 3.1). However, PvdS is required for efficient ETA production 

under all EO conditions (Fig. 3.2). In addition, the enhancement in toxA expression by 
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reduced EO was detected in PAOIL and PAO::pvdS in iron-deficient and iron-sufficient 

medium (data not shown).  

Previous studies have not reported a comparative analysis of the PAO1 proteome 

or transcriptome under aerobic and microaerobic conditions, but several studies have 

examined proteomic and transcriptive analyses under aerobic and anaerobic conditions 

(Filiatrault et al., 2006; Filiatrault et al., 2005; Wu et al., 2005). Using two dimensional 

gel analyses, Wu et al. (2005) indicated that several PAO1 proteins were differentially 

expressed under anaerobic conditions compared to aerobic conditions. Additionally, the 

effect of anaerobic conditions on the production of secreted PAO1 proteins was examined 

using one dimensional gel analysis (Wu et al. 2005). LasB elastase, chitinase binding 

protein CbpD, and the hypothetical protein PAO572 were decreased, while the 

production of the flagellar filament protein FliC was enhanced (Wu et al. 2005). It is not 

surprising that Wu et al. (2005) did not detect extracellular ETA under aerobic or 

anaerobic conditions. The growth medium used by Wu et al. (2005) is iron-sufficient and 

not optimal for toxA expression. Similarly, Filiatrault et al. (2005) used LB broth, which 

is also iron-sufficient, to examine the effect of anaerobiosis and nitrate on the expression 

of different PAO1 genes by microarray analysis. While more than 600 genes including 

the quorum sensing genes (lasB, lasA, rhlA, rhlR, and the quinolone synthesis genes 

pqsB, C, and D) were differentially expressed under anaerobic conditions, no effect on 

the expression of pvdS, pvdD, toxA, regA, or ptxR was noted (Filiatrault et al., 2005). In 

our studies, we used the iron-deficient medium TSB-DC, which induces toxA expression. 

Based on the proteome and transcriptome studies and the results from our present 

analysis, toxA and ptxR expression under M-st conditions may be regulated by a factor 

that is only induced in iron-deficient medium under reduced EO. A likely possibility is 

that the observed increase in toxA and ptxR expression is the result of a combined effect 

of two regulators: one induced/activated in iron-deficient medium and another that is 

induced/activated under reduced EO. PvdS is likely the factor that is induced in iron-

deficient medium since iron regulation of toxA and regA has been shown to require PvdS 

(Hamood et al., 2004). Additionally, the reduced level of pvdS expression under M-st 
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conditions is still sufficient for toxA and ptxR expression (Figs. 3.1 and 3.6). The increase 

in toxA expression under M-st conditions may occur through ptxR or a regulator 

independent of ptxR. A preliminary experiment utilizing the sandwich ELISA (Materials 

and Methods) showed that more ETA was produced in a ptxR mutant under M-st 

conditions in comparison with A-sh (data not shown). Therefore, we believe that the 

increase in toxA expression may be due to a ptxR-independent mechanism.  

A possible candidate for the M-st toxA regulator is the anaerobic response 

regulator (ANR), which is essential for the growth of P. aeruginosa under anaerobic 

conditions (Ye et al., 1995). ANR activates the expression of the hydrogen cyanide 

genes, deaminase genes, and genes involved in the denitrification pathways, but repress 

the expression of several genes of the aerobic respiratory pathway (Pessi et al., 2000; Ray 

et al., 1997). As we previously indicated, a potential ANR binding site exists within the 

ptxR upstream region but not the toxA upstream region (Gaines et al., 2005). However, a 

more likely candidate is the global virulence factor regulator Vfr, which positively 

regulates the production of ETA, proteases, and quorum sensing (Suh et al., 2002; West 

et al., 1994). A vfr mutant produces significantly lower levels of toxA and ptxR 

expression than the parent strain under A-sh conditions (Davinic et al., manuscript in 

preparation; Suh et al., 2002; West et al., 1994). Additionally, purified Vfr in the 

presence of cAMP specifically binds to the upstream region of  ptxR, toxA, regA, the 

quorum sensing gene lasR, and the flagellar regulator fleQ (Dasgupta et al., 2002; 

Davinic et al., manuscript in preparation; Kanack et al., 2000; Runyen-Janecky et al., 

1996). Proteomic analysis of PAO1 revealed that Vfr synthesis under anaerobic 

conditions increased by 1.5-fold in comparison with A-sh conditions (supplementary 

material, Wu et al., 2005). The increase in Vfr may not be limited to anaerobic conditions 

only, but may also occur under other levels of reduced EO. Therefore, toxA and ptxR may 

be individually regulated by PvdS in iron-deficient medium and by Vfr under M-st 

conditions. One possible approach to examine this scenario is to compare the level of 

toxA and ptxR expression in PAO1 and its vfr isogenic mutant under A-sh and M-st 

conditions. If Vfr does affect the expression of toxA and ptxR, then the expression of 
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these two genes would be enhanced under M-st conditions in PAO1 but not in the vfr 

mutant strain. We conducted preliminary DNA binding experiments to identify a 

potentially induced toxA regulator (data not shown). Through these experiments, we 

compared the binding profile of lysate proteins from PAOIL that were grown under A-sh, 

aerobic-static, and M-st conditions (data not shown). While we detected unique gel shift 

bands under A-sh conditions, no distinct gel shift bands were detected under M-st 

conditions (data not shown).  

Despite the presence of a potential PvdS binding site within the upstream regions 

of toxA, regA, ptxR, and the pyoverdine genes, actual binding of the PvdS-RNAP was 

only demonstrated with the pyoverdine genes (Leoni et al., 2000; Wilson and Lamont, 

2000). In addition, in vitro transcription studies indicated that binding of the PvdS-RNAP 

complex to the pvdA was sufficient to enhance pvdA transcription (Leoni et al., 1996). 

Our binding experiments showed that the PvdS-RNAP complex binds to the toxA, regA, 

and ptxR upstream regions (Fig. 3.10). At this time, we do not know if the PvdS-RNAP 

binds and enhances the transcription of each gene. With respect to toxA, current studies 

suggest that PvdS regulates toxA expression through regA and possibly ptxR (Hamood et 

al., 2004). Ochsner et al. (1996) previously demonstrated that a PAO1 regA deletion 

strain in which PvdS was overexpressed from the tac promoter produced no detectable 

ETA. Thus, it is possible that PvdS enhances toxA expression both directly by binding to 

the toxA upstream region and indirectly by binding to the upstream region of regA and 

ptxR and enhancing their transcription.  
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GENERAL DISCUSSION 

 

Pseudomonas aeruginosa is the predominant causative agent of lung deterioration 

in cystic fibrosis (CF) patients (Chmiel and Davis, 2003). Exotoxin A (ETA), encoded by 

toxA, is a major virulence factor produced by P. aeruginosa during chronic CF lung 

infections (Hamood et al., 2004). ETA production is usually achieved by growing P. 

aeruginosa cultures in iron-deficient medium at 32 °C in aerobic conditions (vigorously 

shaking) (Hamood et al., 2004). Numerous studies have identified different components 

of the toxA regulatory circuit under these conditions (Hamood et al., 2004). Within the 

CF lung, P. aeruginosa grows in the abnormally thickened mucus layer that is static, 

iron-deficient, and reduced in environmental oxygen (EO) (Chmiel and Davis, 2003; 

Hassett et al., 2002). These conditions force P. aeruginosa to increase alginate 

production and switch to anaerobic metabolism (Chmiel and Davis, 2003; Hassett et al., 

2002). The most important findings of our studies are toxA expression and ETA synthesis 

are enhanced under microaerobic-static (M-st) conditions, and these conditions alter the 

expression of genes that constitute the toxA regulatory circuit under aerobic-shaking (A-

sh) conditions. This indicates that toxA is regulated by additional factors that may not 

function under aerobic-shaking conditions. This phenomenon resembles the conversion 

of non-mucoidy to mucoidy phenotype of P. aeruginosa within a CF lung (Govan and 

Deretic, 1996; Hassett et al., 2002). Mucoidy is a P. aeruginosa phenotype that illustrates 

the overproduction of alginate (Govan and Deretic, 1996). Nearly all P. aeruginosa wild-

type isolates are non-mucoid (Govan and Deretic, 1996; Hassett et al., 2002). However, 

as P. aeruginosa colonizes the CF lung, the bacterium increases its alignate production to 

form a mucoidy phenotype (Govan and Deretic, 1996; Hassett et al., 2002). The 

conversion of non-mucoidy to mucoidy phenotype is considered a hallmark of chronic 

CF lung infections with P. aeruginosa (Govan and Deretic, 1996; Hassett et al., 2002). 

Therefore, studies aimed at understanding the regulation of toxA expression in CF 

patients should consider conditions, which closely mimic the in vivo environment.  In 

addition, the effect of reduced EO and static growth may not be limited to ETA but may 



 96

involve other P. aeruginosa virulence factors (elastase, pyocyanin, rhamnolipid, and type 

III secretion factors) that have been studied under defined laboratory conditions.  

The only regulator to follow a similar increase of expression as toxA under 

reduced EO and static growth is ptxR. Using sandwich ELISA, we recently detected that 

a ptxR isogenic mutant produces less ETA than the parent strain under M-st conditions 

(data not shown). This suggests that PtxR is involved in toxA expression under the 

defined conditions. However, it is clear that the significant increase in toxA expression 

under anaerobic and static conditions does not occur solely through PtxR. Further studies 

are required to determine the exact role of PtxR in this regulation, and whether PtxR 

interacts with other potential regulators.  

Our studies clearly show that toxA expression under M-st conditions requires the 

two main regulators, RegA and PvdS. However, the increase in toxA may not occur 

through either of these regulators since expression of regA and pvdS was decreased under 

M-st conditions. This suggests the presence of additional toxA regulators, besides PtxR, 

whose expression and/or synthesis is induced under these conditions. One way to identify 

this regulator is through random transposon mutagenesis of a P. aeruginosa strain that 

carries a chromosomal toxA-lacZ fusion. Random mutagenesis may be achieved using the 

previously described suicide vector pRK2013:Tn5G (Nunn and Lory, 1992), which 

carries a Tn5 transposon. Colonies representing individually mutagenized cells will be 

replica plated on agar plates and would be incubated under either aerobic or microaerobic 

conditions. Individual colonies will be screened for the level of β-galactosidase activity 

using a modified 96-well microtiter plate protocol. Colonies producing low levels of β-

galactosidase activity in comparison with the parent strain under microaerobic conditions 

will be selected for further analysis. Additional analyses would include isolation of the 

potential gene and construction and characterization of a PAO1 isogenic mutant defective 

in this gene.  

An important component of the CF lung that is not included in these in vitro 

regulation studies is sputum. CF sputum is a viscous gel that contains inflammatory cells, 

cellular debris, and bacteria (Bush et al., 2006). Previous studies have indicated that P. 
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aeruginosa gene expression is affected by CF sputum (Wang et al., 1996; Wolfgang et 

al., 2004). Wolfgang et al. (2004) used whole-genome microarray to examine P. 

aeruginosa strain PAK in response to respiratory mucus obtained from chronically 

infected CF patients. Results demonstrated that expression of  toxA and ptxR were 

increased by 3- and 15-fold, respectively (Wolfgang et al., 2004). Recently an artificial 

CF medium has been developed that includes mucin obtained from pig stomach mucosa, 

DNA, surfactant, low iron, salt ions, and amino acids (Sriramulu et al. 2005). The growth 

of P. aeruginosa in the artificial CF medium produced phenotypes that were similar to 

those seen when the bacterium was grown in medium containing sputum obtained from 

CF patients (Sriramulu et al., 2005). One important study is to examine the combined 

effect of M-st conditions and mucus on the expression of toxA, regA, ptxR, and pvdS. 

PAO1 would be grown in the artificial CF medium under A-sh, M-st, and anaerobic-

static conditions. Expression of the different genes would be determined as described in 

the present study. If CF mucus enhances toxA and ptxR expression, we would expect 

higher expression levels under M-st in comparison with A-sh conditions.   

Another factor that may affect toxA expression within the CF lung is the presence 

of other bacteria. Resident microflora isolated from CF sputum with and without P. 

aeruginosa infections include Streptococcus spp, Staphylococcus spp, Haemophilus 

influenzae, and Candida albicans (Duan et al., 2003). Using an agar bead rat lung 

infection model, Duan et al. (2003) revealed that the virulence of P. aeruginosa was 

significantly enhanced in the presence of either Streptococcus or Staphylocococcus (Duan 

et al., 2003). An in vitro method used a P. aeruginosa random reporter-based promoter 

library to screen which genes were affected by the presence of either Streptococcus or 

Staphylococcus isolated from CF sputum (Duan et al., 2003). Results demonstrated that 

approximately 4 % P. aeruginosa genes were modulated by the resident microflora 

(Duan et al., 2003). While many of the modulated genes encoded proteins involved in 

transport, metabolism, and iron up-take genes, others encoded virulence factors including 

exoenzyme S (ADP-ribosyl transferase), elastase, flagellin, and rhamnolipid (Duan et al., 

2003). Thus, microflora may affect the expression of toxA and or ptxR within the lung of 
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CF patients. One method to examine this phenomenon is to use spent medium from a 

Streptococcus or Staphylococcus culture. The spent medium can be added to the artificial 

CF sputum and used to examine P. aeruginosa growth and production of ETA. If either 

species secretes a factor that positively affects P. aeruginosa, then there should be an 

increase in ETA production. 

Recently Lee et al. (2005) analyzed P. aeruginosa strains that were repeatedly 

isolated from chronically infected CF patients over a period of several years. Results 

showed that the prolonged infection affected the ability of individual P. aeruginosa 

strains to form biofilms and produce virulence factors (Lee et al. 2005). In addition, 

Hamood et al. (1996) previously demonstrated that repeated isolation of a single P. 

aeruginosa strain from chronically infected patients correlated with a significant increase 

in the production of exoenzyme S. A possible clinical study to analyze how the 

environment within the CF lung affects toxA expression is to determine if repeated 

isolation of a strain correlates with the increase in the expression level of toxA and ETA 

production. However, these in vivo related variations may disappear upon the in vitro 

growth of P. aeruginosa strain even in the presence of reduced EO and static conditions.  

Nearly all clinical P. aeruginosa isolates produce ETA (Gallant et al., 2000; 

Hamood et al., 2004). Bacterial RNA isolated from CF sputum subjected to population 

transcript studies have shown that regA and toxA are transcribed within the CF lung 

(Storey et al., 1992; Storey et al., 1998). A prudent investigation would be to perform a 

longitudinal study on P. aeruginosa chronically infected CF patients. Samples would be 

obtained over the course of ten years from a total of 15 male and female patients with 

chronic P. aeruginosa infections cohorted by age and severity of disease (adapted from 

(Ronne Hansen et al., 2006). Isolates could then be examined for virulence production 

and characteristics such as growth and the regulation of virulence factors. Results of this 

study would demonstrate if the patterns of regulation are altered over time and would 

need to take into account the host physiology and to compensate for any interference 

regarding therapeutic agents.  
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This study clearly demonstrates that the environment impacts P. aeruginosa 

regulation of toxA expression, ETA synthesis and pyoverdine production.  Figure 4.1 

demonstrates an overall summary with regard to gene regulation by PvdS in response to 

different environmental conditions (A-sh versus M-st). Under A-sh conditions, maximum 

expression of pvdS occurs, which strongly enhances regA and pyoverdine gene 

expression and modulates ptxR and toxA expression (Fig. 4.1A). Our results suggest that 

this regulation occurs by PvdS directly binding to the upstream regions of these genes 

(Fig. 4.1A). Under M-st conditions, the expression of pvdS is decreased, which in turn 

decreases expression of regA and the pyoverdine genes (Fig. 4.1B). However, the 

expression of ptxR and toxA is enhanced (Fig. 4.1B).  In figure 4.1C, we propose a 

mechanism for the increase in ptxR and toxA expression under conditions that mimic the 

CF lung (reduced EO, iron-deficient medium and static conditions).  The upregulation 

seen with ptxR and toxA cannot be accounted for by the minimal level of PvdS produced 

under M-st conditions.  At this lower level, PvdS has no effect on ptxR, but is sufficient 

to bind to the toxA upstream region allowing a low level of toxA expression to occur (Fig. 

4.1C).  We postulate that the dramatic increase in toxA and ptxR expression is elicited by 

a factor induced in the M-st conditions that directly affects toxA and ptxR (Fig. 4.1C).  In 

addition, ptxR may act to increase toxA expression as well (Fig. 4.1C). In conclusion, in 

vitro studies must closely mimic the in vivo environment in order to accurately portray 

bacterial gene regulation and would improve the overall scientific knowledge of the host-

bacterial interactions with regard to virulence production.  
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Figure 4.1. Overall summary of P. aeruginosa gene regulation in response to the A-sh or 
M-st conditions in iron-deficient medium. (A) PvdS regulation of pyoverdine and toxA 
under A-sh conditions. (B) The PvdS regulatory circuit under M-st conditions. (C) The 
proposed mechanism responsible for the increase in toxA expression under M-st 
conditions.                , direct binding of PvdS to the upstream regions; vertical arrow, 
increase or decrease in gene transcription in response to the different environmental 
condition; X, blocked pathway; and ?, unknown.  
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