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Previous research in our laboratory established that pyrB, pyrC or pyrD knock-out 

mutants in Pseudomonas aeruginosa required pyrimidines for growth. Each mutant was 

also discovered to be defective in the production of virulence factors. Moreover, the 

addition of exogenous uracil did not restore the mutant to wild type virulence levels. In an 

earlier study using non-pathogenic P. putida, mutants blocked in one of the first three 

enzymes of the pyrimidine pathway produced no pyoverdine pigment while mutants 

blocked in the fourth, fifth or sixth steps produced copious quantities of pigment, just like 

wild type P. putida. The present study explored the correlation between pyrimidine 

auxotrophy and pigment production in P. aeruginosa. Since the pigment pyoverdine is a 

siderophore it may also be considered a virulence factor. Other virulence factors tested 

included casein protease, elastase, hemolysin, swimming, swarming and twitching 

motilities, and iron binding capacity. In all cases, these virulence factors were significantly 

decreased in the pyrB, pyrC or pyrD mutants and even in the presence of uracil did not 

attain wild type levels. In order to complete this comprehensive study, pyrimidine mutants 

blocked in the fifth (pyrE) and sixth (pyrF) steps of the biosynthetic pathway were 

examined in P. aeruginosa. A third mutant, crc, was also studied because of its location 

within 80 base pairs of the pyrE gene on the P. aeruginosa chromosome and because of 

its importance for carbon source utilization. Production of the virulence factors listed above 

showed a significant decrease in the three mutant strains used in this study when 

compared with the wild type. This finding may be exploited for novel chemotherapy 

strategies for ameliorating P. aeruginosa infections in cystic fibrosis patients.  
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INTRODUCTION 
 

Pseudomonads 

 Pseudomonads are obligate aerobes that use oxygen as the final electron 

acceptor. In situations where O2 is not available, Pseudomonas can survive under 

anaerobic conditions using nitrate as the final electron acceptor (Carlson, 1982). These 

bacteria are a major group of chemoorganotrophic Gram-negative rods that lack a 

fermentative metabolism (Brock et al., 1994). Pseudomonads are well known both for 

their omnivorous nutritional and metabolic versatility, and for their wide environmental 

distribution where they play very important roles in chemical transformation of organic 

materials (Galli et al., 1992). Different species of Pseudomonas can thrive in different 

environments such as in nematodes (D'Argenio et al., 2002), plants (Rahme et al., 

1995, 1997) and mammals (Lomholt et al., 2001). Pseudomonas species have been 

investigated extensively by a large number of research groups, in particular 

Pseudomonas aeruginosa, the subject of this study, as it is associated with human 

infection, and because of its biochemical diversity. 

 The genus Pseudomonas comprises a diverse group of bacteria. A striking 

feature of the genus is the nutritional versatility of its member species, in particular P. 

aeruginosa. Pseudomonas species have the ability to metabolize a wide range of low 

molecular weight organic compounds (Stanier et al., 1966). P. aeruginosa in particular 

has the ability to utilize numerous classes of compounds as a carbon and energy 

sources (O'Sullivan and O'Gara, 1992). These compounds include sugars, fatty acids, 

dicarboxylic acids, tricarboxylic acids, alcohols, polyalcohols, aromatic compounds, 

amino acids and other organic molecules. P. aeruginosa is a ubiquitous organism which 
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is usually harmless to healthy human beings except in the case of immunocompromised 

patients such as burn victims and those with cystic fibrosis. Recently, P. aeruginosa 

was designated a global pathogen (Goldberg, 2000) and in humans acts as an 

opportunistic pathogen. P. aeruginosa was initially described as the causative agent of 

"blue pus" which exudes from the wounds of the burn victims. The pus contains bluish 

green pigments, now called pyocyanin, and a fluorescent yellow pigment, called 

pyoverdin.  

Pseudomonas aeruginosa is notorious for its resistance to antibiotics and is, 

therefore, a particularly dangerous and dreaded pathogen. The bacterium is naturally 

resistant to many antibiotics due to the permeability barrier afforded by its outer 

membrane (Lipopolysaccharides). Also, its tendency to colonize surfaces in a biofilm 

form makes the cells resistant to therapeutic concentrations of antibiotics. Since it lives 

in soil with bacilli, actinomycetes and molds, it has developed resistance to a variety of 

their naturally-occurring antibiotics. Moreover, Pseudomonas maintains antibiotic 

resistance plasmids and it can transfer these plasmid genes through transduction and 

conjugation.    

Pyrimidine Metabolism 

 Purines and pyrimidines are essential to synthesizing ribonucleic acid (RNA) and 

deoxyribonucleic acid (DNA) which are required for cellular growth. Pyrimidine 

metabolism is universal and appears to follow the same sequence in all organisms 

studied so far (O'Donovan and Neuhard, 1970; Grogan and Gonsalus, 1993). 

 The pyrimidine biosynthetic pathway is important for all organisms because it 

provides UTP and CTP for RNA, and dCTP and dTTP for DNA. Uridine monophosphate 
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(UMP) is the precursor for all the pyrimidine nucleotides. The pathway has been found 

to be the same in bacteria (Neuhard and Kelln, 1996), fungi (Denis-Duphil, 1989), plants 

(Doremus, 1986) and mammals (Jones, 1980). Although the sequence of the enzymatic 

reactions is almost the same, the structure of the enzymes in the pathway may vary 

from one organism to another. 

 There are two main pathways to synthesize the RNA and DNA precursors. The 

first pathway is the pyrimidine biosynthetic pathway (Figure 1) and the second is the 

pyrimidine salvage pathway (Figure 2). The pyrimidine biosynthetic pathway is a series 

of nine reactions, which lead to the formation of uridine-5-triphosphate (UTP) and 

cytidine-5-triphosphate (CTP). The salvage pathway is required for the recycling of UMP 

and CMP and is also required for the feeding of exogenous nucleotides and bases to 

mutants of the biosynthetic pathway. At any time during growth, the biosynthetic and the 

salvage pathways contribute 50% of the RNA synthesized. Therefore, the salvage 

pathway maintains a metabolic balance in the cell.  

The salvage pathway has been studied in detailed by Beck (1995) in more than 

40 different bacteria and their mutants. This study showed that the salvage pathways 

differ from one organism to another which is the opposite of the biosynthetic pathway. 

Another difference between these two pathways is that the pyrimidine biosynthetic 

pathway is missing in some obligate parasites (Jones, 1980), while some aspect of the 

salvage pathway is present in all organisms. 

In pyrimidine auxotrophs the salvage pathway fulfills the pyrimidine requirement 

in its entirety (O'Donovan and Shanley, 1995). In the case of the pyrimidine mutant 

strains, exogenous uracil, uridine, cytosine or cytidine can be used as a pyrimidine  
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Figure 1.  The pyrimidine biosynthetic pathway in Pseudomonas aeruginosa. Used with  
permission (Ralli, 2005). 
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Figure 2.  The pyrimidine salvage pathway in Pseudomonas aeruginosa. Part of the 
biosynthetic pathway is shown with bold arrows. Used with permission (Ralli, 2005). 
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source for growth. Uracil enters the cell by uracil permease, which is encoded by the  

gene uraA. Uracil and PRPP together produce UMP. This reaction is catalyzed by uracil 

phosphoribosyl transferase (UPRTase). After its formation, UMP can then follow the 

biosynthetic pathway, resulting in the formation of CTP from UTP. In the case of 

cytosine, cytosine permease, which is encoded by the gene codB, is able to get the 

cytosine into the cell. Then, it is deaminated to uracil by cytosine deaminase, which is 

encoded by the gene codA.  

Exogenous cytidine and uridine get into the cell by the action of the enzyme 

called nucleoside permease, which is encoded by the gene nup. Cytidine and uridine 

are irreversibly hydrolyzed to cytosine and uracil respectively by the enzyme nucleoside 

hydrolase, which is encoded by the gene nuh. Cytosine again is deaminated to uracil 

and uracil is then converted to UMP by the action of the enzyme UPRTase. Degradation 

of mRNA can result in the formation of CMP or UMP which can be degraded by 5' 

nucleotidase to cytidine or uridine respectively.  The enzyme CMP glycosylase 

degrades CMP to produce cytosine and ribose-5-phosphate (West et al, 1985). Also, 

CMP kinase can be used phosphorylate CMP to form CDP. Pseudomonas as a genus 

lacks cytidine deaminase and uridine and cytidine kinases. 

Pyrimidine biosynthetic pathway: 

 Almost all organisms synthesize purine and pyrimidine nucleotides by a  

biosynthetic pathway which is also called the de novo pathway. Pyrimidines are not 

synthesized as nucleotide derivatives, but instead the pyrimidine ring system is  

completed before a ribose-5-phosphate moiety is attached. Carbamoylphosphate and 

aspartate are the only precursors that contribute atoms to the six-membered pyrimidine 
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ring. 

Even though the sequence of events in the de novo pathway is similar in all 

organisms, the regulation of the events differs from one organism to another. In general 

the pathway is controlled at the level of enzyme activity by feedback inhibition and 

activation, and at the level of enzyme synthesis by repression and attenuation. The nine 

enzymes in the pyrimidine biosynthetic pathway have been most extensively studied in 

Escherichia coli.  

 The de novo pathway is initiated by the formation of one molecule of 

carbamoylphosphate and adenosine-5'-diphosphate (ADP) from glutamine or 

ammonium, bicarbonate and two molecules of adenosine-5'-triphosphate (ATP). This 

reaction is catalyzed by an enzyme carbamoylphosphate synthetase (CPSase), which is 

encoded by the carAB operon (Anderson and Meister, 1965). Both the arginine and 

pyrimidine biosynthetic pathways require carbamoylphosphate (Abdelal et al., 1969). 

The enzyme CPSase has two non-identical subunits. The formation of 

carbamoylphosphate from ammonia, bicarbonate and ATP is carried out by the large 

subunit, while the small subunit is responsible for the conversion of the amide nitrogen 

of glutamine to ammonia (Trotta et al., 1974; Abdelal and Ingraham, 1975).  

The next step in the pyrimidine pathway involves the carbamoylation of the 

amino group of aspartate to give carbamoylaspartate and an inorganic phosphate 

molecule. This reaction is catalyzed by an enzyme called aspartate transcarbamoylase 

(ATCase) which is encoded by the gene pyrBC' (Schurr et al., 1995; Vickrey, 1993). 

This step is unique to the pyrimidine biosynthesis because it represents the committed 

step in this pathway. All bacterial ATCases have the same catalytic component, which 

 7



consists of a homotrimer of approximately 34 kDa. This arrangement has been shown in 

E. coli (Ke et al., 1984) and in Bacillus subtilis (Brabson and Switzer, 1975). The 

classification of bacterial ATCases depends on molecular size, which varies depending 

on whether or not the catalytic subunit is associated with other non-catalytic subunits 

and on the nature of the subunit. 

 The third reaction in this pathway involves the cyclization of carbamoylaspartate 

with the elimination of a molecule of water to produce dihydroorotate. This reaction is 

catalyzed by dihydroorotase (DHOase) (Washabaugh and Collins, 1986). In E. coli, 

DHOase is a homodimer with a subunit molecular mass of 38 kDa (Sander and Heeb, 

1971). In P. aeruginosa there are three pyrC genes located at different positions on the 

bacterial chromosome (Brichta et al., 2004). The first gene, pyrC', encodes a non-

functional DHOase which is required for the activity of ATCase (Schurr et al., 1995). 

The second gene, pyrC, encodes the functional DHOase, which is active constitutively. 

The product of the third gene, pyrC2, becomes active only when PyrC loses its 

functional activity (Brichta et al., 2004).   

The fourth step of the pathway is catalyzed by a membrane bound enzyme called 

dihydroorotate dehydrogenase (DHOdehase), which is encoded by the gene pyrD. This 

enzyme carries out the oxidation of dihydroorotate to orotate. In E.coli, DHOdehase is a 

homodimer structure with a subunit molecular mass of 37 kDa   (Larsen and Jensen, 

1985; Karibian and Couchoud, 1974). Lactococcus lactis contains two pyrD genes, both 

of which code for DHOdehase using different cofactors (Andersen et al., 1994).  

Orotidine-5'-monophosphate (OMP), the first pyrimidine nucleotide, is formed in 

the fifth step by the transfer of ribose-5'-phosphate from γ-D-5'-phosphoribosyl-1'-
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pyrophosphate (PRPP) to orotate. In this reaction PPi is also produced (Liebermann 

and Kornberg, 1954). This reaction is catalyzed by the enzyme orotate phosphoribosyl 

transferase (OPRTase) which is encoded by the gene pyrE. The active form of the 

enzyme is a homodimer with a subunit molecular mass of 23 kDa. The enzyme 

OPRTase has been crystallized from both E.coli and Salmonella typhimurium (Aghajari 

et al., 1994).  

The decarboxylation of OMP is achieved in the next step by the enzyme OMP 

decarboxylase (OMPdecase), which is encoded by the gene pyrF (Scapin et al., 1993). 

This results in the formation of uridine-5'-monophosphate (UMP), which serves as a 

precursor for all pyrimidine nucleotides. The enzyme is active as a dimer with a subunit 

molecular mass of 26 kDa. In bacteria, the OPRTase and OMPdecase are separate 

monofunctional enzymes but in higher eukaryotes these two reactions are catalyzed by 

a bifunctional enzyme known as UMP synthase (Jones, 1980). 

 UMP kinase, which is encoded by the gene pyrH, catalyzes the phosphorylation 

of UMP to uridine diphosphate (UDP) (O'Donovan and Gerhart, 1972; Serino et al., 

1995). The enzyme is a dimmer with a subunit molecular mass of 26 kDa. The reaction 

transfers a phosphate from ATP to UMP and releases adenosine diphosphate (ADP). 

Then, UDP is further phosphorylated to uridine triphosphate (UTP) by the enzyme 

nucleoside diphosphate kinase which is encoded by the gene ndk (Ginther and 

Ingraham, 1974). The active enzyme consists of a tetramer of 64 kDa, formed from four 

16 kDa subunits. Cytidine triphosphate (CTP) is formed by the action of the enzyme 

CTP synthetase, which is encoded by the gene pyrG. The enzyme has a molecular 

mass of 60 kDa. In this reaction both ATP and glutamine are involved (Long and 
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Koshland, 1978; Anderson, 1983).  

Regulation of the Pyrimidine Biosynthetic Pathway 

 In E. coli the pyrimidine biosynthetic pathway is regulated at the level of enzyme 

synthesis by attenuation (Roof et al., 1982; Turnbough et al., 1983). The pyrBI genes 

encoding ATCase and the pyrE gene encoding OPRTase have upstream leader 

sequences that allow attenuation control (Navre and Schachmann, 1983). At the level of 

enzyme activity the pathway is regulated by allosteric inhibition (Gerhard and Pardee, 

1962, 1964). Control of enzyme activity occurs at three steps in the pyrimidine pathway. 

The first step, catalyzed by CPSase, encoded by the gene carAB, is inhibited by UMP 

and activated by ornithine and inosine-5'-monophosphate (IMP) from the purine 

pathway. Carbamoylphosphate is involved in both the pyrimidine and the arginine 

pathways. Therefore, CPSase is also regulated by arginine while being activated by 

ornithine. The second step is catalyzed by ATCase, encoded by pyrBI, is inhibited by 

CTP and UTP and activated by ATP (Foltermann et al., 1981). The final step in the 

pyrimidine pathway, which is catalyzed by the enzyme CTP synthetase, is inhibited by 

CTP and activated by UTP (Long and Pardee, 1967; Long and Koshland, 1978). 

 In Pseudomonas, regulation of the pyrimidine pathway is significantly different 

from that of E.coli. The regulation of the pathway in Pseudomonas is strongly influenced 

by pyrimidine and purine nucleotide effectors (Chu and West, 1990). The activity of the 

CPSase is inhibited by UMP and activated by ornithine and N-acetylornithine (Abdelal et 

al., 1983). The activity of ATCase, which is encoded by the gene pyrBC', is inhibited by 

ATP, CTP, and UTP with ATP showing the most inhibition (Isaac and Holloway, 1968; 

Condon et al., 1976; Schurr et al., 1995; Vickrey, 1993). At the level of transcription, the 
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pyrimidine pathway in P. aeruginosa is controlled by the product of the pyrR gene, 

which is located in an operon upstream of the pyrBC' gene (Kumar, 2002). The product 

of the pyrR gene, which is a regulatory protein, controls the expression of the three final 

pyrimidine biosynthetic genes. Those genes are pyrD, pyrE, and pyrF. It has been 

shown that in the pyrR- strain, the activity of the pyrD, pyrE, and pyrF products are 

diminished.  The pyrR product does not regulate pyrB or pyrC products because the 

pyrBC' genes have their own promoter.  

Catabolite repression control: 

 The gene crc is responsible for catabolite repression control. The ability of an 

organism to preferentially metabolize one carbon source over another is known as 

catabolite repression control. P. aeruginosa, like E. coli and other enteric bacteria, is 

able to preferentially metabolize one carbon source over another when both are present 

in the growth medium and can repress induction of multiple catabolic pathways by 

growth on a preferred carbon source (Lessie and Phibbs, 1984). 

 In E. coli and other Gram negative enteric bacteria, glucose is the preferred 

carbon source and its catabolite repression control involves the catabolite activator 

protein (CAP), also referred to as the cAMP receptor protein (CRP) encoded by the crp 

gene. Glucose transport in these enteric bacteria is mediated by the 

phosphoenolpyruvate-dependent transport system (PTS) and the binding of the signal 

molecule, cAMP to CAP.  This system works by the regulation of cAMP concentration 

via adenylate cyclase activity. In the presence of glucose, the levels of cAMP are low 

and the constitutively expressed CAP is not bound by cAMP thereby does not induce 

the transcription of the repressed structural genes such as the one responsible for 
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lactose utilization. When glucose is depleted, the intracellular level of cAMP is increased 

and CAP will bind cAMP to form CAP-cAMP complex. This complex can bind to the 

promoter region of the repressed genes and enhance transcriptional initiation.  

In enteric bacteria, catabolite repression control has proven to be a global 

mechanism affecting at least 28 separate promoters which regulates biosynthetic as 

well as catabolite operons (Collado-Vides, et al., 1991).    Unlike E. coli, neither cAMP 

nor adenylate cyclase plays any role in catabolite repression control in P. aeruginosa 

(Siegel et al., 1977; Philips and Mulfinger, 1981). Therefore, PTS appears not to be 

involved in catabolite repression control in pseudomonads where the strongest 

repressing substrates are acetate, tricarboxylic acid cycle intermediates such as 

succinate and also glucose in some cases (Hylemon and Phibbs,Jr., 1972; Smyth and 

Clarke, 1975; Collier et al., 1996).  

 In P. aeruginosa, the only protein so far shown to be involved in catabolite 

repression control is Crc which is encoded by the crc gene (MacGregor et al., 1992). In 

the study of Hester et al.(1999), it was shown that Crc is involved in the catabolite 

repression of the bdk operon of P. aeruginosa, which is responsible for encoding the 

inducible multienzyme complex called branched-chain keto acid dehydrogenase 

(BCKAD). This study showed that crc is responsible for a significant fraction of the 

repression of the P. aeruginosa bkd operon by glucose and succinate synthetic media. 

The levels of BCKAD activity in the crc mutant were elevated compared to the wild type 

under all growth conditions. This suggests that constitutive levels of Crc in P. 

aeruginosa wild type cause repression of the bkd operon expression in the absence of a 

repressing carbon source. Catabolite repression control is also involved in the 
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regulation of glucose-6-phosphate dehydrogenase (Wolff et al., 1991; Siegel et al., 

1977) and amidase (Symth and Clarke, 1975; Farin and Clarke,1987) in P. aeruginosa 

and P. putida. 

 In P. aeruginosa the crc gene, which encodes the Crc, is located 80 bp upstream 

of the pyrE gene. The pyrE is part of the pyrimidine biosynthetic pathway and encodes 

the protein orotate phosphoribosyl transferase (OPRTase). These two genes are 

divergently transcribed (MacGregor et al., 1996). Divergent transcription is a relatively 

common type of gene organization; approximately 40% of all transcription units in E. coli 

are transcribed from divergent promoters (Opel et al., 2001). Of these, 60 % contain 

one or more operons or gene-specific regulatory genes. 

 One of the goals of this study is to determine if the regulatory protein Crc of P. 

aeruginosa, encoded by crc gene, plays any role in the regulation of the pyrimidine 

biosynthetic pathway. Since the crc gene is located just 80 bp upstream of the pyrE 

gene, this study is important in order to determine which gene is expressed in P. 

aeruginosa under different conditions.  

Pathogenicity of P. aeruginosa 

 To initiate infection, P. aeruginosa usually requires a breach or bypass of normal 

cutaneous or mucosal barriers such as serious burns, disruption of the protective 

balance of normal mucosal flora by broad-spectrum antibiotics, or alteration of the 

immunologic defense mechanisms. Pseudomonas aeruginosa is responsible for severe 

nosocomial infections, life-threatening infections in immunocompromised persons, and 

chronic infections in cystic fibrosis patients.   

Cystic fibrosis (CF), a genetic disorder, is caused by an abnormality in the gene 
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encoding the cystic fibrosis transmembrane conductance regulator (CFTR), located on 

human chromosome number 7. The protein CFTR is responsible for a phosphorylation-

regulated chloride channel in the apical membrane of epithelial cells (Hilman, 1997; 

Sferra and Collins,1993). The disease is characterized by chronic respiratory infection, 

pancreatic insufficiency, and increased electrolytes in sweat. Individuals with CF have 

abnormal airway epithelial cells that are incapable of efficiently exporting chloride ions. 

Accumulation of the chloride ion in these epithelial cells results in more absorption of 

sodium ions and water. As a result, the liquid volume and the thickened mucus will be 

decreased in the airway surface. In addition, the cilia that would clear away mucus and 

debris become matted down and ineffective. Such an environment in these patients 

provides an opportunity to the organisms to be colonized by bacteria. 

 Pseudomonas aeruginosa is the most common bacterium to colonize the lungs 

of the CF patients causing morbidity and mortality in these patients. As airway disease 

progresses, P. aeruginosa out-competes many other organisms and becomes the 

predominant colonizer (Hassett et al., 2002). In late-stage infections of CF patients P. 

aeruginosa attaches and aggregates in a form of existence called a "biofilm" (Hassett et 

al., 2002). Biofilm formation in CF airway disease begins when P. aeruginosa cells are 

seeded onto the thick mucus surface by inhalation. In the in vitro model proposed by 

Hassett et al., 2002, planktonic P. aeruginosa attach to the surface by flagella or type IV 

pili and indirectly through Crc proteins, which are encoded by the gene crc. 

Exopolysacchrides are formed after the attachment and losing of the flagella and pili. 

The biofilms in which the P. aeruginosa cells are incased are formed from extracellular 

hydrated matrices composed of nucleic acids, proteins, ions, water and polysaccharides 
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(Costerton et al., 1995; Costerton et al., 1999; Sutherland, 2001; Whitchurch et al., 

2002). During chronic infection, it has been shown that the oxygen level is decreased 

(low oxygen deep within the mucus layer and higher oxygen near the surface) and the 

environment tends to be anaerobic. In this case, P. aeruginosa residing in CF airway 

mucus becomes anaerobic and uses nitrate or nitrite as a final electron acceptor instead 

of oxygen (Hassett et al., 1996; Jones et al., 2000).  

 The bacteria undergo a change in their phenotype and become mucoid as the 

infection progresses , adapting the biofilm mode of growth (Lam et al., 1980; Deretic et 

al., 1995; Singh et al., 2000). This causes the production of the hyper-viscous 

substance called alginate, which has been referred to as the most significant virulence 

determinant in the context of the CF airway disease (Hassett et al., 2002). Production of 

alginate contributes to the impairment of airway mucus clearance. Alginate is a linear 

polymer of acetylated β-D-mannuronate and its C-5 epimer, α-L-guluronate. Working 

together, alginate production and biofilm encompass the host defenses and result in a 

poor prognosis for CF patients (Goven and Deretic, 1996; Pier, 1998). The mucoid form 

of P. aeruginosa in CF patients is no longer suppressed by antibiotic treatment in 

comparison with the non-mucoid form in the initial and sporadic infection (Frederiksen et 

al., 1997). Pseudomonas aeruginosa lung infections will continue to be a major problem 

in cystic fibrosis as antibiotics have failed to eradicate P. aeruginosa or to halt the 

increased morbidity and mortality following infection. As seems unlikely that any new 

antibiotic will change this outcome, preventative strategies and adjunct therapies are 

very important. Results from the present study may enhance our understanding of the 

virulence response pf P. aeruginosa. 
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     The capacity of P. aeruginosa to cause such severe infections is due to the 

production of different virulence factors. P. aeruginosa has the ability to produce several 

water soluble pigments, one of which is called pyocyanin. Pyocyanin, a greenish-blue 

pigment, is a redox-active phenazine compound which can target different organisms by 

generating reactive oxygen intermediates such as superoxide-radicals. Pyocyanin can 

do this because of its structure which allows it to readily cross the membranes of 

competing microorganisms. Pseudomonas aeruginosa is able to protect itself from its 

own pyocyanin by increasing the production of the detoxifying enzymes, catalase and 

superoxide dismutase (Hassett et al., 1996).  Pyocyanin is an active metabolite which 

can function in different ways, such as microbial competitiveness (Mazzola et al., 1992) 

and virulence in human and animal hosts (Mahajan-Miklos et al., 1999). 

Pyocyanin also inhibits ciliary beat frequency in airways of epithelial cells in the 

lungs, which is correlated with decreased cellular levels of ATP and cAMP (Denning et 

al., 1998). Also, pyocyanin has the ability to induce death in neutrophils in vitro, which is 

associated with the generation of reactive oxygen intermediates and lowering of 

intracellular cAMP (Usher et al., 2002). 

 Pyoverdin is another water-soluble pigment produced by P. aeruginosa.  

Pyoverdin, a yellow-green, fluorescent pigment, is a siderophore that is involved in the 

transport of Fe+3 ions. Siderophores are defined as low molecular mass, high affinity, 

iron chelators for delivering iron to bacterial cells by specific receptor proteins on the cell 

surface (Neilands, 1981). Pseudomonas aeruginosa produces two kinds of 

siderophores, pyocheline as well as the pyoverdin mentioned above. Pyoverdin consists 

of a hydroxyquinoline-containing fluorescent chromophore coupled with an acyl group 
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and a short type-specific peptide. Based on the differences in their peptide group, 

pyoverdin has more than 30 known structures (Budzikiewicz, 1993). In general, 

pyoverdin is produced in great amounts in media of low-iron content and then functions 

in iron metabolism. Formation of an energy-transducing complex with different proteins 

is required for the translocation of iron through the bacterial outer membrane as the 

ferric-siderophore (Stintzi et al., 2000). Pyoverdin has higher affinity for Fe+3 than does 

any other siderophore (Cox and Graham, 1979). Therefore, pyoverdin is considered to 

be a potent siderophore of the fluorescent pseudomonads (Winkelmann,1991). 

 Pyocheline, another siderophore, is derived from one molecule of salicylate and 

two molecules of cysteine (Rinehart et al., 1995; Reimann et al., 1998). Pyocheline 

together with both pyocyanin and the reducing agent NADH, injures tissue by catalyzing 

the formation of reactive hydroxyl and superoxide radicals (Britigan, 1993). Besides its 

ability to bind Fe+3, pyocheline has also growth-promoting abilities (Cox and Adams, 

1985). Different studies showed that siderophore deficient mutants of pathogenic 

bacteria are less virulent. This supports the role of siderophores as a virulence factor. 

 Pseudomonas aeruginosa produces several extracellular products that, after 

colonization, can cause extensive tissue damage, bloodstream invasion, and 

dissemination. Among these products are exotoxin A, elastase, alkaline protease, 

staphylolysin, phospholipase C and others. Exotoxin A is produced by most P. 

aeruginosa strains that cause clinical infections. Like diphtheria toxin, P. aeruginosa 

exotoxin A catalyzes ADP-ribosylation and inactivation of elongation factor 2, leading to 

inhibition of host protein biosynthesis and cell death (Lory,1986). Purified exotoxin A is 

lethal for mice, which supports its important role as a major systemic virulence factor of 
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P. aeruginosa.  

 Exoenzyme S is also an ADP-ribosyl transferase, but unlike exotoxin A, it 

preferentially ribosylates GTP-binding proteins such as Ras (Iglewski et al., 1978). This 

exoproduct is responsible for direct tissue destruction in lung infection and may be 

important for bacterial dissemination.  

 Proteases act as virulence factors and play a major role during acute P. 

aeruginosa infection. The organism produces several proteases including elastase, 

alkaline protease, casein protease and staphylolysin. Elastin is a major part of human 

lung tissue and is responsible for lung expansion and contraction. In addition, elastin is 

an important component of blood vessels, which rely on it for their resilience. The 

concerted activity of the elastase enzyme is responsible for elastolytic activity.  

Elastolytic activity is believed to destroy elastin-containing human lung tissue and cause 

pulmonary hemorrhage in P. aeruginosa infections. Elastase, also known as LasB or 

pseudolysin, is a zinc metalloprotease that acts on a number of proteins including 

elastin (Morihara et al., 1979).  

Alkaline protease (known as AprA or aeruginolysin) also plays a role in corneal 

infection. LasB and alkaline protease are both important in degradation of a number of 

tissue components. They are also responsible for cleaving cell surface receptors on 

neutrophils, which results in inhibition of chemotaxis and phagocytosis (Lomholt et al., 

2001). LasB elastase degrades not only elastin but also fibrin and collagen. It 

inactivates human immunoglobulins G and A, airway lysozyme, complement 

components, and substances involved in protecting the respiratory tract against 

proteases. As a result, LasB elastase not only destroys tissue components but also 
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interferes with host defense mechanisms.        

 Staphylolysin, also known as LasA, has been shown to play an important role in 

corneal and lung infections (Preston et al., 1997). LasA is a 20 kDa staphylolytic 

endopeptidase (Kessler et al., 1993). The LasA elastase is a serine protease that acts 

along with LasB elastase to degrade elastin. LasA elastase nicks elastin, rendering it 

sensitive to degradation by other proteases such as LasB elastase, alkaline protease, 

and neutrophil elastase (Larche et al., 1969). LasB and LasA are both found in the 

sputum of CF patients during pulmonary infection.   

 Phospholipase C and rhamnolipid are hemolysins produced by P. aeruginosa. 

Those two hemolysins may act together to break down lipids and lecithin. Rhamnolipid, 

a rhamnose-containing glycolipid biosurfactant, has a detergent-like structure and is 

believed to solubilize the phospholipids of lung surfactant, making them more 

accessible to cleavage by phospholipase C. Rhamnolipid also inhibits the mucociliary 

transport and ciliary function of human respiratory epithelium.   

Pseudomonas aeruginosa secretes both hemolytic and non-hemolytic 

homologous phospholipase C (Ostroff et al., 1990). The non-hemolytic phospholipase C 

plays no role in the pathogenesis of P. aeruginosa. On the other hand, hemolytic 

phospholipase C appears to play an important role as a virulence factor in P. 

aeruginosa infections. The acquisition of heme from exogenous sources is mediated by 

hemolysin (Berka and Vasil, 1982).  

Pseudomonas aeruginosa motility is an important factor in its pathogenesis. 

Motility enhances the ability to translocate within the host, enhance nutrition, avoid toxic 

substances, and spread in the environment during the course of transmission. 
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Pseudomonas aeruginosa has three modes of translocation or motility, including 

swimming, swarming, and twitching motility. The first two modes, swimming and 

swarming, are dependent on the polar monotrichous flagellum, while twitching motility 

depends on the type IV pili. 

The single polar flagellum of P. aeruginosa enables it to swim in aqueous 

environments and in a low agar medium (less than 0.4% agar). In a semisolid 

environment, such as a medium containing between 0.5-0.7% agar, swarming motility is 

favored (Henrichsen, 1972; Harshey, 1994; Fraser and Hughes, 1999). Swarming 

motility is also induced by growth in the presence of certain amino acids, such as 

glutamate and histidine, and glucose as a carbon source. It has been shown that 

swarmer cells are elongated and hyperflagellated, as they have two polar flagella. 

Rhamnolipid, a biosurfactant, is believed to play a major role in swarming motility, as it 

eases friction between the cell and the area over which the bacterium moves (Köhler et 

al., 2000).  

The third mode of motility is called twitching motility. Type IV pili are flexible 

surface filaments which are about 6 nm in diameter that are produced at the poles of the 

bacterial cell. Type IV pili have the ability to mediate attachment to the host epithelial 

tissues and a form of surface translocation which is known as the twitching motility. In P. 

aeruginosa the biogenesis and function of type IV pili are dependent on at least 35 

genes that are located in several clusters on the chromosome (Alm and Mattick, 1997). 

The mechanism of twitching motility is pilus retraction and extension (Bradley, 

1980; Merz et al., 2000). Twitching motility is an organized process that allows 

colonization of surfaces rapidly (Semmler et al., 1999). Twitching motility has been 
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shown to play an important role as a virulence factor, as mutants that have inactive type 

IV pili have reduced infectivity (Comolli et al., 1999; Hazlett et al., 1991). It has also 

been shown that twitching motility is involved in biofilm formation (O'Toole and Kolter, 

1998), which is an important factor in P. aeruginosa infection. Motility enhances survival 

and pathogenicity in P. aeruginosa. 

The expression of the virulence factors in P. aeruginosa is regulated by a 

mechanism known as quorum sensing. Quorum sensing is an important mechanism for 

the regulation of genes in many Gram-negative and Gram-positive bacteria. It also 

allows bacteria to sense the density of the surrounding bacterial population and to 

coordinately respond to this information by regulating various genes. In Gram-negative 

bacteria, autoinducers and acylated homoserine lactone are the chemicals that act as 

signaling molecules that diffuse through bacterial membranes or are actively 

transported (Pearson et al., 1999). Acylated homoserine lactones (AHLs) enable the 

bacteria to evolve a way to sense the number of bacteria in a population. P. aeruginosa 

is the best characterized bacterium for its quorum sensing mechanism among the 

Gram-negative bacteria (Rumbaugh et al., 2000).  

Two types of quorum sensing signals have been identified in P. aeruginosa, las 

and rhl (Figure 3). These are two separate but interrelated systems (Pesci and Iglewski, 

1999). The las system consists of the LasR, which is a transcriptional activator protein, 

and LasI, which is an autoinducer synthase that produces the autoinducer N-(-3-

oxododecanoyl)-L-homoserine lactone, which also known as 3-oxo-C12-HSL or  

autoinducer-1 (AI-1) (Gambello and Iglewski, 1991; Pearson et al., 1994). In addition to 

LasR and LasI, the las system has a repressor of virulence gene expression known as 
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RsaL (De Kievet et al., 1999). Transcription of lasI is repressed when RasL binds to the 

promoter region of the lasI gene. This repression of lasI, which prevents the early 

induction of the quorum sensing system, is also due to the low concentration of the 

autoinducer AI-1. As the bacterial population increases, the levels of the autoinducer AI-

1 in the cell reaches a threshold concentration and it binds to the LasR forming the 

LasR-AI-1 complex. This complex then out-competes the inhibitor RsaL and binds to the 

lasI promoter, resulting in the induction of the LasI synthesis. This autoinduction 

hierarchy is responsible for a dramatic increase of expression of a number of virulence 

genes including lasA, lasB, apr and others. The homoserine lactone 3-oxo-C12-HSL 

(autoinducer-1 or AI-1) alone has been suggested to contribute to the virulence of P. 

aeruginosa because it has some immunomodulatory activity. 

 The rhl system, so named because of its ability to control the production of 

rhamnolipid, is the second signaling system that has been identified in P. aeruginosa. 

This system is composed of rhlI, C4-HSL (N-butyrylhomoserine lactone) autoinducer 

synthase gene, and the rhlR gene encoding a transcriptional activator protein (Pearson 

et al., 1995). In this system the expression of rhlA operon, which encodes a 

rhamnosyltransferase required for rhamnolipid production, is regulated. The rhl system 

is also necessary for optimal production of LasB elastase, LasA protease, pyocyanin, 

cyanide, and alkaline protease. The rhl system operates in a hierarchical cascade 

responsible for regulating the expression of multiple virulence factors and secondary 

metabolites (Whitehead et al., 2001). The hierarchy of the las system controls the rhl 

quorum sensing system at both transcriptional and posttranscriptional levels (Latifi et 

al., 1996; Pesci et al., 1997). 
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 Figure 3.  Summary of quorum-sensing cascade in Pseudomonas aeruginosa. Used with permission  
(Azad, 2005). 
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In addition to the two signaling systems mentioned above, P. aeruginosa has a 

third signaling system known as Pseudomonas quinolone signal (PQS). This signaling 

system is found only in the presence of an active LasR, and RhlR is required for its 

bioactivity (Pesci et al., 1999). The PQS system has been shown to be involved in the 

activation of the transcription of the lasB gene, encoding for elastase, and also 

promoting the production of pyocyanin (Calfee et al., 2001; Gallagher et al., 2002). The 

PQS system may not be involved in sensing cell density because the maximal 

production of PQS was detected at late stationary phase (McKnight et al., 2000). 

Virulence factor regulator (Vfr), which is a global regulator, controls the 

transcription of the lasR gene (Albus et al., 1997). Another global regulator known as 

GacA, has been found to control the production of secondary metabolites and 

exoenzymes in Pseudomonas species (Reimann et al., 1997).  This global regulator 

protein,GacA, has been found to positively regulate both LasR and RhlR expression. 
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MATERIALS AND METHODS 
 

Bacterial Strains and Media 

All bacterial strains used in this study are listed in Table1. Media and reagents 

were sterilized by autoclaving at 121oC and 15 pounds per square inch for 20 minutes. 

Strains of Pseudomonas aeruginosa were cultivated in Pseudomonas minimal medium 

(Psmm) that was adapted from Ornston and Stanier (1966). This minimal medium 

contains the following ingredients per liter: 25 ml of 0.5 M Na2HPO4, 25 ml of 0.5 

KH2PO4, 10 ml of 10% (NH4)2SO4 and 10 ml of concentrated base in 930 ml of distilled, 

deionized water (ddH2O). The concentrated base contained the following compounds in 

600 ml ddH2O: 14.6 g KOH, which must be dissolved first before adding 20 g of 

nitriloacetic acid. Then, additional chemicals are added in the following order: 28.9 g 

MgSO4 anhydrous, 6.67 g CaCl2.7H2O, 18.5 g (NH4
+)6 MO7O24.7H2O, 0.198 g 

FeSO4.7H2O, and 100 ml Metals 44. The pH of this solution is adjusted to 6.8 before 

bringing the final volume to 1000 ml.  

To make Metals 44 all chemicals were added in order and dissolved completely 

before adding the next components. Metals 44 consists of the following components: 

2.5 g EDTA (pH 8.0), 10.95 g ZnSO4.7H2O, 5 g FeSO4.7H2O, 1.54 g MnSO4. H2O, 

0.392 g CuSo4. 5H2O, 0.251 g CuSO4 anhydrous, 0.250 g Co(NO3)2. 6H2O. In order to 

prevent any precipitation, a few drops of H2SO4 were added. Then the total volume 

were brought to one liter by adding ddH2O, and the solution is kept at 4oC to avoid 

contamination. 

This minimal medium was sterilized as before. Next, after cooling to about 50oC. 

0.2% (w/v) glucose or 0.4% (w/v) succinate was added the medium as a carbon source.  
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Strains Description or Relevant 

Phenotype 

Source or Reference 

P. aeruginosa 

PAO1 

PAO8020 

PAO8017 

PAO0483 

 

Prototroph 

crc : : TcR

crc- pyrF-

pyrE-

 

ATCC 

Pseudomonas Stock Center 

Pseudomonas Stock Center 

Pseudomonas Stock Center 

Table 1. Bacterial strains.  
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Uracil at final concentration of 40 µg/ml was added to the medium as a pyrimidine 

source when needed. In order to make minimal medium agar plates, agar was dissolved 

separately in one flask, and the salts content in another flask. Both flasks were 

autoclaved separately, and the mixtures added together after cooling. Also, any 

supplements required should be added before pouring into the plates. Agar was added 

at 1.5% as a final concentration. After pouring, plates were allowed to dry overnight at 

room temperature, then kept at 4oC until use.   

Luria-Bertani (LB) medium  provided by Difco® contained 10 g Bacto® tryptone, 5 

g Bacto® yeast extract, and 10 g NaCl. To make LB plates, granulated agar was used at 

a final concentration of 1.5%. 

King's A and King's B broth were used to maximize the production of pigment in 

liquid culture for quantitative measurements. King's A medium (King et al., 1954) was 

used in this study to induce the production of pyocyanin pigments in liquid culture. This 

medium contains the following components: 2% Bacto peptone (Difco), 0.14% MgCl2, 

1% K2SO4, and 1% glycerol. The production of pyoverdin pigment in liquid culture was 

enhanced by using King's B medium (King et al., 1954). This medium consists of 2% 

protease peptone No. 3, 0.15% K2HPO4 (anhydrous), 0.15% MgSO4.7H2O, and 1% 

glycerol. 

Peptone tryptic soy broth (PTSB) is the liquid medium that was used to quantitate 

the production of the exoproducts casein protease and elastase produced by P. 

aeruginosa. This medium (Diener et al., 1973) contains 5% peptone (Difco) and 0.25% 

tryptic soy broth (without dextrose, Difco). 

Chrome azurol sulfate (CAS) medium (Schwyn and Neilands, 1987) is a minimal 
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medium that is used to study the capacity of iron chelating of P. aeruginosa wild type, 

Crc- and pyrimidine mutant strains. In other words, this medium is able to detect the 

excretion of siderophores based on their affinity for iron. The basis of the assay is an 

iron dye complex that changes color upon loss of iron. The higher affinity of 

siderophores for iron results in color change from blue to orange. The medium contains 

the following components: 10 X MM9 salts which is a modification of the traditional M9 

salts medium (Sambrook et al., 1989) in that the amount of KH2PO4 is reduced to 0.03% 

and the 0.1 M phosphate buffer is replaced with PIPES (1,4-

piperazinediethaneesulfonic acid). One liter of 10 X MM9 salts contains 60 g Na2HPO4, 

3 g KH2PO4, 5 g NaCl, and 10 g NH4Cl in ddH2O. CAS-HDTMA 

(hexadecyltrimethylammonium bromide) which is an iron-dye solution that includes the 

following components in 500 ml ddH2O: add CAS (605 mg) and stir until dissolved. 

Then add 100 ml of iron (III) solution (1 mM FeCl3.6H2O in 10 mM HCl).  

In order to prepare HDTMA, 729 mg of HDTMA were added to 400 ml ddH2O 

and stir until dissolved. The amount of HDTMA is crucial because a low amount may 

result in precipitation and higher amount may be toxic to the organism. Six hundred ml 

of CAS-iron solution was added slowly by stirring. Deferrated casamino acids were the 

last component of the CAS medium. To make this solution, 10 g of casamino acids is 

dissolved in 100 ml of ddH2O. Then, the casamino acids were extracted with an equal 

volume of a 3% (w/w) 8-hydroxyquinoline in chloroform to remove contaminating iron. 

To remove traces of 8-hydroxyquinoline, the solution should be treated with an equal 

volume of chloroform. Since this medium is a minimal one, when succinate is used as a 

carbon source, it must be also deferrated. All of these solutions are autoclaved and then 
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stored at room temperature.  

In order to make one liter of CAS agar plates, the following ingredients were 

added to 750 ml of ddH2O: 30.24 g PIPES, 6 g NaOH to raise the pH of the solution to 

the pKa of PIPES which is 6.8, 100 ml of 10 X MM9 salts and 15 g agar. The pH of the 

solution should be monitored carefully before adding agar to the solution. Increase in pH 

value results in changing of the medium color from blue to green color. Then, this 

solution should be autoclaved. Next, 30 ml of 10% (w/v) deferrated casamino acids, 10 

ml of 20% glucose or 0.4% of deferrated succinate (40% stock), and 1 ml of 1M MgSO4 

were added to the medium after cooling it to about 50oC. In order for the pyrimidine 

mutant strains to grow, exogenous uracil was added to the medium at a concentration 

of 40 µg/ml.100 ml of the CAS-HDTMA iron-dye complex was added slowly along the 

walls of the container while stirring gently to avoid foaming. The proper color of the 

resulting CAS plates is blue.  

Rhamnolipid plates were made according to the method of Siegmund and 

Wanger, 1991 with modification by Kohler et al., 2000. In the present study, this medium 

was used to detect the production of rhamnolipid, which is a biosurfactant that enables 

the P. aeruginosa strains to do swarming motility. This medium consists of M8 salts, 

which is a modification of M9 (Sambrook et al., 1989). M8 salts contain: 6 g Na2HPO4, 3 

g KH2PO4, 0.5 g NaCl, 0.2% glucose (instead of glycerol), 2 mM MgSO4, 10 ml of 10 X 

trace elements, 0.0005% methylene blue, 0.02% cetyltrimethylammonium bromide 

(CTAB), 0.05 glutamic acid as a nitrogen source, and 1.6% (w/v) as final concentration 

of agar were added together.  

To make the trace elements, the following chemicals were added to one liter of 
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ddH2O: 0.232 g H3Bo3, 0.174g ZnSO4.7H2O, 0.23 g FeNH4(SO4)2.12H2O, 0.096 g 

CoSO4.7H2O, 0.22 g (NH4
+)6 Mo7O24.4H2O, 8.0 mg CuSO4.5H2O, and 8.0 mg 

MnSO4.4H2O. The salts, agar, trace elements, methylene blue, and CTAB were 

autoclaved together. After cooling to about 50oC, 0.2% glucose, 2mg MgSO4, and 

0.05% glutamic acid were added and mixed by gently stirring. Exogenous uracil was 

added at the final concentration of 40 µg/ml. The resulting plates were light pastel blue 

in color. 

Blood agar medium is supplied by BBL®. This medium consists of the following 

components: tryptic soy agar (TAS) base with 5% sheep's blood. This medium was 

used to test the in vitro pathogenicity of P. aeruginosa wild type and the mutant strains 

used in this study. Exogenous uracil was added to the blood agar plates at the final 

concentration of 40 µg/ml. 

Three different media were used to test the different kinds of motility of P. 

aeruginosa wild type, pyrimidine mutants and the Crc- strain. These media were needed 

to test for swimming, swarming and twitching motility.  

 Swarming agar plates (Rashid and Kornberg, 2000) used to detect swarming 

motility contained the following components: 0.5% (w/v) Difco Bacto agar (5 g), 0.8% 

Difco® nutrient broth (8 g), and 0.5% glucose (5 g). This medium was autoclaved. After 

cooling to 50oC, plates were poured and allowed to dry overnight.  

Swimming agar plates (Rashid and Kornberg, 2000), used to detect swimming 

motility, consist of tryptone broth (1% tryptone (1 g), 0.5% NaCl (5 g)), and 0.3% (w/v) 

agarose (3 g). This medium was autoclaved. After cooling to 50oC, plates were poured 

and allowed to dry overnight.  
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 Twitching motility (Rashid and Kornberg, 2000), was tested on LB broth 

(tryptone 10 g/ yeast extract 5 g/ NaCl 10 g) and 10 g of (w/v) Difco Bacto granulated 

agar (1%) per liter. This medium was autoclaved. After cooling to 50oC, plates were 

poured and allowed to dry overnight.  

 All of the motility plates mentioned above were poured under aseptic conditions 

and supplemented with uracil at a final concentration of 40 µg/ml as a pyrimidine source 

as required.   

Growth Conditions 

 Pseudomonas aeruginosa wild type and other mutant strains were grown in 

minimal medium with different carbon sources and only one pyrimidine source (Uracil at 

40 µg/ml). Glucose (0.2%) or succinate (0.4%) was added to the medium as a carbon 

source. Uracil was added to the minimal medium as a pyrimidine source at a final 

concentration of 40 µg/ml. Triton X-100 (0.5%) was added to the minimal medium as a 

surfactant to avoid clumping of the cells. All cultures were grown in triplicate. Three 5 ml 

of starter cultures of the same medium were inoculated from an isolated colony. These 

cultures were incubated at 37oC which is the optimal temperature for P. aeruginosa. 

Next, 50 ml cultures were grown in a 250 ml pyrex flask by shaking at 200 rpm to reach 

the desired optical density (OD) at 600 nm. The optical density was measured by using 

a Perkin-Elmer® Lambda 3A UV/Vis spectrophotometer. 

Cell Extracts Preparation 

 Cell extracts of P. aeruginosa and the other mutant strains used in this study 

were prepared from 50 ml cultures, as indicated above. Cells were harvested when they 

reached the mid-log phase (0.6 to 0.8-OD600). Next, cells were collected by 
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centrifugation in 50 ml conical tubes at 3000 x g for 30 minutes at 10oC in a Sorvall RT 

6000B tabletop centrifuge. The cell pellet from the last centrifugation was resuspended 

in 10 ml of 40 mM potassium phosphate buffer pH 7.0 (using KH2PO4 and K2HPO4 

mixture to obtain the desired pH) and centrifuged at 3000 x g for 15-20 minutes at 10oC. 

Cells were washed twice using the same amount of the previous buffer. After the 

second wash, the cell pellet was resuspended in 1 ml of aspartate transcarbamoylase 

(ATCase) breaking buffer, which includes 2 mM β-mercaptoethanol (BME), 20 µM 

ZnSO4, 50 mM Tris-HCl (pH 8.0), and 20% glycerol. The cell suspension was then 

sonicated at 30 bursts per 3 minutes at 0oC in 50 ml conical tube using a Branson 

Sonifier Cell Disrupter 200. To minimize heating of the sample, the conical tube was 

submerged in an ethanol-ice slurry bath during sonication. The lysed cells were 

transferred to a 1.5 ml micro-centrifuge tube and centrifuged at 7000 x g for four 

minutes in a Savant high-speed centrifuge. Three hundred µl of the supernatant was 

removed and saved in another 1.5 ml micro-centrifuge tube. Centrifugation at 7000 x g 

for four minutes is to remove cell debris and to preserve a significant portion of the 

membrane component and used to perform the dihydroorotate dehydrogenase assay. 

The remaining cell lysate was centrifuged at 10,000 x g for 15 minutes and the 

supernatant was used to perform enzyme assays of the de novo pyrimidine enzymes.  

 For pyrimidine starvation experiments, both the wild type and the pyrimidine 

mutant strains were grown with uracil at a final concentration of 40 µg/ml until the cells 

reached an optical density of 0.6 at 600 nm. Then, the cells were harvested as 

described above and the cell pellet was resuspended in Pseudomonas minimal medium 

without uracil. The culture was incubated for two hours with shaking at 37oC and the 
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cells then were collected and washed as described above. 

 The ultrasonicated cells were transferred into dialysis tubing and dialyzed 

separately. The dialysis buffer consists of 2 mM β-mercaptoethanol (BME), 20 µM 

ZnSO4, and 50 mM Tris-HCl (pH 8.0). The dialysis buffer volume was 150 times the 

total volume of each sample. Dialysis was carried out overnight (16-18 h) at 4oC. 

 Dialysis tubes were prepared (Sambrook et al., 1989) by boiling them in a 

solution consisting of 20% NaHCO3 and 1 mM EDTA (pH 8.0) in ddH2O for ten minutes. 

Next, the tubes were rinsed with ddH2O and boiled again in a solution consisting of only 

1 mM EDTA (pH 8.0) in ddH2O for another ten minutes. The tubes then were allowed to 

cool down and stored in 50% ethanol at 4oC until used. Before using, the dialysis tubes 

were rinsed with ddH2O. 

 The protein concentration of each cell extract was determined by using the 

BioRad® Bradford protein detection assay (Bradford, 1976). Each reaction mixture was 

assayed using 2 ml of reaction mixture containing 20 or 40 µl of the cell extract, which 

diluted (1:20) with ATCase breaking buffer, 980 or 960 ddH2O, and 1 ml Bradford 

reagent. The samples then were incubated at room temperature for ten minutes, and 

read at 595 nm. The average of three protein measurement was compared to the 

bovine serum albumin standard curve (Figure 4) to estimate the protein concentration in 

the cell extract. The standard curve was constructed using the same Bradford protein 

assay, using known concentrations of bovine serum albumin ranging from 0 to 20 µg/ml. 

Assays of pyrimidine enzymes: 

 Cell extracts were prepared for enzyme assays as described above. Each assay 

was performed in triplicate and the average value for each enzyme specific activity was 
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Figure 4.  Bradford protein standard curve. Used with permission (Azad, 2005). 
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expressed as nmol substrate used or product formed per minute per mg protein. All 

enzyme assays were performed at 30oC and the absorbance measurements were 

performed using a Perkin-Elmer® Lambda 3A UV/Vis Spectrophotometer. In this study, 

five pyrimidine biosynthetic pathway enzymes were assayed. Each one of these 

enzyme assays is described in detail in the following section. 

Aspartate Transcarbamoylase (ATCase) Assay  

 Aspartate transcarbamoylase activity was measured by quantifying the amount of 

carbamoylaspartate (CAA) produced in ten minutes at 30oC (Gerhart and Pardee, 

1962). This was used with the modification using the color development procedure of 

Prescott and Jones (1969). The reaction mixture contained the following components in 

a total volume of 1 ml: 40 µl tribuffer which made from 51 mM diethanolamine, 51mM n-

ethylmorpholine, and 100mM MES (pH adjusted to 9.5 with 5 M KOH solution) (Ellis and 

Morrison, 1982), 200 µl of 100 mM L-aspartate (mono-potassium salt), 100 µl of 52 mM 

dilithium carbamoylphosphate (must be prepared just before use), 20 µl dialyzed cell-

free extract, and 640 µl of ddH2O. The control tube used as a blank included all of the 

components except cell extract, which was replaced by ddH2O. All components were 

added except for carbamoylphosphate and mixed by vortexing and pre-incubated at 

30oC for three minutes. Next, the reaction was initiated by the addition of the freshly 

prepared carbamoylphosphate.  

 The reaction then was allowed to proceed for ten minutes at 30oC. the reaction 

was then stopped by the addition of 1 ml of color mix (Prescott and Jones, 1969). The 

tubes were vortexed for two to three seconds and then capped with marbles to avoid 

loss of volume due to evaporation and incubated in a 65oC water bath under fluorescent 
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light for one hour. An amber flask was used to make color mix. The color mix was 

prepared using two parts of 5 mg ml-1 antipyrine in 50% sulfuric acid (v/v) mixed with 

one part of 8 mg ml-1 of 2,3-butanedione monoxime in 5% acetic acid (v/v). As both 

ingredients are temperature sensitive, color mix and CAA were made up just before use 

and kept on crushed ice.   

 The tubes were allowed to cool down after incubation for about 10 to 15 minutes 

in the dark because this reaction is light sensitive. After cooling, the absorbance at 466 

nm of the reaction was measured and recorded by using the spectrophotometer. A 

control tube was read as a blank reference reading zeroing out the spectrophotometer. 

The reading of each sample was then recorded. The amount of CAA produced was 

determined using a CAA standard curve (Figure 5). Specific activity is defined as nmol 

CAA produced per minute per mg protein.    

Dihydroorotase Assay (DHOase) 

 To measure the activity of DHOase, the reverse assay of Beckwith et al., 1962 

was used. Each sample was assayed using a 1 ml reaction mixture containing the 

following components: 100 µl of 1 M Tris-HCl (pH 8.6), 100µl of 10 mM sterilized EDTA 

(pH 8.0), 100µl of freshly made 20 mM L-dihydroorotate (in 0.1 M KPO4 buffer, pH 6.5), 

50 µl dialyzed cell extract, and 650 µl of ddH2O. The control tube contained all 

components except the cell extract which was replaced by ddH2O. All ingredients 

except dihydroorotate were added together, mixed by vortixing, and pre-incubated at 

30oC for three minutes. Next, the enzymatic reaction was initiated by the addition and 

mixing of dihydroorotate to all tubes. The tubes were then incubated at 30oC for ten 

minutes. To stop the reaction after the ten minutes incubation, 1 ml of stop color mix 
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was added and the tubes were capped with marbles and incubated at 65oC water bath 

for one hour (exposed to fluorescent light). After incubation at 65oC, the tubes were 

allowed to cool for about ten minutes in a dark place. After cooling, the absorbance at 

466 nm of the reaction was measured. The reading for the control tube was taken first 

as the blank reference reading and the spectrophotometer was zeroed. Then, the 

reading of each sample was recorded. The amount of dihydroorotate converted to CAA 

as a final product of the reaction was determined by using a CAA standard curve. 

Specific activity is defined as nmol CAA produced per minute per mg protein. 

Dihydroorotate Dehydrogenase(DHOdehase) Assay 

 The activity of this enzyme (DHOdehase) was measured spectrophotometrically 

at 290 nm by monitoring the oxidation of dihydroorotate to orotate (Beckwith, et al., 

1962; Schwartz and Neuhard, 1975). The reaction mixture of 1 ml was prepared in a 

quartz cuvette. The reaction mixture consisted of the following: 100 µl of 1 M Tris-HCl 

buffer (pH 8.6), 60 µl of 100 mM sterilized MgCl2, 50 µl of freshly prepared L-

dihydroorotate (in 0.1 M KPO4 buffer, pH6.5), 20 µl of a slow spin fraction of dialyzed 

cell-free extract, and 770 µl ddH2O. The slow spin fraction used in this assay because 

DHOdehase is a membrane bound protein. All components except dihydroorotate were 

added together in the quartz cuvette, mixed by inversion and pre-incubated at 30oC for 

2 minutes. Next, the reaction was initiated by the addition of dihydroorotate, and the 

absorbance at 290 nm was measured at time zero (T0). This reading served as the 

blank reading. Incubation for 10 minutes at 30oC followed. After ten minutes incubation, 

absorbance was measured at 290 nm (T10). An increase in absorbance at 290 nm of the 

reaction mixture by 1.93 is equivalent to a change in the concentration of the substrate 
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of 1 mM. Specific activity was recorded as nmol orotate produced per minute per mg 

protein. 

Orotate Phosphoribosyl Transferase (OPRTase) Assay 

 OPRTase activity was measured by monitoring the formation of orotidine 5'-

monophosphate (OMP) from orotate (Beckwith, et al., 1962; Schwartz and Neuhard, 

1975). The assay mixture was prepared in a quartz cuvette. The reaction mixture 

contained 100 µl of 1 M Tris-HCl buffer (pH 8.6), 60 µl of 100 mM sterilized MgCl2, 100 

µl of frozen stock of 6 mM 5-phosphoribosyl-1pyrophosphate (PRPP), 100 µl of 2.5 mM 

sterilized orotate, 20 µl of dialyzed cell-free extract, and 620 µl of ddH2O. All of the 

assay components were added together (except for orotate), mixed by inversion, and 

pre-incubated at 30oC for two minutes. The enzymatic reaction was initiated by the 

addition and mixing of orotate. The absorbance at zero time (T0) at 295 nm was 

measured by spectrophotometer. The mixture was then incubated for ten minutes at 

30oC, and the absorbance measured at 295 nm at the conclusion of ten minutes 

incubation (T10). A decrease in the absorbance at 295 nm of the reaction mixture by 

3.67 is equivalent to an increase in OMP concentration of 1 mM. Specific activity is 

defined as nmol OMP produced per minute per mg protein. 

Orotidine-5'-monophosphate decarboxylase (OMPdecase) Assay 

 Orotidine-5'-monophosphate decarboxylase activity was measured 

spectrophotometrically at 290 nm by measuring the formation of uridine-5'-

monophosphate (UMP) from OMP (Beckwith, et al., 1962; Schwartz and Neuhard, 

1975; Haugaard and West, 2002). The 1 ml reaction mixture was prepared in a quartz 

cuvette. The reaction mixture contained 100 µl of 1 m Tris-HCl buffer (pH 8.6), 60 µl of 
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100 mM sterile MgCl2, 10 µl of frozen stock of 20 mM OMP, 20 µl of dialyzed cell-free 

extract, and 810 µl of ddH2O. All of the assay components, (except for the OMP), were 

added together and, mixed by inversion and pre-incubated at 30oC for two minutes. 

Next, the reaction was initiated by the addition of OMP. The absorbance at 290 nm was 

measured at time zero (T0). The mixture was then incubated for ten minutes at 30oC, 

and the absorbance at 290 was measured at the conclusion of ten minutes incubation 

(T10). A decrease in the absorbance at 290 nm of the reaction mixture by 1.38 is 

equivalent to the decrease in OMP concentration of 1 mM. Specific activity is defined as 

nmol UMP produced per minute per mg protein. 

Growth Curve Studies 

 Growth curves of wild type P. aeruginosa and other mutant strains were done in 

both Pseudomonas minimal medium and in PTSB as a rich medium. For the minimal 

medium two different carbon sources were used. Glucose was used at a final 

concentration of 0.2%, whereas succinate was used at a final concentration of 0.4%. 

Uracil was added to both minimal and rich media as a pyrimidine source at a final 

concentration of 40 µg/ml. Growth curves of all strains were initiated by first inoculating 

a 5 ml culture with an independent colony and incubating with shaking overnight. This 5 

ml culture (15- 20 hours) was used to inoculate 50 ml of the appropriate medium in a 

250 ml Erlenmeyer flask. All cultures were started at the same optical density to 

maintain a consistent starting point. The cultures were incubated at 37oC with shaking 

at 250 rpm. At the indicated time points, 100 µl of each culture was aseptically removed, 

diluted by adding 900 µl of the same medium and the optical density at 600 nm was 

recorded. To adjust the OD value, the reading obtained was multiplied by the dilution 
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factor.  

Pyocyanin Quantitation Assay 

 To quantitate the pyocyanin production, the method of Essar et al. (1990) was 

used. The principle of this assay is based on the absorbance of pyocyanin at 520 nm in 

an acidic solution (Kurachi, 1958; MacDonald, 1967). Wild type and mutant 

Pseudomonas strains were grown in King's A agar plates medium and then cultured into 

a liquid broth. Strains were cultured into a 50 ml King's A liquid medium in a 250 ml 

Erlenmeyer flask. Cultures were incubated at 37oC for 24 hours with shaking at 250 

rpm. The optical density at 600 nm for all strains should be the same before doing any 

quantitation assay. After 24 hours incubation, a 5 ml aliquot was placed in a 15 ml 

polystyrene conical tube and centrifuged at 1300 x g for 25 minutes at 4oC in a Sorvall 

RT 6000B table top centrifuge. To eliminate the background, an aliquot of 1 ml 

supernatant was measured at optical density at 600 nm. Then, the supernatant was 

filtered by using a 0.45 µm Ambion syringe filter disc and placed in a 15 ml 

polypropylene conical tube. Pyocyanin was then extracted from the supernatant by the 

addition of 3 ml of chloroform. The mixture was vortexed for 15 seconds and then 

centrifuged at 1300 x g for ten minutes. The bottom layer, which contains the pyocyanin, 

was transferred to a new 15 ml polypropylene tube. The pyocyanin was extracted from 

the chloroform by adding 1 ml of 0.2 N HCl. The mixture was then vortexed and 

centrifuged again for another ten minutes at 1300 x g. The pink colored solution that 

was obtained from the extraction (top layer) was transferred to a cuvette and the 

absorbance measured at 520 nm. Microgram quantities of pyocyanin per 5 ml of culture 

were calculated by multiplying the absorbance that was recorded at 520 nm by 17.072 
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(Kurachi, 1958). 

Pyoverdin Quantitation Assay 

 Pyoverdin was measured by growing P. aeruginosa wild type and all other 

mutants in King's B medium. Cells were first grown in King's B agar plates and then 

cultured into liquid broth. The cells were cultured in a 50 ml King's B liquid medium in a 

250 ml Erlenmeyer flask and incubated at 37oC with shaking at 250 rpm for 24 hours. 

As in the pyocyanin assay, all optical density readings at 600 nm should get the same 

before doing any quantitation assay. A 1 ml aliquot was removed from each culture and 

the optical density at 600 nm was measured. The sample from the culture was then 

placed in a microcentrifuge tube and centrifuged at 10000 x g for 3-5 minutes at 4oC. 

The supernatant was then removed to a cuvette, and the absorbance at 405 nm was 

measured and recorded. Pyoverdin levels were expressed as the ratio of A405/A600 

(Stinzi et al., 2000). 

Exoproduct Assays 

 Elastolysis assay: the elastin Congo Red (ECR) assay was used in this study to 

determine the elastolysis activity of P. aeruginosa wild type and mutant strains (Pearson 

et al., 1997). Cells were cultivated in PTSB medium at 37oC with shaking for 24 hours, 

until the wild type and the mutant strains reached the same optical density at 600 nm. 

The cells were transferred to a 15 ml conical tube and centrifuged at 1300 x g for 25 

minutes at 4oC in a Sorvall RT 6000B table top centrifuge. The supernatant was then 

filtered by using a 0.45 µm pore filter disc and the samples were stored at -80oC until 

used. Triplicate 50 µl samples of filtered supernatant were added to a tube containing 

20 mg of ECR in a1.0 ml buffer containing 0.1 M Tris (pH 7.2) and 1 mM CaCl2 (Brichta, 
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2003). The tubes were incubated at 37oC with shaking for 18 hours; 0.1 ml of 0.12 M 

EDTA was added and the sample placed on ice for ten minutes. Insoluble ECR was 

removed by centrifugation at 10000 x g for one minute at 4oC. The absorbance of the 

supernatant at 495 nm was then recorded. Absorption due to pigments produced by P. 

aeruginosa was corrected by subtracting the absorbance at 495 of the filtered 

supernatant that was incubated in the absence of ECR, plus the absorbance at 495 of 

the buffer and ECR incubated in the absence of filtered supernatant. 

Casein protease assay: the azocasein assay with slight modification (Kessler et 

al., 1993) was used to determine the proteolytic activity of P. aeruginosa wild type and 

all of the other mutants. Cells were cultivated and supernatants were obtained as 

described in the elastolysis assay. In this assay, 50 µl of culture supernatant were 

added to 1 ml of buffer (0.05 M Tris pH 7.5, 0.5 mM CaCl2) containing 0.3% azocasein 

(Sigma). The tubes were incubated at 37oC with shaking for 15 minutes. Then 0.5 ml of 

10% trichloroacetic acid was added to stop the reaction. The samples were then 

centrifuged at 10,000 rpm for one minute at 4oC and the absorbance of the clarified 

supernatants was measured at 400 nm. Absorption due to pigments produced by P. 

aeruginosa was corrected by subtracting the absorption at 400 nm of each sample that 

had been incubated in the absence of azocasein, plus the absorption at 400 nm of 

buffer and azocasein incubated in the absence of filtered supernatant. 

Hemolysin Assay 

 Organisms to be tested in this study were streaked onto Blood agar (BA) plates 

supplemented with uracil at 40 µg/ml as a pyrimidine source and incubated overnight at 

37oC. Colonies were then picked with a sterile toothpick from each plate and transferred 
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to the corresponding BA plates. The BA plates were then incubated at 37oC for 24 

hours and 48 hours. Then, photographs of each set of plates were taken at 24 hours 

and 48 hours. Assay results from this test were obtained from three independently 

grown samples. 

Iron Chelation Assay 

 Pseudomonas aeruginosa wild type and other mutant strains were streaked first 

on CAS plates and incubated overnight at 37oC. These plates contained either glucose 

(0.2%) or succinate (0.4%) as the carbon source and with uracil (40 µg/ml) as a 

pyrimidine source. Colonies were then picked from the overnight culture with a sterile 

toothpick and transferred to the corresponding CAS plates. The plates were then 

incubated at 37oC for 24 hours and 48 hours. Photographs were taken as in hemolysin 

assay. Results were obtained from three independently grown samples. 

Rhamnolipid production assay: 

 Pseudomonas aeruginosa wild type and other mutant strains used in this study 

were streaked first on rhamnolipid plates and incubated overnight at 37oC. These plates 

contained either glucose (0.2%) or succinate (0.4%) as a carbon source and with uracil 

(40 µg/ml) as a pyrimidine source. Colonies were picked up with a sterile toothpick from 

each plate and transferred to the corresponding rhamnolipid agar plates. The plates 

were then incubated at 37oC for 24 hours and then at room temperature for another 24 

hours (total of 48 hours incubation). Photographs were taken at each indicated time. All 

results in this assay were obtained from three different independently grown samples.  

Swimming Motility Assay 

 Pseudomonas aeruginosa wild type and other mutant strains used in this study 

 44



were streaked first onto swim agar plates and onto swim agar plates supplemented with 

uracil (40 µg/ml) as a pyrimidine source and incubated overnight at 37oC. Colonies were 

then picked with a sterile toothpick from each plate and transferred to the corresponding 

swim agar plates. After inoculation, swimming plates were wrapped with Saran Wrap to 

prevent dehydration. The plates were then incubated at 30oC for 14 hours. Photographs 

were taken to document each strain used in this study. All results from this assay were 

obtained from three independently grown samples. 

Swarming Motility Assay 

 Pseudomonas aeruginosa wild type and other mutant strains used in this study 

were streaked first onto swarming agar plates and swarming agar plates supplemented 

with uracil (40 µg/ml) as a pyrimidine source and incubated overnight at 37oC. Colonies 

were then picked with a sterile toothpick from each growing plate and transferred to the 

corresponding swarm agar plates. The plates were then incubated at 37oC for 24 hours. 

After 24 hours incubation, photographs were taken of each strain used in this study. All 

results from this assay were obtained from three independently grown samples. 

Twitching Motility Assay 

 Pseudomonas aeruginosa wild type and other mutant strains used in this study 

were streaked first onto twitching agar plates and twitching agar plates supplemented 

with uracil (40 µg/ml) as a pyrimidine source and incubated overnight at 37oC. Colonies 

were then picked with a sterile toothpick from each plate and transferred to the 

corresponding twitch agar plates. In this assay, the toothpick was pressed through the 

agar surface and touched to the plastic plate underneath. The plates were then 

incubated at 37oC for 24 hours. Photographs were then taken of each sample used in 
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this study. All results from this assay were obtained from three independently grown 

samples. 
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RESULTS 
 

Previous research in our laboratory showed that when knock-out mutations were 

created in the pyrB or pyrC genes of the pyrimidine pathway in P. aeruginosa, the 

resultant mutants were auxotrophic for pyrimidines and were also impaired in virulence 

factor production (Brichta, 2003; Hammerstien, 2004). Such a correlation had not been 

previously reported for P. aeruginosa, ubiquitous opportunistic pathogen in humans. 

In an earlier study, using the non-pathogenic P. putida, it was reported that 

mutants blocked in one of the first three enzymes of the pyrimidine pathway produced 

no pyoverdin pigment while mutants blocked in the fourth, fifth or sixth steps produced 

copious quantities of pigment, just like wild type P. putida. It was important to check to 

see if the same correlation between pyrimidine auxotroph and pigment production 

applied also in P. aeruginosa. To that end a knock-out mutation was created in pyrD, 

the fourth step in the pyrimidine pathway which encodes dihydroorotate dehydrogenase. 

The resulting mutant required pyrimidines for growth but produced wild type pigment 

levels (Ralli, 2005). Since the pigment, pyoverdin, is a siderophore it may also be 

considered a virulence factor. Other factors were quantified in the mutant. These 

included casein protease, elastase, hemolysin, swimming, swarming and twitching 

motilities and iron binding capacity. In all cases these virulence factors were significantly 

decreased in the pyrD mutant and even in the presence of uracil did not attain wild type 

levels.  

In order to complete this comprehensive study, pyrimidine mutants blocked in the 

fifth (pyrE) and sixth (pyrF) steps of the biosynthetic pathway were examined in P. 

aeruginosa. A third mutant namely, crc, was also studied because of its close proximity 
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to pyrE gene on the P. aeruginosa chromosome and because of its importance for 

carbon source utilization. The crc and pyrE genes are separated by only 80 bp, each 

gene is divergently transcribed, and because of the constitutive nature the crc gene is 

likely to interfere with the pyrE gene.  

In the study reported here we compared (1) the pyrE mutant, (2) the pyrF mutant 

in combination with crc and (3) the crc mutant were studied in the same way as were 

pyrB, pyrC, and pyrD previously studied in our laboratory. All three mutants were 

examined for growth rate, enzyme specific activity of the other pyrimidine enzymes and 

carbon source utilization in crc- and crc+ strains. Virulence characterization was 

examined and each study was compared to the wild type PAO1. 

Growth Curve Analysis 

 In this study wild type P. aeruginosa and three different mutant strains were 

studied (Table 1). Growth curves were performed for the wild type and mutant strains in 

both minimal and rich media.  As described in Materials and Methods, the media were 

inoculated with fresh overnight broth cultures and growth monitored using a 

spectrophotometer. In order the comparison between the wild type and the mutant 

strains to be accurate, all the cultures were started at the same optical density.  

 PAO1 vs PAO0483 and PAO8017: Figure 6 is a comparison between the wild 

type PAO1 growth rate and that of the PAO0483 (pyrE) mutant. From this figure it is 

clear that both the wild type and pyrE- strains grow best with succinate as the carbon 

source. The same results were obtained when the wild type strain PAO1 is compared  

with PAO8017 (crc, pyrF) in which both strains grow better with succinate as the carbon 
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Figure 6. Growth curves of PAO1 and PAO0483 (pyrE). Cells were grown in the 
presence of two different carbon sources (Glucose 0.2% or Succinate 0.4%) and 40 
µg/ml uracil as a pyrimidine source. 
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source (Figure 7). The growth rate for both pyrE and pyrF mutant strains is the same as 

the wild type when the minimal medium is supplemented with uracil.  

PAO vs PAO8020: Figures 8 and 9 compare these two strains. In Figure 8, the 

minimal medium contained either glucose or succinate as a carbon source . As 

mentioned above, the wild type grows better with succinate than glucose. On the other 

hand the growth rate was much slower for the PAO8020 (Crc-) in the presence of 

glucose or succinate. When uracil was added to the minimal medium, there was no 

significant change in the growth rate of both strains (Figure 9). This was expected since 

both strains are prototrophic for pyrimidines. 

The wild type strain PAO grows faster when the minimal medium contains 

succinate as a carbon source. Adding uracil to the minimal medium containing 

succinate as the carbon source does not alter the growth rate of the PAO1 strain. When 

uracil was added in the presence of glucose, no change was seen (Figure 10). The 

generation time was estimated for each strain in different conditions as shown in Table 

2, where the numbers indicate that succinate again was superior to glucose as a carbon 

source. 

 Growth curve analysis in rich medium (PTSB) shows different results from those 

observed in Pseudomonas minimal medium. Figure 11 compares the wild type PAO1 

with PAO0483 (pyrE-). It appears from this figure that there is no difference in the 

growth rate between the two strains. The same results are observed when the wild type 

PAO1 is compared with PAO8017 (crc, pyrF) (Figure 12). 

 A significant difference is observed in the growth rate when the wild type strain 

PAO1 is compared with the crc mutant strain PAO8020. The wild type PAO1 grows 
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faster with or without uracil in comparison with the crc- strain (Figure 13). Since this 

medium is a rich one, no carbon source was added in this experiment. In this 

experiment, adding uracil did not show any difference in the growth rate of either strain. 

Table 3 shows the generation time for all of the strains used in this study when grown in 

rich medium (PTSB). This table illustrates that adding uracil makes no difference in 

growth rate. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 51



 

 

 

 

0.01

0.1

1

10

00.5 11.5 22.5 33.5 44.5 55.5 66.5 77.5 88.5 99.5 1010
.5 1111

.5 1212
.5 1313

.5 1414
.5 1515

.5 1616
.5 1717

.5 1818
.5 1919

.5 2020
.5 2121

.5 2222
.5 2323

.5 24

Time (h)

Lo
g 

O
D

 6
00

nm PMM+Glu+U (PAO1)
PMM+Succ+U (PAO1)
PMM+Glu+U (PAO8017)
PMM+Succ+U (PAO8017))

 

Figure 7. Growth curve of PAO1 and PAO8017 (crc,pyrF). Cells were grown in the 
presence of two different carbon sources (Glucose 0.2% or Succinate 0.4%) and uracil 
at 40 µg/ml.  
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Figure 8. Growth curves of PAO1 and PAO8020 (Crc-). Cells were grown in minimal 
medium with 0.2% glucose or 0.4% succinate as a carbon source. 
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Figure 9. Growth curve of PAO1 and PAO8020 (Crc-). Cells were grown in minimal 
medium with 0.2% glucose or 0.4% succinate as a carbon source and uracil as a 
pyrimidine source at 40 µg/ml. 
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 Glu Glu+U Succ Succ+U 

PAO1 60 54 42 42 

PAO8020 76 78 50 48 

PAO0483  54  42 

PAO8017  60  52 

 
Table 2. Generation time in minutes for PAO1 wild type and the other mutants used in 
this study in minimal medium. Cells grown in Pseudomonas minimal medium with 0.2% 
glucose (Glu) or 0.4% succinate (Succ) and uracil (U) at 40 µg/ml. PAO1 and PAO8020 
were also grown in minimal medium with glucose only or succinate only at the same 
concentration. 
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 PAO1 PAO8020 PAO0483 PAO8017 

PTSB 42 50 62 48 

PTSB+U 36 50 52 42 

 
Table 3. Generation time in minutes for PAO1 wild type and the other mutants used in 
this study in PTSB medium. Cells were grown in PTSB rich medium and uracil (U) at 40 
µg/ml. Cells were also grown in PTSB medium without any supplements. 
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Figure 10. Growth curves of PAO1 in minimal medium with glucose or succinate with 
and without uracil. 
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Figure 11. Growth curves of PAO1 and PAO0483 (pyrE-) in rich medium (PTSB). Uracil 
is added at the final concentration of 40 µg/ml as the pyrimidine source. 
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Figure 12. Growth curves of PAO1 and PAO8017 (crc, pyrF-) in rich medium (PTSB). 
Uracil is added at the final concentration of 40 µg/ml as the pyrimidine source. 
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Figure 13. Growth curves of PAO1 and PAO8020 (crc) in rich medium (PTSB). Uracil 
was added at the final concentration of 40 µg/ml as the pyrimidine source. 
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Effects of PAO0483 (pyrE) and PAO8017 (pyrF) on the Pyrimidine Biosynthetic 

Pathway 

 Pseudomonas aeruginosa wild type PAO1 and the pyrE and pyrF mutant strains, 

were cultivated in Pseudomonas minimal medium in 0.2% glucose or 0.4% succinate as 

the carbon and energy source and uracil at a final concentration of 40 µg/ml as the 

pyrimidine source, as described in Materials and Methods. The mutant strains 

(PAO0483 and PAO8017) were starved for only uracil as described in Materials and 

Methods. All of these conditions are described in Materials and Methods. 

When the PAO0483 (pyrE) mutant strain was grown in minimal medium with 

0.2% glucose as the carbon source and 40 µg/ml uracil as the pyrimidine source, 

enzyme activity was comparable with the wild type strain PAO1 (Figure 14). On the 

other hand, when succinate was used as the carbon source, repression of enzyme 

activity was seen in ATCase (0.7-fold), DHOase (0.38-fold) and DHOdehase (0.38-fold) 

in the pyrE mutant strain compared to wild type PAO1 (Figure 15). There was no 

significant difference in OMPdecase activity. 

 When the PAO0483 (pyrE) mutant strain is starved for uracil in the presence of 

glucose as the carbon source, derepression was seen in the activity of ATCase (1.57-

fold), DHOase (2.58-fold), DHOdehas (2.92-fold), and OMPdecase (1.55-fold) 

compared to the non starved one (Figure 16).  When succinate was used in the starving 

conditions, almost the same results were obtained when the starved pyrE mutant strain 

is compared with the non starved one with the following derepression (Figure 17): 

ATCase (1.16-fold), DHOase (2.85-fold), DHOdehase (1.35-fold), and OMPdecase 

(1.35-fold). It is clear from these results that starvation for the pyrimidine source always   
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Figure 14. Specific activity of pyrimidine biosynthetic enzymes of wild type PAO1 and 
the mutant strain PAO0483 (pyrE) in Pseudomonas minimal medium with 0.2% glucose 
and 40 µg/ml uracil. 
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Figure 15. Specific activity of pyrimidine biosynthetic enzymes of wild type PAO1 and 
the mutant strain PAO0483 (pyrE) in Pseudomonas minimal medium with 0.4% 
succinate and 40 µg/ml uracil. 
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Figure 16. Comparison of specific activity of pyrimidine biosynthetic enzymes for 
PAO0483 grown in Pseudomonas minimal medium supplemented with 0.2% glucose 
and uracil at 40 µg/ml. Cells were starved (ST) for two hours as described in Materials 
and Methods. 
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Figure 17. Comparison of specific activity of pyrimidine biosynthetic enzymes for 
PAO0483 grown in Pseudomonas minimal medium supplemented with 0.4% succinate 
and 40 µg/ml uracil. Cells were starved (ST) for two hours as described in Materials and 
Methods. 
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causes some derepression. In the PAO0483 (pyrE) mutant strain, no OPRTase activity 

was seen as expected. 

 Repression of pyrimidine enzyme activity occurred when the PAO8017 mutant 

strain was grown in minimal medium with 0.2% glucose or 0.4% succinate as a carbon 

source and 40 µg/ml of uracil as a pyrimidine source in comparison with the wild type 

PAO1. When glucose is used as a carbon source, slight repression was observed for 

the first two enzymes in the pathway: ATCase (0.65-fold), DHOase (0.88-fold) (Figure 

18). On the other hand, when succinate was used as a carbon source, significant 

repression was observed in DHOdehase (0.16-fold) and slight repression for OPRTase 

(0.75-fold) (Figure 19). Figure19 shows derepression in DHOase (2.66-fold), but no 

significant change in ATCase activity. As expected, no enzyme activity was observed 

for OMPdecase in the PAO8017 (pyrF) mutant strain. 

 When starved for uracil in the presence of glucose as carbon source, PAO8017 

(pyrF) enzyme activity was derepressed when compared with non starved conditions 

(Figure 20).  Figure 20 shows derepression in ATCase (2.6-fold), DHOase (4.4-fold), 

DHOdehase (2.4-fold), and OPRTase (1.3-fold). When succinate was used as the 

carbon source in the same experimental format, completely different results was seen: 

repression in ATCase (0.74-fold), DHOase (no activity), and DHOdehase (0.35-fold) 

(Figure 21). Orotate phosphoribosyltransferase is the only enzyme to show slight 

derepression in this case (1.55-fold). These results showed that changing the carbon 

source in the minimal medium caused a significant change in the activity of the 

pyrimidine enzymes. 

 

 66



   

 

 

 

0

20

40

60

80

100

120

PAO (Glu+U) crc,pyrF(Glu+U)

Sp
ec

ifi
c 

A
ct

iv
ity

(n
m

ol
/m

in
/m

g 
pr

ot
ei

n)

ATCase
DHOase
DHOdehase
OPRTase
OMPdecase

 

Figure 18. Specific activity of pyrimidine biosynthetic enzymes of wild type PAO1 and 
the mutant strain PAO8017 (pyrF, crc) in Pseudomonas minimal medium with 0.2% 
glucose and uracil at 40 µg/ml. 
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Figure 19. Specific activity of pyrimidine biosynthetic enzymes of wild type PAO1 and 
the mutant strain PAO8017 (pyrF, crc) in Pseudomonas minimal medium with 0.4% 
succinate and uracil at 40 µg/ml. 
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Figure 20. Comparison of specific activity of pyrimidine biosynthetic enzymes for 
PAO8017 (pyrF) grown in Pseudomonas minimal medium with 0.2% glucose and uracil 
at 40 µg/ml. Cells were starved for two hours as described in Materials and Methods. 
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Figure 21. Comparison of specific activity of pyrimidine biosynthetic enzymes for 
PAO8017 grown in Pseudomonas minimal medium with 0.4% succinate and uracil at 40 
µg/ml. Cells were starved for two hours as described in Materials and Methods. 
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Effects of PAO8020 (crc) on the Pyrimidine Biosynthetic Pathway in Comparison with 

the Wild Type PAO1 

 The Crc protein, encoded by the gene crc, is a global regulator that controls a 

number of biosynthetic and catabolic pathways in Pseudomonas (Collier et al., 1996). 

To determine if Crc plays role in pyrimidine metabolism, all five pyrimidine enzymes 

were assayed in the wild type strain PAO1 and compared to those in the crc mutant 

strain PAO8020. Cells were grown in minimal medium with glucose or succinate as a 

carbon source in the presence or absence of uracil. No significant difference was seen 

in the activity of ATCase of the PAO8020 mutant strain compared with wild type PAO1 

(Figure 22). Repression was seen in PAO1 cells grown in Pseudomonas minimal 

medium with glucose and uracil compared to PAO1 cells grown in Pseudomonas 

minimal medium with glucose alone. Slight repression was seen in the activities of 

ATCase (0.88-fold, Figure 22), DHOase (0.85-fold, Figure 23), DHOdehase (0.33-fold, 

Figure 24), OPRTase (0.71-fold, Figure 25), and OMPdecase (0.81-fold, Figure 26). 

When succinate was used as the carbon source, no repression occurred in all cases. 

 Derepression in OPRTase (1.56-fold) activity occurred for the PAO8020 (crc) 

mutant strain grown in Pseudomonas minimal medium supplemented with glucose and 

uracil compared to the wild type strain PAO1 (Figure 25). On the other hand, when 

succinate was used as the carbon source in the presence of uracil, there was 

repression in OPRTase activity in the crc mutant strain compared to wild type PAO1 

(Figure 25). No significant changes were observed in OMPdecase activity comparing 

the crc mutant strain PAO8020 and the wild type strain PAO1. This suggests that the 

crc mutant strain may affect only the expression of pyrE gene.  
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Figure 22. Comparison of ATCase specific activity of wild type PAO1 with the specific 
activity of the crc mutant strain PAO8020. Here, cells were grown in four different 
conditions as shown above. Glucose (G) or succinate (succ) was used as the carbon 
source and uracil (U) was used as the pyrimidine source. 
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Figure 23. Comparison of DHOase specific activity of wild type PAO1 with the specific 
activity of the crc mutant strain PAO8020. Here, cells were grown in four different 
conditions as shown above. Glucose (G) or succinate (succ) was used as the carbon 
source and uracil (U) was used as the pyrimidine source. 
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Figure 24. Comparison of DHOdehase specific activity of wild type PAO1 with the 
specific activity of the crc mutant strain PAO8020. Here, cells were grown in four 
different conditions as shown above. Glucose (G) or succinate (succ) was used as the 
carbon source and uracil (U) was used as the pyrimidine source. 
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Figure 25. Comparison of OPRTase specific activity of wild type PAO1 with the specific 
activity of the crc mutant strain PAO8020. Here, cells were grown in four different 
conditions as shown above. Glucose (G) or succinate (succ) was used as the carbon 
source and uracil (U) was used as the pyrimidine source. 
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Figure 26.  Comparison of OMPdecase specific activity of wild type PAO1 with the 
specific activity of the crc mutant strain PAO8020. Here, cells were grown in four 
different conditions as shown above. Glucose (G) or succinate (succ) was used as the 
carbon source and uracil (U) was used as the pyrimidine source. 
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Carbon Source Starvation of the Wild Type PAO1 and PAO8020 (crc-) 

 When starved for a carbon source (either glucose or succinate) significant results 

were observed by Ralli (2005) in her studies on the metabolism of P. aeruginosa. When 

the PAO8020 (crc) mutant strain was starved for the carbon source, repression was 

observed in PAO8020 cells when starved for glucose as compared with the non-starved 

cells. Repression was observed for ATCase (0.75-fold) and OMPdecase (0.65-fold), but 

other enzymes were unaffected (Figure 27). When the same cells were starved for 

succinate, no difference was observed when compared to non-starved cells (Figure 28). 

 Comparing wild type PAO1 specific activity for starved versus non-starved 

conditions gave different results. Almost no activity was observed for DHOase when 

cells were starved for glucose. Slight Repression was observed for ATCase (0.84-fold), 

OPRTase (0.95-fold), and OMPdecase (0.69-fold), but a slight derepression (1.18-fold) 

was observed for DHOdehase (Figure 29). On the other hand, DHOase showed a 

significant derepression (2.8-fold) when the PAO1 cells were starved for succinate 

(Figure 30). Derepression was also observed in ATCase (1.13-fold). 
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Figure 27. Comparison of specific activity of pyrimidine biosynthetic enzymes for 
PAO8020 (crc) grown in Pseudomonas minimal medium with 0.2% glucose. Cells were 
starved for two hours as described in Materials and Methods. 
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Figure 28. Comparison of specific activity of pyrimidine biosynthetic enzymes for 
PAO8020 (crc) grown in Pseudomonas minimal medium with 0.4% succinate. Cells 
were starved for two hours as described in Materials and Methods. 
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Figure 29. Comparison of specific activity of pyrimidine biosynthetic enzymes for PAO1 
grown in Pseudomonas minimal medium with 0.2% glucose. Cells were starved for two 
hours as described in Materials and Methods. 
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Figure 30. Comparison of specific activity of pyrimidine biosynthetic enzymes for PAO1 
grown in Pseudomonas minimal medium with 0.4% succinate. Cells were starved for 
two hours as described in Materials and Methods. 
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Analysis of Virulent Factor in Wild Type PAO1 and in the Three Mutant Strains 

 This section involves the quantification of pyocyanin and pyoverdin production, 

casein protease and elastase analysis, hemolysin production, and motility assays. All of 

these assays were performed on PAO0483, PAO8017, and PAO8020 mutant strains 

and in the wild type strain PAO1. 

Quantitation of Pigment Production (Pyocyanin and Pyoverdin): 

 In order to quantitate and compare pigment production in wild type and mutants 

of P. aeruginosa, cells were cultivated in King's A and King's B media, which enhance 

the production of both pyocyanin and pyoverdin, respectively. The composition of the 

King's A and King's B media, the isolation and measurement of the pigments were 

described in detail in Materials and Methods.  

 Results for pyocyanin production are presented in Figure 31. Samples were 

incubated for 24 hours with shaking at 37oC in King's A medium. When King's A 

medium was not supplemented with uracil, the production of pyocyanin was greatly 

reduced in PAO0483 (pyrE), PAO8017 (crc, pyrF), and PAO8020 (crc) mutant strains 

compared to the wild type PAO1. Expressed in percent of wild type production, the 

pyocyanin production for PAO0483 is 6.4%, PAO8017 61%, and PAO8020 6.8%. 

Therefore, both PAO0483 and  PAO8020  showed the greatest reduction in pyocyanin 

production.  

When uracil was added, wild type PAO1 and the PAO8020 mutant strains were 

not affected, while PAO0483 and PAO8017 showed an increase in the pyocyanin 

production, but not to the wild type level.  
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Figure 31. Amount of pyocyanin produced by PAO1 and the other mutant strains 
PAO0483 (pyrE), PAO 8017 (crc, pyrF), and PAO8020 (crc). Cells were grown in King's 
A medium in the presence or absence of uracil (40 µg/ml). Cells were grown for 24 
hours until they reached the same optical density at 600nm. Results shown are the 
average of three different assays and the error bars are also shown.  
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Figure 32 represents the results for pyoverdin production when samples were 

incubated at 37oC with shaking for 24 hours. Pyoverdin levels are reported as the 

absorbance at 405 nm divided by the absorbance at 600 nm. When King's B medium 

was not supplemented with uracil, pyoverdin levels were not significantly different in the 

PAO0483 (pyrE) mutant strain (1.04-fold increase) compared to the wild type. Pyoverdin 

levels were significantly decreased in PAO8017 (crc, pyrF to 23%) and PAO8020 (crc to 

60%) as compared with wild type PAO1. Supplementing King's B medium with 

exogenous uracil caused the pyoverdin levels to be greatly decreased in both the wild 

type PAO1 and in the three mutant strains as compared to those where no uracil was 

added. 

Elastase and Casein Protease Production 

 Casein protease and elastase are two enzymes that are known to enhance the 

virulence of P. aeruginosa. In order to quantitate the production of casein protease and 

elastase of PAO1 and other mutant strains, cells were cultivated in PTSB medium with 

or without uracil for 24 hours at 37 oC. Measurement procedures were described in 

detail in Materials and Methods. In PTSB medium without uracil, a decrease in the 

production of casein protease was observed in PAO0483 (pyrE, 37%) and PAO8020 

(crc,69%) compared to the wild type PAO1 level. A great decrease of 99.9% in the 

production of casein protease was observed in PAO8017 mutant strain (crc, pyF) 

compared to the wild type level. Adding uracil to the rich medium caused a slight 

increase in the production of casein protease in PAO0483 and PAO 8017 and a slight 

drop in the PAO8020 mutant strain. The mutant strains showed a significant decrease in 

the production of casein protease (Figure 33). 
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 Figure 34 represents the results of elastase production. As can be seen from the 

figure, the three mutants showed a decrease in the production of elastase when 

compared with the wild type. When no uracil was added to the PTSB medium, 

PAO0483 (pyrE) showed a 43.2% decrease and PAO8020 (crc) a 59.4% decrease. 

Similar to the result with casein protease, the PAO8017 (crc, pyrF) mutant strain had a 

decrease in the production of elastase of about 97.6% compared to the wild type level. 

The addition of uracil to the rich medium, did not affect the production of elastase as 

expected. 

Iron Chelation Analysis 

 The ability of P. aeruginosa wild type and mutant strains to produce pyoverdin 

was also tested by growth on CAS medium. In this assay, CAS minimal medium with 

0.2% glucose or 0.4% succinate and with or without uracil (40 µg/ml), was used to study 

the iron chelation ability of all strains used in this study. This medium detects the 

production of siderophores, which have the ability to remove iron from the medium. 

Siderophores also have the ability to release a dye, resulting in an orange halo around 

the growth. Since CAS is a minimal medium, CAS agar plates without uracil do not 

support growth of the pyrimidine mutant strains PAO0483 and PAO8017. Figures 35 

and 36 show the results of iron chelation. As mentioned above, PAO0483 and 

PAO8017 pyrimidine mutant strains were unable to grow on CAS plates without uracil 

because it is a minimal medium. On the other hand, PAO1 and PAO8020 (crc) grew in 

the absence of uracil. After 24 hours incubation at 37oC, all mutant strains produced 

almost the same size of halo when compared to the wild type in both glucose or 

succinate conditions. On the other hand, the pyrimidine mutant strains PAO0483 (pyrE)      
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Figure 32. Comparison of pyoverdin production by PAO1 and the three mutant strains 
PAO0483 (pyrE), PAO 8017 (crc, pyrF), and PAO8020 (crc). Cells were grown in King's 
B medium in the presence or absence of uracil (40 µg/ml). ). Cells were grown for 24 
hours until they reached the same optical density at 600nm. Pyoverdin levels are 
reported as the absorbance at 405 nm divided by the absorbance at 600 nm. Results 
shown are the average of three different assays and the error bars are also shown.  
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Figure 33. Amount of casein protease produced in PTSB medium by PAO1 and 
PAO0483 (pyrE), PAO8017 (crc,pyrF) and PAO8020 (crc). Cells were grown in PTSB 
rich medium in the presence or absence of uracil (40 µg/ml). Samples were tested 
individually three times and the average was taken. The error bars have been also 
reported.  
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Figure 34. Comparison of elastase production for PAO1 and PAO0483 (pyrE), 
PAO8017 (crc,pyrF) and PAO8020 (crc). Cells were grown in PTSB rich medium in the 
presence or absence of uracil (40 µg/ml). Samples were tested individually three times 
and the average was taken. The error bars have been also reported. 
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and PAO8017 (crc, pyrF) produced a larger halo after 48 hours incubation at 37oC 

compared to the wild type. The PAO8020 (crc) strain produced the same size halo as 

the wild type in all cases (Figures 35, and 36).   

Hemolysin Production 

 Hemolysin is an enzyme that has the ability to breakdown red blood cells. To 

measure the production of hemolysin, blood agar plates were used. Wild type PAO1 

and the three mutants used in this study were inoculated on blood agar with or without 

uracil (40 µg/ml). Results were recorded after 24, and 48 hours of incubation at 37oC. In 

the absence of uracil, there was no hemolysis of the blood agar by PAO0483 (pyrE) or 

PAO8017 (crc, pyrF), while the wild type PAO1 showed clear hemolysis on the plate 

with or without uracil.  

However, when uracil was added, both of the pyrimidine mutants showed an 

increase in the production of hemolysin, though not at the wild type level. After 48 hours 

incubation, PAO1 and the two pyrimidine mutant strains showed a clear zone of 

hemolysis. The PAO8020 (crc) mutant strain showed a decrease in hemolysin 

production when uracil was added to the blood plate. However, this strain produced less 

hemolysis than the wild type PAO1 in all cases. All the results of blood hemolysis are 

shown in Figure 37. 

Rhamnolipid Production 

 Rhamnolipid production results are presented in Figures 38 and 39. Production 

of rhamnolipid was seen in the form of a pink halo around the bacterial growth. 

Rhamnolipid medium is minimal with 0.2% glucose or 0.4% succinate as a carbon 

source. Analysis was done in the presence or absence of uracil (40 µg/ml). Since it is 
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Figure 35.  Comparison of growth of PAO1 wild type and PAO0483 (pyrE), PAO8017 
(crc, pyrF), PAO8020 (crc) mutant strains on CAS plates. Plate (a) represents a CAS 
plate with 0.2% glucose. Plate (b) represents CAS plate with 0.2% glucose and 40 
µg/ml uracil. A minute portion of a single colony was touched and transferred with a 
sterile toothpick. The procedure was repeated three times using the same sized colony. 
Fig 35 A. results after 24 hours incubation  
Fig 35 B. results after 48 hours incubation 
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Figure 36. Comparison of the growth of PAO1 wild type and PAO0483 (pyrE), PAO8017 
(crc, pyrF), PAO8020 (crc) mutant strains on CAS plates. Plate (a) represents CAS 
plate with 0.4% succinate. Plate (b) represents CAS plate with 0.4% succinate and 40 
µg/ml uracil. A minute portion of a single colony was touched and transferred with a 
sterile toothpick. The procedure was repeated three times using the same sized colony. 
Fig 36 A. results after 24 hours incubation;  
Fig 36 B. results after 48 hours incubation 
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Figure 37.  Comparison of the hemolysin production of PAO1 wild type and PAO0483 
(pyrE), PAO8017 (crc, pyrF), PAO8020 (crc) mutant strains. Plate (a) contains no uracil. 
Plate (b) contains 40 µg/ml uracil. A minute portion of a single colony was touched and 
transferred with a sterile toothpick. The procedure was repeated three times using the 
same sized colony. 
Fig 37 A. results after 24 hours incubation. 
Fig 37 B. results after 48 hours incubation. 
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minimal medium, rhamnolipid agar plates without uracil did not support the growth of the 

pyrimidine mutant strains PAO0483, and PAO8017. After 24 hours incubation, all three 

mutants produced less rhamnolipid than the wild type. After 48 hours, the zone of 

growth was larger for each mutant, but they still produced less rhamnolipid when 

compared with the wild type. The PAO8017 (crc, pyrF) mutant showed the most 

significant decrease in the production of rhamnolipid when compared with other strains, 

particularly the wild type, PAO1 (Figures 38, and 39). 

Motility Studies 

 Another characteristic that contributes to the virulence of P. aeruginosa is its 

ability to move. P. aeruginosa is capable of movement using three different types of 

motility, namely swimming, swarming and twitching. Swimming and swarming motilities 

require flagella, while twitching motility requires type IV pili. Type IV pili are also 

involved in the attachment of P. aeruginosa to surfaces such as tissues or plastics.  

Swimming, swarming, and twitching motilities were tested on wild type PAO1 and the 

three mutant strains to see if there is any significant difference in the mutant strains 

when compared to the wild type.  

 Mutant strains PAO0483 (pyrE), PAO8017 (crc, pyrF), and PAO8020 (crc) show 

significant defects in swimming motility when compared with the wild type after 14 hours 

incubation (Figure 40). In this test, the wild type strain PAO1 showed free swimming 

ability after 14 hours. The addition of uracil caused the PAO0483 and PAO8017 

pyrimidine mutant strains to grow more but they were not able to swim on the plate as 

did the wild type PAO1. The mutant PAO8020 was not affected by the addition of uracil. 
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Figure 38.  Comparison of rhamnolipid production of PAO1 wild type and PAO0483 
(pyrE), PAO8017 (crc, pyrF), PAO8020 (crc) mutant strains. Plate (a) contains 0.2% 
glucose. Plate (b) contains 0.2% glucose and 40 µg/ml uracil. A minute portion of a 
single colony was touched and transferred with a sterile toothpick. The procedure was 
repeated three times using the same sized colony. 
Fig 38 A. results after 24 hours incubation. 
Fig 38 B. results after 48 hours incubation. 
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Figure 39. Comparison of rhamnolipid production of PAO1 wild type and PAO0483 
(pyrE), PAO8017 (crc, pyrF), PAO8020 (crc) mutant strains. Plate (a) contains 0.4% 
succinate. Plate (b) contains 0.4% succinate and 40 µg/ml uracil. A minute portion of a 
single colony was touched and transferred with a sterile toothpick. The procedure was 
repeated three times using the same sized colony. 
Fig 39 A. results after 24 hours incubation. 
Fig 39 B. results after 48 hours incubation. 
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 Swarming motility was completely impaired in the three mutant strains PAO0483 

(pyrE), PAO8017 (crc, pyrF), and PAO8020 on swarming plates without uracil after the 

plates were incubated at 37oC for 14 hours. Wild type PAO1 showed free swarming 

motility in all cases. The addition of uracil increased the growth observed on the plate 

for PAO0483 and PAO8017, but provided no increase in swarming ability. Both wild 

type strain PAO1 and the mutant strain PAO8020 were not affected by the addition of 

uracil (Figure 41). 

 Twitch agar medium with or without uracil (40 µg/ml) was used to study the 

twitching motility in the wild type PAO1 and the other mutant strains. After inoculation, 

plates were incubated for 24 hours at 37oC. As seen in Figure 42, the twitching motility 

test indicated that all mutant strains were deficient in this form of motility at different 

levels when compared to the wild type PAO1. The addition of uracil increased the size 

of the twitching zone, but at a level far less than wild type level. 

 The Adherence test is a continuation of the twitching test. The agar of the 

twitching medium was removed and the plate was washed with a gentle steam of sterile 

water. Any bacteria that remain attached to the plate were stained with crystal violet. 

Mutant strains PAO8017 and PAO8020 failed to adhere with or without uracil. Figure 43 

shows that PAO0483 adhered slightly both with and without uracil. In both cases 

adherence was much less than that of the wild type level. The adherence results are 

shown in Figure 43.    
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Figure 40. Swimming motility of PAO1 and PAO0483 (pyrE), PAO8017 (crc, pyrF), 
PAO8020 (crc) mutant strains. Plate (a) has no supplements. Plate (b) supplemented 
with 40 µg/ml uracil. A minute portion of a single colony was touched and transferred 
with a sterile toothpick. The procedure was repeated three times using the same sized 
colony. 
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Figure 41. Swarming motility of PAO1 and PAO0483 (pyrE), PAO8017 (crc, pyrF), 
PAO8020 (crc) mutant strains. Plate (a) has no supplements. Plate (b) supplemented 
with 40 µg/ml uracil. A minute portion of a single colony was touched and transferred 
with a sterile toothpick. The procedure was repeated three times using the same sized 
colony. 
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Figure 42. Comparison of the twitching ability of PAO1 and PAO0483 (pyrE), PAO8017 
(crc, pyrF), PAO8020 (crc) mutant strains. Plate (a) has no supplements. Plate (b) 
supplemented with 40 µg/ml uracil. A minute portion of a single colony was touched and 
transferred with a sterile toothpick. The procedure was repeated three times using the 
same sized colony. 
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Figure 43. Adherence test of PAO1 and PAO0483 (pyrE), PAO8017 (crc, pyrF), 
PAO8020 (crc) mutant strains. Plate (a) has no supplements. Plate (b) contains uracil at 
40 µg/ml.  
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DISCUSSION 
 

In 1968, Isaac and Holloway were the first to isolate various pyrimidine mutants 

to understand the intricacies of pyrimidine biosynthesis in Pseudomonas aeruginosa 

and to understand the regulation of this pathway. They also tested the ability of 

pyrimidine mutants to use intermediates of the pathway to satisfy their pyrimidine 

requirement and found that only uracil could serve as the pyrimidine source for mutant 

strains.  Work on the pyrimidine pathway continued in our laboratory by creating several 

knock-out mutants and studying the effects of those mutations on the regulation of the 

pathway. 

 Previous research in our laboratory established that a pyrC knock-out mutant 

(Brichta, et al., 2004) and a pyrB knock-out (Hammerstein, 2004) both require 

pyrimidines for growth. Brichta (2003) discovered that P. aeruginosa has two active 

pyrC genes located on separate regions of the chromosome in addition to the inactive 

pyrC’ that is required for the activity of ATCase. Moreover, a novel link between the 

pyrimidine pathway and virulence of P. aeruginosa was discovered in our laboratory 

(Brichta, 2003). A Knock-out mutation either in gene pyrB, or pyrC inhibited production 

of virulence factors by P. aeruginosa (Brichta, 2003 and Hammerstein, 2004). We 

hypothesized that the decrease in the production of virulence factors might be due to 

the build up of carbamoyl aspartate caused by the double knock-out of pyrC, thereby 

increasing the negative charge within the cell and disrupting the balance of ions. Later, 

this hypothesis was rejected when a block in pyrB was found to give the same results 

as did the double knock-out of pyrC. Next, a pyrD mutant was constructed (Ralli, 2005) 

that showed decreased production of virulence factors in comparison with the wild type. 
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Therefore, we proposed to continue to study the effect of the next two steps in the 

pyrimidine pathway (pyrE, and pyrF) on the production of the virulence factors in P. 

aeruginosa and on the regulation of the pyrimidine biosynthetic pathway. This study 

also involved the roles that Crc played in the regulation of the pyrimidine biosynthetic 

pathway. 

 PAO1 and the other mutant strains were grown in Pseudomonas minimal 

medium and peptone trypticase soy broth (PTSB). The pyrimidine mutant strains 

PAO0483 and PAO8017 showed no inhibition of growth compared to wild type when 

grown in Pseudomonas minimal medium supplemented with uracil (Figures 6 and 7). 

The growth curves also showed that P. aeruginosa grew better when succinate the 

carbon source. Mutant strainPAO8020 (crc) showed a significant decline in the growth 

rate and a prolonged lag phase when compared with the wild type (Figures 8 and 9).  

This is likely due to the absence of the Crc protein, which is the catabolite repression 

control element for carbon source utilization.  

 Pyrimidine auxotrophs PAO0483 (pyrE) and PAO8017 (crc, pyrF) were 

characterized by streaking for isolation on Pseudomonas minimal medium with and 

without uracil. After 24 hours of growth, both of PAO0483 and PAO8017 showed no 

growth on the minimal plate without uracil, but full growth on the minimal plate with 

uracil. The plates without uracil were left for two more days, but no colonies were 

observed, which indicates an absolute requirement for a pyrimidine source. In P. 

aeruginosa, the only way that uracil is converted to UMP is by the action of the enzyme 

UPRTase. Haugaard and West (2002) have shown that UMP degradation products are 

responsible for the increased enzyme levels of ATCase and DHOase in P. oleovorans.  
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 The effect of the PAO048 and PAO8017 pyrimidine mutant strains on the 

pyrimidine pathway was tested by measuring the specific activity of the other pyrimidine 

enzymes. It was reported by Isaac and Holloway in 1968 that when uracil was provided 

to P. aeruginosa, no repression was observed. Also they reported that when a mutant 

strain was starved for uracil, no derepression or elevation in enzyme activity was 

observed. However, in wild type PAO1 in this study and when uracil is provided to the 

minimal medium in the presence of glucose as the carbon source, repression was found  

in ATCase, DHOase , DHOdehase, OPRTase, and OMPdecase. Yet, in the presence of 

uracil and succinate, derepression was found in ATCase, DHOase, and OPRTase and 

repression was found in DHOdehase and OMPdecase when compared with the one 

that has only succinate (Figures 22-26).  

Assays of the pyrimidine enzymes in the PAO0483 (pyrE) mutant showed 

significant repression of ATCase, DHOase, and DHOdehase when grown in the 

presence of succinate and uracil, while derepression was observed in OMPdecase 

when compared with the wild type (Figure 15). This result can be explained due to the 

accumulation of orotate in PAO0483 mutant. The two reactants, orotic acid and 

phosphoribosyl pyrophosphate (PRPP), are combined to form OMP and PPi by the 

action of OPRTase. This reaction is reversible but favored in the forward reaction. 

Binding constants for each of the substrates were determined and provide clues to a 

potentially larger role for this enzyme in the control of the concentration of various 

pyrimidine intermediates in the cell. Wang and co-workers (1999) determined the 

dissociation constants for the substrates for OPRTase to be 280 µM for orotic acid and 

33 µM for PRPP. This suggests that intracellular levels of orotate must be at least 
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280µM in order for OMP to be made. 

  The most interesting result observed for the PAO8017 mutant strain is the 

significant derepression in DHOase (2.66-fold, Figure 18) when succinate is used as the 

carbon source. In the OMPdecase mutant strain, the driving force of the pathway was 

blocked and, resulting in the accumulation of various pyrimidine intermediates. Since 

this strain is blocked in two genes (crc, and pyrF), the results observed may be due to 

either or both of them. 

 Both pyrimidine mutant strains PAO0483 and PAO8017 can not grow in the 

presence of orotate as the pyrimidine source because this substrate can not be used in 

the absence of OPRTase encoded by pyrE. However, orotate can be used as a 

pyrimidine source in other pyrimidine mutants such as a block in pyrB, pyrC, and pyrD. 

Orotate can satisfy the pyrimidine requirement in the presence of glucose as a carbon 

source but not succinate, which is the preferred carbon source in P. aeruginosa. This is 

because of the C4-dicarboxylate transport protein (DctA), which mediates the entry of 

both succinate and orotate into cells (Baker et al., 1996; Yurgel et al., 2000). In other 

words, succinate out-competes orotate for entry.  

  Pyrimidine source starvation experiments were carried out in this study to 

identify repression or derepression in pyrimidine auxotrophs. When the PAO0483 (pyrE) 

mutant strain was starved for uracil in the presence of glucose as a carbon source, a 

significant derepression was observed in ATCase (1.57-fold), DHOase (2.58-fold), 

DHOdehas (2.92-fold), and OMPdecase (1.55-fold) when compared with the non 

starved strain (Figure 15). When succinate was used as a carbon source, derepression 

was also observed but not as much as in the case of glucose. Almost same results were 
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observed when the PAO8017 (crc, pyrF) mutant strain was starved for uracil in the 

presence of glucose. However, DHOase showed no activity at all when PAO8017 was 

starved for uracil in the presence of succinate (Figure 21). The derepression shown 

above in the starvation experiment may be due to a decrease in the pyrimidine 

nucleotide pools such as the UTP and CTP pools. Pyrimidine nucleotide pools are 

known to drop when cells are starved for uracil (West et al., 1983). Therefore, enzyme 

activity is increased due to the drop in the pyrimidine nucleotide pools, indicating a 

transcriptional regulation of pyrimidine enzymes by their ribonucleotides. West (1994) 

showed that starving a pyrimidine auxotroph for uracil caused a derepression of the 

biosynthetic enzymes of the pyrimidine pathway. 

 PAO8020 is a crc mutant strain, which is defective in the production of the 

catabolite repression control (Crc). The Crc protein is a global regulator known to 

regulate a number of biosynthetic and catabolic pathways in Pseudomonas (Collier et 

al., 1996). The pyrimidine enzymes were assayed in PAO1 and crc- mutant strain to see 

if Crc has any regulatory role in the pyrimidine pathway. Assay for ATCase, DHOase, 

and OMPdecase showed no significant difference in both strains whether glucose or 

succinate was used as a carbon source in the presence or absence of uracil. However, 

when glucose was used as a carbon source in the presence of uracil, a significant 

increase in the activity of OPRTase was observed in crc- strain when compared with the 

wild type (Figure 25). This increase in the activity was not shown in the presence of 

succinate as a carbon source, which suggests that Crc protein affects pyrE expression 

when cells are grown under high uracil conditions. This effect on pyrE might also be due 

to the location of crc gene, which is about 80bp upstream from pyrE. The pyrE and crc 
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genes share the same promoter. Therefore, it is possible that in the case of crc- mutant 

strain, the expression of pyrE gene can be affected. Crc protein is constitutively 

expressed and this expression is greater when cells are grown in succinate instead of 

glucose or other carbon sources (Hester, et al., 2000). 

 Starving for a carbon source experiments were run to study the effects of the 

carbon source on the regulation of the pyrimidine pathway. Cells were starved for either 

glucose or succinate. When PAO1 cells were starved for glucose, DHOase activity 

showed almost no activity (Figure 29). It has been found that carbon starvation has a 

major influence on the synthesis and degradation of amino acids in P. aeruginosa (Kay 

and Gronlund, 1969). In E. coli, it has been found that carbon starvation caused a 

decrease in amino acid transport (Britten and McClure, 1962). Therefore, it is possible 

that the repression shown in DHOase activity may stem from the decrease in amino 

acid transport. Starvation for carbon causes cells to enter the stationary phase where it 

has been shown that pyrC (DHOase) is not active (Azad 2005).  

 All three P. aeruginosa mutant strains used in this study exhibited a decrease in 

the production of the virulence factors compared to the wild type. The connection 

between pyrimidine mutants and virulence factor production in P. aeruginosa was first 

discovered in our laboratory when Brichta (2003) discovered that the DHOase mutant 

was deficient in virulence factor production. In a related study, it was shown that a block 

in ATCase and DHOase in P. putida caused a decrease in the production of pyoverdin, 

while a block in DHOdehase or OPRTase, caused no change in the production of 

pyoverdin. These works suggested that DHO was a precursor of pyoverdin in P. putida, 

thus explaining why pyoverdin levels declined (Maksimova et al., 1993). In P. 
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aeruginosa, blocks in the genes that encode ATCase and DHOase showed a significant 

decrease in the production of both pyoverdin and pyocyanin (Brichta, 2003: 

Hammerstein, 2004). A block in the gene that encodes DHOdehase caused no change 

in the production of pyoverdin and pyocyanin. In the present study, PAO0483 (pyrE) 

showed the same result as the pyrD mutant, in which the production of pyoverdin was 

not affected. These results are similar to what was observed in P. putida, suggesting 

that DHO is the precursor of Pyoverdin, even in P. aeruginosa. However, the mutant 

strains PAO0483, PAO8017 (crc, pyrF) and PAO8020 (crc) showed a decrease in the 

production of pyocyanin. The Crc mutant strain showed the most significant decrease in 

the production of both pyocyanin and pyoverdin (Figures 30 and 31). This can be 

explained due to the role that Crc protein plays in the regulation of several pathways. 

 Elastase, casein protease, and hemolysin productions were tested in the three 

mutant strains and compared with the wild type PAO1. The results indicated that the 

mutant strains are all deficient in the production of those virulence factors compared to 

the wild type. The most significant decrease was shown by PAO8017 (crc, pyrF), which 

may be due to the two mutations in this strain. The addition of uracil to any of the media 

caused an increase in virulence factor production in the pyrimidine mutant strains but 

not to the wild type level. Mutant strains that are deficient in virulence factor production 

were also found to be deficient in motility. As seen in this study, the ability of PAO0483, 

PAO8017, and PAO8020 to swim, swarm, and twitch were also found to be impaired 

compared to wild type. The production of rhamnolipid, which is required for swarming 

motility, was also found to be impaired in the three mutant strains.  When a pyrimidine 

source (uracil) was added, rhamnolipid production increased only in the pyrimidine 
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auxotrophic strains PAO0483, and PAO8017, but not to equal the wild type level. In 

addition, the ability to adhere was decreased in PAO0483 and PAO8020 and 

completely impaired in PAO8017. Overall, the double mutant strain PAO8017 (crc, 

pyrF), showed the greatest decrease in virulence factor production when compared with 

the other mutant strains. As mentioned previously, this may result from the two different 

mutations in this strain. 

 In a related study, a P. aeruginosa ppk (encoding polyphosphate kinase) mutant 

was found deficient in all forms of motility and in biofilm formation (Rashid and 

Kornberg, 2000).  The same result was discovered in our laboratory when pyrimidine 

mutant strains were tested for virulence production. Therefore, Brichta (2003) 

hypothesized that a build up of negative ions within the cell may have led to decreased 

virulence. The build up of negative charges also caused an effect on the pyrimidine 

enzyme specific activity. This increase in intracellular negative ions may also affect the 

energetics of the pyrimidine mutant strains, leading to these strains being deficient in 

virulence factor production and in motility.  

Recent work by O’Toole and others has shown that a crc mutant is defective in 

biofilm formation because it lacks fully functional type IV pili, which are also required for 

twitching motility (O'Toole et al., 2000). The same study showed that the global carbon 

metabolism regulator (Crc) is a component of the single transduction pathway required 

for biofilm development in P. aeruginosa. Therefore, the decrease in virulence factor 

production shown by the PAO8020 (crc) mutant strain used in this study may be due to 

the important role that the Crc protein plays in the regulation of different pathways. The 

absence of the Crc protein is likely to affect the quorum sensing system in P. 
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aeruginosa, which in turn affects the production of virulence factors. 

 In conclusion, this study showed that the PAO0483, PAO8017, and PAO8020 

mutant strains were all deficient in the production of virulence factors. Low level 

production of pyocyanin, hemolysin, casein protease, and elastase were found in the 

mutant strains compared to the wild type PAO1. Swimming, swarming, and twitching 

motility were also impaired. Moreover, the production of rhamnolipid and iron binding 

ability were also diminished in all mutant strains, unlike the wild type. A possible reason 

for this decrease may again be due to the accumulation of the negative charge in the 

case of the pyrimidine requirement strains or due to the absence of global regulator Crc 

in the case of PAO8020(crc) mutant strain. The effects of different mutations on 

virulence factor production from this study and other studies are summarized in Table 4.  

Purine auxotroph and amino acid requirement strains are being studied by other 

members in our laboratory to determine if the results obtained from the mutants of 

pyrimidine pathway pertained solely to pyrimidines.  
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Virulence Factor PAO1 pyrE Crc,pyrF crc pyrC, 

DKO 

pyrB pyrD 

Pyocyanin + - - - - - + 

Pyoverdin + + - - - - + 

Casein protease + - - - - - - 

Elastase + - - - - - - 

Hemolysin + - - - - - - 

Rhamnolipid + - - - - - - 

Swimming + - - - - - - 

Swarming + - - - - - - 

Twitching  + - - - - - - 

Adherence + - - - - - - 

 
Table 4. Comparison of virulence factor production in different mutants studied so far in 
our laboratory.  
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