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ABSTRACT 

Burkholderia cepacia is an opportunistic pathogen that causes life-threatening 

infections in people with cystic fibrosis. The mandate of the B. cepacia research 

community is to further the understanding of the taxonomy, ecology, epidemiology and 

pathogenesis of B. cepacia. 

B. cepacia produces a number of classical virulence factors but the role of 

individual virulence factors or their distribution among the genomovars is not well 

understood. The central objective of this dissertation was to identify regulatory genes 

involved in the control of siderophore production. B. cepacia produces four types of 

siderophores but little is known about their uptake or regulation. The synthesis of 

omibactin, one of the four siderophores, and the omibactin-mediated uptake of iron has 

an essential role in animal models of chronic respiratory infections. 

Tn5-OT 182 mutagenesis led to the identification of a luxli-type quorum sensing 

transcriptional regulator. A 3.2 kb fragment of B. cepacia K56-2 chromosomal D N A  was 

cloned, sequenced and shown to contain two open reading frames designated ceplR due 

to their homology with the prototype IcixIR genes. Given the association between global 

virulence factor regulation and quorum sensing, we investigated the function of ceplR by 

examining the phenotypes of ceplR mutants. 

It was determined that ceplR positively regulate the production of protease but the 

mechanism is unknown. Ornibactin production is negatively regulated at the level of 

transcription of at least two ornibactin biosynthesis genes, pvdA and pvdD. The ceplR 

system also controls a surface motility phenotype which likely occurs via a biosurfactant 

and polar pili-dependent mechanism similar to surface motility in P. aeruginosa. The 



CepR transcriptional regulator positively regulates the production of  the autoinducer N- 

octanoyl-L-homoserine lactone and negatively regulates its own synthesis, which 

ultimately may affect the activation or  deactivation of the quorum sensing response. The 

presence of a functional quorum sensing system in a genomovar UI clinical isolate of B. 

cepacicr may further the understanding of the pathogenesis of B. cepacicz infections. 
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Chapter 1. INTRODUCTION 

1.1.1 Diseases caused by Burkholderia cepacia. 

Originally known as Pseudomonas cepacia of the RNA homology group II, this 

organism was reclassified as a member of the genus Burkizolderia (Yabuuchi et al., 

1992). B. cepacin is a gram-negative, aerobic, motile, rod-shaped bacterium. B. cepacin 

was originally identified as the phytopathogen responsible for onion rot (Burkholder, 

1950). however, it is now recognized that B, cepacin is a significant human pathogen. 

Prior to the 19801s, B. cepacia was known to be the cause of sporadic infections 

generally restricted to hospitalized patients. These included infections of soft tissue, the 

lung, the urinary tract and bacteremia occurred in association with endocarditis and septic 

shock (Govan er al., 1996). During the i980's, B. cepacia emerged as an important 

pathogen in cystic fibrosis (CF) pulmonary infections (Isles et al., 1984). The most 

frequent site of infection is the lower respiratory tract. The predilection for the respiratory 

tract is exemplified by the life-threatening infections in CF patients, patients with chronic 

granulomatous disease (CGD) or those requiring mechanical ventilators (Govan and 

Deretic, 1996, Govan er al., 1996). Since the 1980s there have been numerous reports of 

nosocorniai infections in non-CF patients and occasionally outbreaks (Mangram and 

Jarvis, 1996). Outbreaks are usually the result of contaminated water and disinfectant 

solutions. 

1.1.2 Biocontrol and biorernediation potential. 

This plant and animal pathogen also has a variety of properties that ied to an 

industrial interest in this organism. B. cepacia produces antimicrobial compounds that 

can repress the growth of soilborne plant pathogens including a variety of fungal 



pathogens that infect oil-producing plants such as canola. seedlings in forestry nurseries 

and several food crops (Holmes et al., 1998). B. cepacia has also been proposed as a 

biofertiiizer for rice cultivated in low-fertility soils (Govan er al., 2000). As an alternative 

to chemical pesticides, B. cepacia is an excellent biopesticide candidate that could be 

employed to reduce soilborne diseases, 

The metabolic versatility of B- cepacicr is exemplified b y  the ability to degrade 

chlorinated aromatic compounds from pesticides and herbicides and even utilize 

penicillin G as a sole carbon source. B. cepncia is also capable of surviving in 

nutritionally limited environments such as distilled water. Given the fact that many 

environmental pollutants persist for long periods of time and their carcinogenic nature, 

bioremediation agents such as B. cepacia are being commercially developed for removal 

of contaminants- The agricultural use of B. cepacia as a biocontrol and bioremediation 

agent is obviously controversial given the pathogenic potential of this organism. The 

medical microbiology community has expressed a cautionary view regarding the 

agricultural use of B. cepacia (Govan and Vandamme, 1998; Holmes et al.. 1998). Due 

to the potential risk of environmental use. all spray applications of B. cepacirr biocontrol 

strains have been banned. 

1.2 CYSTIC FIBROSIS 

Cystic fibrosis is an incurable, inherited disease affecting one in every 2500 

people born in Canada. The CF gene encodes the cystic fibrosis transmembrane 

conductance regulator (CFTR) and mutations in this gene result in abnormal ion transport 

across the apical membrane of epithelial cells of several tissues (see review Collins. 

1992). Although a variety of mutations lead to a defective CFTR, 70% of mutant alleles 



contain a deletion of phenylalanine at position 508 ( E 5 0 8 ) .  The chloride ion transport 

defect in lung epithelial cells is associated with impaired mucociliary clearance, 

abnormally thick mucus, chronic bacterial infections and inflammation. Pulmonary 

infection causes the most illness and is responsible for greater than 90% of CF-related 

deaths [Davis er a!., 1996). 

1.2.1 CF Disease Theories 

A narrow range of respiratory pathogens cause pulmonary infections in CF 

patients. The most commonly isoIated pathogens include Staphylococcrts rrureus, 

Haernophilus influenzae, Pseridomonas aeruginosa and Burkholderin cepacia (Govan 

and Nelson, 1992). The apparent specificity of infectious agents is not completely 

understood but there are a number of theories to explain how the CFTR defect leads to 

bacterial infections. 

The first set of theories pertains to the nature of bacterial binding to the CF 

epithelial surface. trnundo et al. ( 1995) propose that CF epithelial cells produce a greater 

number of surface receptors, asiaiylated ganglioside 1 (&mi), than normal epithelial 

cells. Since P. aertcginosa pili are known to bind to aGml (Saiman and Prince, 1993). the 

presence of more receptors on CF epithelia might lead to increa5ed colonization. In 

contrast to the above studies, Pier et al. (1996) demonstrated that epithelial cells 

expressing the hF508 allele of the CFTR gene showed less internalization of P. 

aerrtginosa than epithelial cells expressing the wild-type allele. These data support the 

hypothesis that the normal defense mechanism is the uptake of P. aer~ginosa and 

subsequent sloughing of epithelial cells in the process of clearing P. aeruginostc. 



A second set of competing theories pertains to ion transport and the composition 

of the airway surface fluid (ASL) of lung epithelia- The "hydration hypothesis" posits 

that the CF defect results in increased water absorption by epithelial cells which produces 

underhydrated, viscous mucus in CF patients (Guggino, 1999). The decrease in ASL 

would therefore impair rnucociliary clearance. However. in the "salt hypothesis", the 

airway epithelia are thought to produce high salt concentrations in the airway surface 

fluid because of decreased chloride transport- The high salt concentration is thought to 

inactivate natural bactericidal factors (defensins) present in the ASL (Smith et al.. 1996. 

Guggino, 1999). No single factor is Iikeiy to be solely responsible for infection but rather, 

there is a combination of host defects and bacterial factors that contribute to the chronic 

infection in the CF lung. 

1.3 Epidemiology of B. cepacia 

1.3.1 Disease variability in cystic fibrosis patients. 

Increasing attention has been paid to the identification and classification of B. 

cepncia strains, which has aided our understanding of the virulence and epidemiology of 

B. cepncia infections. The 1980s marked the period where increases in B. cepacin CF 

sputum cultures were observed along with the first descriptions of ctinical outcomes of 

CF patients infected with 8. cepacia (Isles et al., 1984). As high as 40% of patients in CF 

clinics were reported to be colonized by B. cepacin (Govan and Deretic. 1996). 

In contrast to P. aer~cginosn, pulmonary infections resulting from B. cepacia can 

result in "cepacia syndrome", a rapid and fatal pulmonary decline occasionally associated 

with bacteremia that occurs within weeks to months of acquisition. Approximately 20- 

35% of B. cepacia infected patients succumb to cepacia syndrome (Isles er al., 1984, 



TabIan e t  a/., 1987). Acquisition of B. cepacicr can also result in asymptomatic 

colonization or  a slow, gradual decline in lung function which is characteristic of CF 

infections by P. nerrginosa (Govan and Deretic, 1996). Compared to P. nerrlginosa Iung 

infections, B. cepacia colonization is an independent factor that contributes to reduced 

long-term survival among CF patients (Tablan et nl., 1985, Corey et nl., 1996). Given the 

variable disease outcome and the interest in developing strains for environmental use, 

there is an obvious need to classify pathogenic strains and to differentiate these from 

environmental strains, 

1.32 The Burkholderia cepacia complex 

The B. cepacia complex (Bcc) was the name given to a group of five distinct 

genomovars comprised of CF and environmental isolates (Vandamme et  nl., 1997). The 

term genornovar denotes a group of strains with phenotypic similarity but genotypic 

uniqueness. A polyphasic study using SDS-PAGE of whole-cell proteins, DNA-DNA 

hybridization, DNA-rRNA hybridization, fatty acid composition and biochemical 

analysis was performed to differentiate B. cepacia isolates (Vandamme et al., 1997). Of 

the genomovars I through V, genomovars 11, N and V have been renamed Burkholderiu 

multivorarzs, Brirklzolderia stahilis and Brcrkholderia vietnnrniensis respectively 

(Vandamme et al., 1997, 2000). The majority of environmental isolates belong to 

genomovar I while the majority of CF isolates belong to genomovar In and B. 

tnultivorans (Lipuma, L998). Ongoing taxonomic studies of the B. cepacicr complex have 

identified two additional genomovars (VT, VII) associated with CF lung infections 

(http://allse~.rug.ac.be/-tcoeyne/Bethesd~in.PD~- 



Conventional polyphasic genomovar testing has been simplified with the use of 

genomic fingerprinting techniques such as amplified fragment length polymorphism 

(AFLP) analysis (Coeyne et al.. 1999) and sequence analysis of the recA gene 

(Mahenthiralingam, 1999). A panel of 30 well-characterized strains representative of 

clinical isolates from each genomovar and environmental type strains has been assembled 

to further aid research in the B. cepacia community (Mahenthiralingam et crl., 2000). 

Within a genomovar. the genetic heterogeneity can be further dissected using 

molecular typing methods such as pulse-field gel electrophoresis (PFGE) and randomly 

amplified pol ymorhphic DNA (RAPD) analyses as well as biochemical approaches 

(Mahenthiralingam et a!., 2000). Epidemic strain markers include the BCESM, which 

encodes a regulatory gene of unknown function (Mahenthiralingam et al., 1997) and the 

chlA gene which encodes the cable pilin subunit (Sajjan et nl., 1995). Specific typing 

methods provide the advantages of identifying epidemic strains and correlating clinical 

data and virulence factor profiles to strain type. 

1.3.3 Source of Genornovar I11 Isolates 

The source of B. cepacrir genomovar I11 CF clinical isolates remains to be 

identified. B. cepacia is not a human or animal commensal and does not pose an infection 

risk to healthy individuals. Since B. cepacict can be recovered from the environment, 

particularly the plant rhizosphere (root system) (Butler et 01.. 1995). it is likely that 

environmental strains contain pathogenic isolates. Although most surveys of 

environmental isolates occurred before the identification of genomovars, it appeared that 

most environmental isolates were from genomovar I (Vandamme er nl., 1997). However, 

recent evidence indicates that genomovar III isolates are present in soil and that the 



genomovar I11 B. cepacia soil isolates are more susceptible to antibiotics indicating the 

need for special isolation media (Bums, 2000)- There is also evidence that human 

infections resulted from the acquisition of environmental B. cepacia strains (Govan and 

Vandamme, 1998). These data suggest that environmental isolates cannot be 

differentiated from clinical isolates and therefore caution must be exercised in the 

selection of strains used for biocontrol or bioremediation purposes. 

1.4 Pathogenesis of Burkholderia cepacia. 

B. cepacia is defined as an opportunistic pathogen. In plant infections, B. cepacia 

gains entry to plant tissues through wounds and in human hosts, there is generally a 

compromised host immune system as in patients with CF, cancer and bums, or patients 

with indwelling devices. There are several important issues regarding B. cepacia 

infections in cystic fibrosis patients. Although B- cepacin infections have variable 

outcomes, a significant number of B. cepacia infected patients (20-35%) experience 

"cepacia syndrome" which often culminates in death. Secondly, there is increasing 

epidemiological evidence for patient-to-patient transmission. The mechanisms of 

transmission are not known but the risks for transmission include contact with respiratory 

secretions or aerosols and direct contact with contaminated surfaces (Lipuma, 1998). 

Since several epidemics have been shown to be caused by a single lineage, it is a 

possibility some strains have an increased capacity for virulence and transmission (Sun er 

al., 1995). Lastly, the inherent multi-drug resistance of B. cepacia (Prince, 1986) makes 

treatment very difficult and eradication almost impossible. 



1.4.1 Extracellular virulence factors. 

B. cepucicz has been reported to produce a number of potential virulence factors 

but the lack of molecular characterization has impeded our understanding of the relative 

importance of these virulence factors. McKevitt and Woods screened a panel of 48 B. 

cepacici isolates from CF patients for the production of a variety of potential virulence 

factors (1984). Interestingly, B. cepacia is not known to produce any important exotoxins 

in contrast to P. ueniginosa. Also, a number of virulence factor surveys in B. cepncia 

were performed before the genomovar classification, which has complicated the search 

for genomovar specific virulence factors, 

A large proportion of these strains (42/48) was reported to have protease activity. 

Two proteases have been purified and characterized but the gene(s) encoding the B. 

cepacia protease(s) has not been identified. The enzymatically active protease (PSCP) is 

a 36 kDa protein and the less active protease is a 40 kDa protein. which may be the 

precursor enzyme (Kooi et nl., 1994). The introduction of purified protease by 

intratncheal inoculation into rat lungs produced a bronchopneumonia with 

polymorphonuclear cell infiltration (McKevitt et al., 1989). Antibodies to PSCP have 

been detected in patient sera suggesting that the protease is produced in vivo (McKevitt et 

(11.. 1989) although this could also be due to cross-reactivity of antibodies to P. 

aencgirtosu elastase (Kooi et al., 1994). The substrate profile of PSCP includes collagen, 

casein, hide blue. human IgA, IgG, as well as the human iron-sequestering proteins 

transferrin and lactoferrin (McKevitt et al., 1984, Sokol er ai., 2000). Given these data, it 

seems that protease production by B. cepaciu plays a role in lung infections. 



Monoclonal antibodies raised against PSCP were shown to neutralize the activity 

of a broad range o f  zinc metalloproteases including LasB from Psertdor~ronas aentginoscr 

(Kooi er at., 1994). Epitope mapping was performed to identify the LasB epitopes 

recognized by these monoclonal antibodies (Kooi er czl., 1997). Immunization studies 

with synthetic peptides corresponding to specific LasB epitopes were shown to  decrease 

the infiltration of polymorphonucIear leukocytes and to decrease histopathologic damage 

associated with B. cepacicz and P. czentgirzostr infections in the agar bead model of 

chronic lung infection in rats (Sokol et al., 2000). These studies demonstrated the 

importance of metalloproteases in lung infections and have identified a broad-host-range 

vaccine candidate for CF patients, 

McKevitt and Woods aIso reported a high incidence of lipase activity (60Yo) 

among a panel of B. cepnci~z isolates from CF patients ( 1984). A lipase was purified and 

showed activity towards a series of Tween substrates (Lonon er crl., 1988) and inhibited 

the phagocytic function of rat alveolar macrophage (Straus et al., 1992). In addition to 

this lipase, two phospholipase C activities have been reported, one of which is associated 

with hemolysis activity (Vasil er al., 1990, Weingart and Hooke, 1999). Phosphoiipase C 

(PLC) or lecithinase activity is typically demonstrated on substrates such as 

phosphatidylchoIine (lecithin), a phospholipid commonly found in cell membranes. 

A novel hemolytic lipopeptide toxin was identified in B. cepaciu 523 15, a highly 

transmissible genomovar 111 strain (Hutchison et al., 1998). This hemolysin has strong 

biosurfactant properties, 1 yses human erythrocytes, causes DNA degradation consistent 

with apoptosis, and causes degranulation of human neutrophils (Hutchison er a!., 1998). 



Hemolytic activity is reported infrequently in clinical B. cepacicc isolates (2-4%) 

(McKevitt and Woods, 1984, Nakazawa et al., 1987). 

1.4.2 The role of iron in virulence. 

Iron has a very low availability in the environment (10-l8 pM) due to the 

insolubility of ~ e "  under aerobic conditions (pH 7). Iron also has limited availability in 

the human host (10'~ pM) where it is often sequestered by iron binding proteins such as 

transfemin or lactoferrin (Braun and Killman, 1999). Since microbes require 0.3-1.8 pM 

of iron for optimal growth, bacteria have evolved multiple mechanisms to acquire iron. 

The strategies used by bacteria to obtain iron from other prokaryotic or eukaryotic hosts 

include (i) the production of iron-chelating compounds called siderophores, (ii) the 

utilization of host iron-binding proteins, (iii) the reduction of insoluble iron to the soluble 

form (~e'f)  and (iv) degradation of iron-binding compounds (Vasil and Ochsner, 1999). 

Iron limitation regulates the production of numerous virulence factors in addition to the 

iron-acquisition systems and is therefore a critical environmental signal for the induction 

of virulence properties (Litwin and Calderwood, 1993). 

Siderophore-mediated iron acquisition systems typically consist of a specific 

outer membrane protein for iron-siderophore complexes, periplasmic binding proteins 

and an inner membrane complex to transport iron and/or the iron-siderophore complex 

into the cytosol (see review Crosa, 1997, Moeck and Coulton, 1998). 

B. cepacia produces at least four types of siderophore molecules: salicylic acid 

(SA), pyochelin, cepabactin and ornibactins (Sokol, 1986, Sokol et nl., 1992, Meyer et 

al., 1989, Stephan et al., 1993, Meyer et al., 1995). Salicylic acid and ornibactins are the 

predominant siderophores produced by 92% and 87% of clinical isolates, respectively 



(Darling et a!., 1998). Pyochelin production was associated with 62% of clinical isolates 

and its production correlated with severe pulmonary disease in CF patients (Darling et 

c d . ,  1998. Sokol. 1986). Cepabactin is produced by few clinical isolates (1 1%) but more 

commonly in environmental or plant isolates (Darling et al., 1998). Little is known about 

the transport systems for these siderophores. 

Research from our laboratory has identified the ornibactin biosynthetic genes 

pvdA, pvdD (Sokol er nl., 1999) pvdF and the ornibactin receptor orhA (Sokol et 81.. 

submitted). The importance of ornibactin mediated iron-acquisition was demonstrated in 

chronic and acute models of respiratory infection. Transposon mutants in pvdA, an 

ornibactin biosynthesis gene, only transiently colonized the lungs of neutropenic mice in 

an acute lung model. In the agar bead infection model, which bypasses the normal 

colonization route, the pvdA mutant did not persist for long periods and caused less 

pathology than occurred in rats infected with parental B. cepacicl (Sokol et ul.. 1999). 

These were the first animal studies with isogenic mutants of a known virulent strain to 

assess the relevance of a specific B. cepocicr virulence property during irz vivo infection. 

The relative importance of ornibactin production was further confirmed with 

animal studies of an orhA mutant. This mutant is specifically defective for ornibactin 

uptake but was still less virulent that the parent strain despite the ability to utilize S A  

(Sokol eta!.. submitted). Since SA was not able to compete with iron-binding proteins irz 

vivo or to compensate for mutations in ornibactin synthesis or uptake, it appears that 

ornibactin is more important that SA during infections. The relative importance of 

pyochelin and cepabactin remains to be determined. 



1.4.3 Cell-Associated Factors 

Bacterial piii (fimbriae) are surface appendages, either polar or peritrichous, that 

are involved in colonization and adherence to host tissues, as we11 as bacterial motility 

and DNA transfer. There are five different morphological classes of peritrichous pili 

associated with B. cepctciu clinical isolates, both epidemic and non-epidemic lineages, 

and environmental isolates. Among the CF-associated, epidemically transmitted isolates, 

both "mesh" and "cable" pili have been described (Goldstein el nl-, 1995). Cable pili, 

which form unique giant cable-like structures that project outwards iong distances (2-4 

pm), are the only B. cepacia pili to be genetically characterized (Sajjan et al., 1985). 

B. cepacicr isolates expressing cable pili are capable of binding mucins from 

respiratory secretions. a potential early binding site of bacterial attachment (Sajjan et crl.. 

199%). The adhesin responsible for binding mucin is a 22 kDa protein located on the 

surface of cable pili appendages (Sajjan et al., 1992b). B. cepacia expressing cable pili 

also bind to buccal epitheIia1 cells (BEC) via interaction with the 55 k D a  BEC 

cytokeratin 13 protein (Sajjan et ctl., 2000). Considering that cable pili are found only in 

genomovar 111 isolates (Mahenthiralingarn el al., 2000) and have been associated with 

epidemic strains in North America and Britain (Sun et a!., 1995), these structures may 

have a critical role in the early stages of B. cepaci~ lung infections. 

There is some evidence that B. cepacicl express polar piii similar to the type IV 

pili produced by P. aencginosn. Anti-pilin antibodies from P. aer~igilzoscr were found to 

be cross-reactive to a small number of B. cepncin isolates (Saiman et nl., 1989) and to a 

I6 kDa protein from B. cepacicz believed to be a pilin protein (Kuehn et crl., 1992). B. 

cepacia chromosomal D N A  reacted with radio-labelled probes to the P.  aeruginosu PAK 



pilin structural gene pilA. pilin accessory genes pilBCD but not to a probe specific to the 

conserved N-terminal region of pilA in Southern analysis (Kuehn et cil., 1992)- However, 

Saiman et at. ( 1990) reported a lack of hybridization of the B. cepacicr chromosome with 

the entire pilin structural gene and the conserved N-terminus although polar pili were 

observed. 

Lipopolysaccharide (LPS) or endotoxin is a classic virulence factor that acts as a 

potent irnmunostirnulatory agent. In the chronic lung infections of CF patients. an intense 

host immune response contributes to inflammation and host damage. In fact, CF isolates 

of P. clerrrginosa produce unique LPS structures that contribute to increased stirnulatory 

responses and increased resistance to cationic antimicrobial peptides (Ernst et al., 1999). 

The biological activity of B- cepacia LPS has been studied and compared to that of other 

CF pathogens. B. cepcicirr LPS preparations or whole cells were shown to be more potent 

stimulators of TNF-o( production from human mononuclear leukocytes than P. 

nerrcginosu and Sterzotrop/~ornonas rnaltoplzi[in (Shaw et a!-, 1995, Zughaier et cil., 

1999a). TNF-(x is produced from activated macrophages and is important in systemic and 

localized inflammation. 

The repiratory burst is characterized by the generation of reactive oxygen species 

such as superoxide anion and hydrogen peroxide from phagocytes in response to engulfed 

bacteria or  detection of bacterial products. B. cepacia LPS acts as a priming agent to 

increase the oxidative response from neutrophils (Hughes et al.. 1997). Therefore. by 

recruiting neutrophils and upregulating the production of reactive species, B. cepacin 

LPS likely contributes to localized tissue damage in the lung. A melanin pigment from an 

epidemic B. cepacicr strains was purified and found to inhibit superoxide anion 



production from monocytes primed with B. cepacia LPS (Zughaier er crl.. 1999b). 

Although B. cepacici LPS may contribute to inflammation, cytokine production and 

respiratory burst responses, the production of a superoxide anion scavenging pigment 

may counter the respiratory response associated with phagocytosis and thereby contribute 

to the persistence of the organism. 

1.4.4 Intracellular Survival 

The ability to survive intracellularly in host cells would protect B. cepacia from 

the immune response in the lung and thus there is an increasing interest in the 

intracellular survival of B. cepcrcia. Intracellular bacteria are capable of surviving within 

free-living amoebae which are known to colonize humans and may offer survival 

advantages in the environment. Marolda et al. have recently reported that environmental 

and cIinical isolates of B. cepcrcia from all genomovars can survive in Aca~ztllarnoeha 

cells ( 1999). It has therefore been proposed that Accirttlrcrntnebcr serves as a reservoir for 

the acquisition and transmission of B. cepaciu (Marolda et ul., 1999). 

In addition to growth within protozoa, B. cepacia has been reported to invade 

A549 epithelial cells (Burns et a!.. 1996) and macrophages (Saini er nl.. 1999, Martin er 

crl., 2000). Upon infection of macrophages by B. cepciciu, activated macrophages 

responded with a respiratory burst and TNF-O! production that was LPS induced (Saini et 

al., 1999). Despite macrophage activation. B. cepcrcici resists phagocytic killing. This is in 

contrast to a report suggesting that B. cepacia is in  fact sensitive to oxidative killing but 

resistant to non-oxidative killing (Speert et nl., 1994). Future studies are required to 

determine the mechanisms of invasion and intraceliular survival. B. cepacia also resists 



killing by the antimicrobial activity (defensins) of airway epithelial cells (Baird er ccl.. 

1999). It appears tltat B. cepocicr is capable of resisting multiple layers of host defense. 

1.4.4 Genome plasticity 

The evolutionary adaptabiiity and nutritional versatility of B. cepncicc has been 

attributed to genomic plasticity. B. cepclcicl possesses multiple chromosomal replicons (2- 

4) ranging in size from L-4 Mb which allows for genomes that range in total size from 

4.6-8.9 Mb (www.sciosc.org/feature/BurkholderiaCep~pIicon.htm. Lessie et nl.. 

1996. Cheng and Lessie. 1994). The genome of B. cepncicz contains multiple transposable 

elements that promote genomic rearrangement and activate neighboring gene expression 

(Scordilis et a[.. 1987). It is hypothesized that the ability to acquire new genes through 

horizontal transfer has played a role in the evolution of a subgroup of B. cepncicc strains 

that have an increased capacity for virulence and transmission. 

1.5 QUORUM SENSING 

Quorum sensing (or cell-to-cell signalling) is a widespread regulatory mechanism 

that controls a variety of bacterial phenotypes and population behaviors among gram- 

negative and gram-positive bacteria (see reviews SaImond er (11.. 1995, Fuqua rr nl.. 

1996. Kleerebezem et a!.. 1997). In gram-negative bacteria there are two famiIies of 

genes that encode the components of a quorum sensing system (Fuqua er ul., 1996). The I 

gene family encodes an autoinducer synthase which is responsible for generation of the 

signalling molecule (or autoinducer), typically an N-acyl homoserine lactone (N-acyl 

HSLs). The R gene family encodes a transcriptional regulator that can bind the 

autoinducer and subsequently activate or repress the expression of target genes. A 



threshold concentration of signalling molecule is required to activate the transcriptional 

regulator. 

1.5.1 Vibriofischeri: the first quorum sensing system. 

This phenomenon was first reported in the marine bacterium VibriofTscheri in the 

early 1970's (Nealson er a!.. 1970). V. fisclzeri is a symbiont in the light organ of certain 

marine fishes and squids and is also found at low cell densities in seawater. In the light 

organ of the squid E~lpryrnna scolopes, the autoinducer accumulates at high cell densities 

and this leads to the expression of the bioluminescence (lrcx) genes. A commensai 

relationship exists between the bacterium and its host. The production of light by the 

squid provides an important survival mechanism in surface waters while the bacteria are 

provided with a protected, enriched niche (Visick and McFaIl-Ngai, 2000). 

The 1~i.x regulon is composed of two operons: the leftward operon encoding IL(.I-R 

and rightward operon encoding ZLL~ICDABEG (Engebrecht et crl.. 1983, Engebrecht and 

Silverman, 1984). The Lux1 protein is required for the synthesis of the autoinducer N-(3- 

oxohexanoy1)-L-homoserine lactone (Eberhard et 1 .  1 98 1 ) and LuxR is the 

transcriptional regulator that activates expression of the autoinducer synthase lrcd and 

bioluminescence structural genes lrtxCDABEG (Engebrecht and Silverman, 1984). The 

autoinducer accumulates in the medium until a sufficiently high cell density is attained 

after which bioIuminescence is induced (Nealson, 1977). The term autoinduction 

describes this environmental sensing mechanism that perceives the amount of 

accumulating autoinducer and leads ultimateIy to an exponential increase in the 

production of light. 



1.5.2 LuxR: Structure and Function 

The functions of the amino or carboxyl termini of LuxR were originally 

determined by mapping single amino-acid alterations or larger deletions to specific 

functions. LuxR is a 250 amino acid polypeptide considered to be a modular protein. The 

C-terminal region contains the DNA-binding and transcription activation functions 

(Fuqua et aL, 1994b). The helix-turn-helix motif of DNA binding proteins is found in the 

C-terminus and is highly conserved throughout the LuxR family (Salmond et al., 1995). 

The N-terminal region or regulator module contains the autoinducer-binding and 

multirnerization regions (Fuqua et al., 1994b). The N-terminus inhibits the transcriptional 

activation function of the C-terminal domain in the absence of autoinducer (Choi and 

Greenberg, 1992). The modular nature of LuxR proteins could contribute to a diversity of 

function (Salmond et ctl.. 1995). Since the DNA-binding domains determine the target 

DNA specificity, bacteria could have multiple LuxR homologs to regulate specific 

subsets of target genes. 

LuxR likely functions as a dimer as is the case for other LuxR-type proteins 

(Nasser er ctl., 1998). Due to the difficulties in purifying LuxR proteins. few studies 

reporting irr vitro activity exist. This may be attributed to the association with membranes 

that results in LuxR insolubility. The first experimental evidence to show that LuxR binds 

autoinducer were binding assays between tritium-labelled 3-oxohexanoyl HSL and E. 

coli expressing l r d  (Schaefer et ol., 1996a). 

In between the two operons of the lrr-I- regulon is a 150-bp region that contains the 

operator for the lrurlCDABEG genes. Genetic evidence suggests the LuxR binding site is 

a 20-bp sequence containing dyad symmetry termed the lux box. The lrcr box is located 



partially overlapping the -35 region at -42.5 bp upstream of the l r ~ d  start codon (Egland 

and Greenberg, 1999). Although direct binding to the l r~r  box with full length LuxR has 

not been shown, the C-terminal domain of LuxR (aa 157-250) was purified and 

functioned as a signal-independent activator of the l r d  promoter (Stevens and 

Greenberg, 1997). 

The ExpR protein from Envinicl chqsnnrlzemi was the first LuxR homolog to be 

purified and exhibit irz vitro DNA binding activity in the promoters of five major pectate 

lyase genes. degradative enzymes that macerate plant tissues (Nasser et i l l . ,  1998). 

Additionally, the LuxR homolog TraR in Agrobacterium ttcmefaciens was purified and 

shown to bind a predicted tra box in TraR target genes when autoinducer was present 

(Zhu and Winans. 1999). E. cizrysarzthemi ExpR bound to target promoters in the absence 

and presence of autoinducer whereas A. tumefi~cierrs TraR required autoinducer binding 

to bind to a tra box in a target promoter. 

The current mode1 for the function of LuxR-type proteins posits that the position 

of the ILLY box determines whether or not a target gene is activated or repressed. When the 

ILLY box is located upstream but partially overIapping the -35 region. the target gene is 

activated. Using artificial promoters, when the Ira box is located between the -35 and - 

10 hexamers (Egland and Greenberg, 2000) or when overlapping the -10 region (Luo and 

Farrand, 1999), the target gene is repressed. Autoinducer binding is required for repressor 

binding activity. 

1.5.3 Autoinducer Biosynthesis. 

In V. fi.cheri. the 2 ~ ~ x 1  gene directs the synthesis of N-(3-oxohexanoyl) HSL and 

N-hexanoyl HSL (Schaefer et a!., 1996b). The expression of a number of lrcxl genes in 



the native host or in an Eschericlticr m l i  background results in similar N-acyl HSL 

production implying that the substrates are intermediates of metabolic pathways common 

to gram-negative bacteria (Val and Cronan, 1998). N-acyl HSL structures consist of 

homoserine lactone rings attached to acyl chains that vary in length, degree of saturation 

and oxidation state. V. flsclzeri Lux1 has been purified and the production of N-(3- 

oxohexanoyl) HS L was achieved by reconstituting the synthesis reaction in vivo. Using 

S-adenosylmethionine ( S A M )  as the precursor to the HSL ring and hexanoyI-acyl carrier 

protein (acyl-ACP) as the source of the six carbon acyl chain, N-(3-oxohexanoyl) HSL 

was produced (Schaefer et a!-, 1996b). Other studies have confirmed that the in vivo 

substrates for autoinducer synthesis are from amino acid and fatty acid biosynthesis 

pathways (More et nl., 1996, Vai and Cronan, 1998, Parsek et 01.. 1999). 

1.6 Psertdornorzas aeruginosa pathogenesis. 

P. l~eruginosa is an opportunistic pathogen that is the predominant species to 

cause pulmonary infections in cystic fibrosis patients and the most common cause of 

nosocomial infections. The nosocomial infections include pneumonia, urinary tract 

infections, wound infections and septicemia. Other immunocompromised patients such as 

cancer and bum patients are also susceptible to P. uerrtgiizosa (Van Delden and Iglewski, 

1998). Many P. clenlginoscz infections have high mortality rates and are difficult to treat 

due to the intrinsic multi-drug resistance. 

P. aenrgirzosa employs an arsenal of virulence factors. With respect to the 

pathogenesis of P. aeruginosa infections, the secreted virulence factors likely contribute 

to acute infections or periodic exacerbations during chronic infections, In chronic 

infections, the conversion to mucoidy contributes to the persistence and to the 



inflammatory response and is associated with decreased production of secreted virulence 

factors. 

1.6.1 Quorum sensing control of Pseudomonas aeruginosa virulence factors, 

Quorum sensing controls the production of many P. crentginosu secreted 

virulence factors. It is believed that this cell-to-cell signalling pathway allows for the 

coordinated production of virulence factors from a population of bacteria at high cell 

densities. WhiteIey er nl. ( 1999) estimated that 3-4% of the entire P. cierclginosn genome 

(5-6,000 genes) is quorum sensing regulated. The coordinated attack may ultimately lead 

to overcoming the host defenses and to successful infection. Quorum sensing in P. 

aericginosu serves as an excellent model for the role of N-acyl HSL signalling in 

virulence factor production (see Figure I). 

P. nerrlgirzosn has two quorum sensing regulons: IaslR and rlzlIR although two 

other LuxR homologs of unknown function have been reported (Whiteley et nl., 1999, 

McKnight et al., 2000). LasR was first identified as an activator of elastase production 

(Garnbello and Iglewski, 1991) and was later shown to work together with the LnsI 

autoinducer synthase that generates the autoinducer N-(3-oxododecanoyl) HSL (OdDHL) 

(Passador et al., 1993, Pearson et al., 1994). Elastase (LasB) is a metalloprotease that 

degrades biologically important substrates such as elastin, collagen, transferrin, 

immunoglobulins and complement components. LasB production is controlled at the 

level of transcription of the lasS structural gene (Passador er al., 1993). A number of 

other virulence factors require the iaslR system for their production including the LasA 

protease (lasA), alkaline protease (crprA), exotoxin A ( t o - d )  (Toder et al., 1991, 



Gambello et al., 1993), the siderophore pyoverdine (Stintzi et crl., 1998) and superoxide 

disumutase (sodA ) (Hassett et ctl., 1 998). 

RhlR was originally identified as a regulator of the rhamnolipid production 

(Ochsner et czl., 1994) and was discovered independently by others (Brint and Ohman, 

1995, Latifi et al.. 1995, Winson et al., 1995). When bound to the autoinducer N- 

butanoyl HSL (BHL) (Pearson et a!., 1995), RhlR is implicated in the control of genes 

coding for eIastase, alkaline protease, pyocyanin. hydrogen cyanide, chitinase, LasA 

protease, and lipase (Ochsner and Reiser, 1995, Winson et czl., 1995, Brint and Ohman. 

1995, Latifi et al., 1995. Jaeger et a!., 1996). 

From these studies it is clear that RhIR and LasR each regulate the production of a 

specific subset of virulence factors while some genes are regulated by both systems. 

These include the genes for proteases (lmB, a p r )  and the enzymes involved in the 

oxidative stress response, superoxide dismutase and catalase (sodA, katA) (Hassett et al.. 

1999). The r/211R and lnslR systems also regulate components of the general secretory 

pathway (xcpP through .rcpQ) which functions to release secreted gene products to the 

extracellular milieu (Chapon-Herve et al., 1997). Therefore, the pleiotropic defects of 

rhlR and lasR mutants might be at the level of protein secretion or gene transcription. 

Using transcriptional fusions to reporter genes and northern analysis, a number of 

quorum sensing-controlled genes were shown to be regulated at the level of transcription 

(lrsl, lusB, 1rsA , czpr, tosA, rlzll, rhlAB, rpoS, sodA, katA ). 

In addition to controlling virulence factor production, the r/zllR and lcrslR systems 

regulate other important phenotypes. Twitching motility is a flagellum-independent form 

of motility that requires functional type IV pili. The mechanism of motility is thought to 



be due to the extension and retraction of type IV pili (Bradley, 1980). Mutations in rhlI 

and l ad  result in reduced and irregular twitch zones- Although pilin synthesis is 

unaffected in these mutants, the rhtiR system appears to affect the export and/or assembly 

of functional pili (Glessner er a!., 1999). 

1.6.2 Quorum sensing and Pseudomonas aeruginosa biofilm development. 

Cell-cell signalling is now recognized to play a role in complex population 

behaviors such as swarming motility and biofilrn development. Costenon and 

Lewandowski define biofilms as "matrix-enclosed bacterial poputations adherent to each 

other and/or surfaces or interfaces" (1995). Given the ubiquity of biofilm growth in 

nature and in bacterial infections (Costerton et al., 1999) there is an increasing 

appreciation for this mode of growth. 

The first report of a relationship between IV-acyl HSL signalling and biofilms was 

the observation that a ltsl, but not r/zll. mutant of P. crerrrginosn formed thin. biocide 

(0.2% SDS) sensitive biofilms on the surface of a glass coverslip in a continuous-flow 

bioreactor. The addition of OdDHL to lasi mutant biofilms restored the thickness and 

SDS resistance (Davies rt nl., 1998). Using a microtitre biofilm assay, O'Toole and 

Kolter ( 1998) demonstrated that both flageIlar and twitching motility were necessary for 

biofilm formation. Random transposon mutants in the type IV pilus accessory genes 

pilBCD were capable of adherence but not twitching motility or microcolony formation. 

Since both the r/zllR and ZusIR systems control twitching motility, quorum sensing 

appears to play a role in various stages of biofilm formation and differentiation. In 

addition, the resistance of biofilm cells to peroxide when compared to planktonic cells 



was mediated by quorum sensing- In a P. aerri,qirzo.tsl[ lu.tsl mutant, the peroxide sensitivity 

correlated with decreased catalase activity (Hassett et nl-, 1999). 

1.6.3 The regulation hierarchy of IaslR and rhCIR. 

There is no cross-talk between the rhll and Ills1 autoinducers in that BHL does not 

activate LasR and OdDHL does not activate RhlR (Pearson et  ni.. 1997). however, the 

two systems are not independent of each other. LasR-OdDHL activates the expression of 

rhiR thereby assuming the position of master regulator in the signalling hierarchy (Latifi 

et cri., 1996, Pesci et  al., 1997). SecondIy, OdDHL competes with BHL for binding to 

RhlR suggesting that the tnsIR system regulates the rlztIR at a postranslationa1 levei 

(Pesci et a!-, 1997). 

Until recently, little was known about the regulation of InsR, the master quorum 

sensing regulator. GacA is the response regulator of a two-component regulatory system 

that controls the production of BHL and RhlR-BHL controlled virulence factors 

pyocyanin, cyanide and Iipase (Reimmann et al., 1997). GacA likely functions upstream 

of LasR which in turn regulates RhlR but the signal that the GacA-GacS regulator-sensor 

pair responds to is not known (Reimmann et al., 1997). 

Vfr (virulence factor regulator) is a homolog of the E. coii CAMP receptor protein 

(CRP) which regulates numerous genes including those involved in the utilization of 

carbon sources (West et crl., 1994a). Vfr binds to the 1rsR promoter region which contains 

a perfect CRP-binding consensus sequence and controls lasR expression indicating that 

Vfr is another upstream activator of LasR (Albus et nl., 1997). It was also suggested that 

lasR may be subject to autoregulation due to the presence of a potential ILLY box in the 

insR promoter (Albus et ni., 1997). Within the iasR and lcrsl intergenic region, an orf 



encoding a short protein (80 aa) with no similarity to any known proteins was identified 

and designated RsaL (De Kievit et nl., 1999). Overexpression of r s c L  results in decreaqed 

lasB expression although RsaL did not directly regulate the IasB gene. RsaL negatively 

regulates lasl expression thereby preventing the production of OdDHL (De Kievit et al.. 

1 999) - 

In addition to N-acyl HSLs, P. aeruginoscc was recently shown to produce novel 

signalling molecules that appear to be involved in controlling quorum-sensing regulated 

phenotypes. P. aenyinnsa culture supernatants contain diketopiperazines that are capable 

of activating conventional N-acyl HSL bioassays and interfere with LuxR-regulated 

behaviors such as swarming motility in Serratia liquefnciens. albeit at much higher 

concentrations than the natural N-acyl HSL signals (Holden et al.. 1999). 

The Pse~cdomonas quinolone signal (PQS) was identified because of its ability to 

activate the expression of IasB in the lasR mutant PAO-Rl, an effect that was not 

mimicked with the addition of OdDHL or BHL (Pesci et crl., 1999). The signal was not 

found in culture supernatants of PAO-RI indicating the lrrsR is required for the 

production of this novel signalling molecule (Pesci et al.. 1999). Although the signal is 

not thought to be sensing cell density. since it is produced maximally in late stationary 

phase, it may be responding to stresses that occur in the stationary phase (McKnight et 

nl., 2000). Interestingly, PQS strongly activates the rhll gene, which is known to control 

the stationary phase sigma factor rpoS and factors that function in stationary phase 

survival (McKnight rt ctl.. 2000). Figure I depicts a model of quorum sensing in P. 

neruginoscz illustrating (i)  the LasIR regulon. (ii) the RhlIR regulon. (iii) genes that 



require RhlIR and LasIR, (iv) the regulatory hierarchy and (v) the upstream regulators of 

lnsiR and r/zllR. 

1.6.4 Quorum sensing and virulence. 

CF lung infections provide an environment in which quorum sensing-controlled 

virulence factors might be expressed considering that (a) infections are spatially limited 

to the airways of the lungs as well as to localized growth in microcolonies and biofiIms 

and (b) high cell densities are achieved. 

Two general approaches have been used to show that the P. ctericginosn quorum 

sensing systems are employed during i~z  vivo lung infections and are required for full 

virulence. Since the IusIR and rhlIR systems control such a wide variety of virulence 

factors, it foIlows that mutations in these genes would strongly affect the virulence in 

animal models of infection- The neonataI mouse infection model with intranasal 

inoculation was used to evaluate the effects of a lasR mutation on virulence. Tang et al. 

( 1996) found that PAO-R 1 (lasR) showed decreased adherence to epithelial and tracheal 

cells and was essentially avirulent in that no mortality was observed. Additionally, 

minimal pathology and low-grade bacteremia occurred in PAO-Rl infected mice. The 

burned mouse and bum wound models were also used to demonstrate the importance of 

InsR and I-lzlR-regulated virulence factors during in vivo infections (Rumbaugh et al.. 

19993, 1999b). In contrast to these studies, PAO-Rl (IusR) showed no decrease in 

virulence during corneal infection in mice (Preston et ul., 1997). These data likely reflect 

the tissue-specific virulence factors of P. ner~~ginosa. 
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Figure 1. The quorum sensing model in P.reltdornnnas aentginoscl. The master quorum 

sensing regulators lnsM are shown in red. Arrows pointing to IasR indicate the upstream 

regulators. The tcrsIR regulon consists of lcrsl and the virulence factors listed in the left 

hand and center columns. LasR also regulates the second quorum sensing regulon, rlzllR 

(blue). RhlR regulates the corresponding autoinducer synthase ritll as well as the 

virulence factors Iisted in the right hand and center columns. The virulence factors in the 

center column are controlled by both systems. RhlR regulates the stationary phase sigma 

factor rpaS (crimson) that is thought to control a subset of genes, some of which play a 

role in stationary phase survival- The Psectdonzonas quinolone signal (PQS) is an 

upstream activator of rltll. The only known negative regulator is rsnL (black), encoded 

within the lnsR and lasl intergenic region. The suffix '"' is attached to those genes whose 

promoters are known to contain predicted or  confinned Irm boxes, the binding site for 

LuxR-type transcriptional regulators. See text for references. 



The second approach was to examine the bacterial populations in sputum samples 

taken from CF patients for the presence of mRNA corresponding to the regulatory genes 

IusR and the LasR-regulated virulence genes r o A ,  lasA and lnsB (Storey et al-,  1998). A11 

three mRNA populations were detected and appeared to be coordinately regulated by 

LasR since the ro,rA, [USA and lasB transcripts correIated with the accumulation of lasR 

transcripts (Storey et crl., 1998). These studies combined suggest that quorum sensing is 

important for infections caused by P. czenlginos~r. It has therefore been proposed that 

interference of quorum sensing-signal transduction may be a novel approach for 

antimicrobial drug design. 

1.7 Hypothesis and Objectives. 

B. cepaci~r is known to produce four types of siderophores but little is known 

about the siderophore-mediated iron uptake systems or their regulation. The original 

objective was to identify regulatory components involved in the control of siderophore 

production. Transposon mutagenesis was performed and mutants were screened for the 

hyperproduction of siderophores using the universal siderophore detection CAS (chrome 

azurol S) assay (Schwyn and Neilands, 1987). 

The siderophore hyperproduction mutant K56-R2 was shown to contain the Tn5- 

OT 182 transposon inserted into a gene with homology to the l t d  quorum sensing family 

of transcriptional regulators. A 3.2 kb B. cepacicz chromosomal DNA fragment was 

cloned, sequenced and shown to contain two open reading frames with homology to IuxR 

and luxi, the two components of quorum sensing systems, which were designated cepR 

and cepl. It was hypothesized that ceplR comprise a functional quorum sensing system 

that negatively regulates siderophore production at the level of transcription and likely 



regulates the production of other virulence factors in B. cepncin. The objectives of this 

dissertation were to characterize the function of the ceplR genes and to determine the 

mechanism of regulation of B. cepnckz virulence factors. 



Chapter 2. Identification of the cepIR quorum sensing system in Burkholderia 

cepacia, 

2.1 Introduction 

Given the lack of information regarding the regulation of siderophore production 

in B. cepacia, we performed transposon mutagenesis and screened for siderophore 

hyperproduction mutants. This approach was designed to identify (i) negative regulators 

of siderophore biosynthesis and (ii) siderophore transport components since the 

inactivation of iron-acquisition pathways results in iron-starved cells and subsequent 

siderophore hyperproduction. 

The most important element of iron regulation is the global regulator of iron- 

responsive genes, fur (ferric uptake regulator). The fur gene is essential in organisms with 

an obligate respiratory metabolism (Vasil and Ochsner, 1999). The Fur protein is a 

repressor that requires the binding of corepressorer ( ~ e ' ~ )  in order to bind target 

promoters containing the fur box (Crosa, 1997). Therefore, in the presence of high 

invacellular ~ e ' +  concentrations, the fur-regulated genes are repressed. The scope of 

genes regulated by fur, which includes multiple iron acquisition pathways, stress 

response genes, metabolic processes and other virulence factors in P. aeruginosa, may 

explain its essentiality (Vasil and Ochsner. 1999). 

In Pseudornonas, the siderophore biosynthetic operons can be controlled directly 

by ficr or by ficr-controlled intermediate positive activators. Outer membrane siderop hore 

receptors can be directly regulated by fur or by two-component regulatory systems that 

sense the presence of specific siderophores before inducing the corresponding uptake 

system (Ochsner and Vasil, 1 999). Thus, Pseudomonas utilizes regulatory hierarchies to 



respond to multiple signals and induce the expression of genes necessary for iron- 

acquisition. 

During a screen for the siderophore hyperproduction phenotype, we identified a 

mutant with a transposon insertion in a gene with significant homology to the ILUR family 

of quorum sensing regulators. The objectives of this study were to characterize this 

potential quorum sensing system and determine its role in controlling B. cepacia 

virulence factors. 

2.2 Material and Methods 

2.2.1 Strains, plasmids and growth conditions. 

The bacterial strains and phsrnids used in this study are described in Table I .  B. 

cepacin strain K56-2 produces the siderophores ornibactin, salicylic acid, negligible 

amounts of pyochelin and does not produce cepabactin (Darling et al., 1998). 

For genetic manipulations, E- coli DHSo( and B. cepacia K56-2 were grown at 

37OC in Luria-Bertani (LB) (Life Technologies) or Bacto-Terrific broth ( I  2% tryptone, 

2.4% yeast extract, 0.4% glycerol, 17 mM KH2P04, 72 mM K2HP04) or 1.5% LB agar 

plates. The following concentrations of antibiotics were used when necessary: 100 pg 

ampicillin, 15 pg tetracyciine. 25 pg kanamycin, 25 pg chlorarnphenicol, 1.5 mg 

trimethoprim per m! for E. coli and 300 pg tetracycline, 100 vg streptomycin, and 100 pg 

trimethoprim per ml for B. cepacia. A 100 mg/rnl stock solution of trimethoprim was 

prepared in N,N-dimethyI-acetarnide. For ornibactin production, protease and Chrome 

Azurol S (CAS) assays, cultures were grown in succinate medium supplemented with 

ornithine (10 mM) (Meyer and Abdallah, 1978) at 37OC. For salicylic acid assays, 

cultures were grown in deferrated CAA medium (Sokol, i 986) at 37 OC. For Iipase 



Table 1. Bacterial strains and pIasmids used in this study 

Strain or Description Reference or 
plasmid source 

E. coli 
DHSa 480dlacZAM15 (lacZYA-nrgF) recAI endA gyrA96 rhi-l 

hsdRI7 stipE44 relAI deoR U169 
SM 10 Mobilizing strain. RP4 integrated in chromosome. ~ r n ~  
MG4 A(argF-lac) U169 :ah-735::TnIO recA56 srl::Tn10 

HB 101 srrpE44 hsdS20 (rB mB) recA / 3  ara-13 proA2 1acYI gniK2 
rpsL2O qf-5 mrl-I 

VJS533 recM.56 ara A (lac-proA B)X/  I / rpsL ~ 8 O d l a c ~  1 5 

Awl-A18 sofI8::SP 

P. aeruginosa 

PA0 l Wild-type 

PDO 100 rhtf&:TnSOI derivative of P A 0  1. H~~ 

PDOI I I r/dR::TnSOI derivative of PA0 I .  H~~ 

PAO-R I AlasR derivative of PA0 I .  T C ~  

PA02 14 1asI::FRT. unmarked deletion 

PAO-lP2 Alas1 derivative of PDO 100, H ~ ~ ,  T C ~  

rh1A::Gm CimR 

Life Technologies 

Simon er al.. I983 
Ralling er at,, 

1985 
Sarnbrook er al.. 

1989 
Stewart and 

Parsales, 1988 

Pearson er a[-. 
I994 

HoIIoway et al.. 
I994 

Brint and Ohman, 
1995 

Brint and Ohman, 
1995 

GarnbelIo and 
Iglewski. 199 1 
H.P. Schweizer 

Pearson er nf., 
1997 

U.A. Ochsner 

PAK Wild-type J.M. Boyd 

PAK-NP pilA ::Tc. T C ~  

PAK-Apil pilABA, unmarked deletion 

B. cepacia 

Saiman er a!., 
1990 

J.M. Boyd 

Starnbach and 
Lory, 1992 
J. M. Boyd 

K.56-2 Cystic fibrosis respiratory isolate, genomovar 111, BCESM'. Mahen thiralingam 
cblA' et af., 2000 

K56-R2 cepR::TnS-OTI 82 derivative of K56-2, T C ~  Lewenza er at.. 
I999 

K56-I2 cepl::rmp derivative of K.56-2, T~~ Lcwenza et at., 
1999 



Pc224c 

Pc224c-R I 

Pc7 15j 

Pc7 15j-R I 

T I0  

TIO-RIO 

[ I  I7 

11 17-R21 

PC103 

PC 109 

Plasmids 

POT 1 82 

pNOT 19 

pUCP28T 

p34E-Tp 

pRK20 13 

pEX 18Tc 

pUCP26 

pZ19 18G 

pKDT17 

pHV200 I 

p395B 

pECP6 1 -5 

pCRR2. 1 TOP0 

~PRoEXHTC 

pSLR2- I 

pSLR2-2 

pSLA3.2 

Cystic fibrosis respiratory isolatc (Cleveland) 

cepR::rnzp derivative of Pc224c. T~~ 

Cystic fibrosis respiratory isolate 

cepR::mlp derivative of Pc7 I 5j. T~~ 

prydD::TnSOT182 derivative of KS6-2, T C ~  

pt.dD::TnSOT182. ccpR::tnlp. T C ~  . T ~ ~  

pvdA::TnSOTI 82 derivative of K56-2. TcR 

p~d4r:TnSOT 182. cepR::rmp. T C ~  . T ~ ~  

Cystic fibrosis respiratory isolate 

Cystic fibrosis respiratory isolate. non-piliatcd 

Modified pUC 19 cloning vector. 

B road-host-range vector. IncP OriT: PRO 1 600 ori. T~~ 

Source of trimethoprirn cassette, T~~ 

ColE I Tra (RK2)'. ~ r n ~  

Suicide vector. sncB T C ~  

Broad-host-range vector, IncP PRO 1600 ori. T C ~  

Source of lncZ reporter, ~ r n ~  

IruR 11uI 'CDA BE. 

Cloning vector for PCR products. 

Bacterial cxpression vector with CixHis tag. spacer. TEV 
protease clcavagc site. inducible rrc promotcr, 
I 1.3 kb ClnI fragment from K56-R2 obtaincd by self-cloning. 
TcR 
1 1.5 kb XhoI fragment from K56-R2 obtained by scIf-cloning. 
TcR 
pUCP28T with 3.2 kb SphI fragment containing cepIR, T~~ 

McKevitt and 
Woods, 1984 

This study 

McKcvitt et a/.. 
1989 

This study 

Sokol et ni.. 1999 

This study 

Sokol er nl.. 1999 

This study 

Kuehn et al-, 1992 

Kuehn et nl., 1992 

Merriman and 
Lamont. 1993 

Schweizer. 1992 

Schwcizcr. 1996 

Deshazer and 
Woods, 1996 
Figurski and 

Helinski. 1979 
Hoang et nl.. 1998 

West er a!.. f 994b 

H.P, Schweizer 

Pearson er a/ . .  
I994 

Pearson et a!-, 
1995 

Pcarson er al.. 
1 994 

Pcsci er a!.. 1997 

Invitrogen 

Li t'c Technologies 

This study 

This study 

This study 



pSLR I00 

pSLR I0 l 

pSLRIOI -T 

pSLS225 

pSLS250 

pSLS20 I 

pSLS20 I -T 

pSLS200 

pSLRi 1 l 

pCR770-3 

pSLS2 10 

pSLS222 

pEXCEP1 

pEXCEPR 

pSLR 102 

pSLR 103 

pMJG 1.7 

p s s  lo 

pSS13 

pSL600 

pSL6 10 

pSL700 

pSL800 

pSL650 

pUCP28T with 1.6 kb KpnI-SphI fragment from pSLA3.2 
containing cepR, T~~ 
pNOTlO with 1.6 kb KpnI-SphI fragment from pSLA3.2 
containing cepR. 
pSLR I0 I with tmp cassette cloned in PsrI site. ~ p ~ .  T~~ 

pUCP26 with 1.5 kb SphI-Kpni fragmcnt from pSLA3.2 
containing cepl. T C ~  

pUCP28T with 1 -5 kb SplzI-KprrI fragment from pSLA3.2 
containing cepl, TpR 
pNOT19 with 1.55 kb SpIr I-KpnI fragment from pSLA3.2 
containing cepl gene. 
pSLS20 1 with mzp cassette cloned into blunt-ended AccI site. 

T~~ 
pUCP28T with 2.3 kb SplzI-Psi1 fragmcnt from pSLA3-2 
containing cepl and a part of cepR. T~~ 
cepR-lac2 transcriptional fusion with l n c z - ~ r n ~  cassette cloned 
in PstI site of pSLS200. T~~ 
777 bp PCR product encoding cepl promoter in pCRR2. ITOPO. 
ApR 
pUCP28T with 0.8 kb PstI-BamHI fragment from pCR770-3 
containing cepl promoter. T~~ 
cepl-IocZ transcriptional fusion with I ~ c z - G ~ ~  cassette cIoned 
in BanrNI site of pSLS210, T~~ 
pEX 1 8Tc with rnrp inactivated cepl fragment from pSLS20 1 -T. 
TpR. 
pEX 1 8Tc with rnlp inactivated ccpR fragment from pSLR I0 I -T, 
~ p ~ ,  ~p~ 
pCRR2. ITOPO with 0.8 kb BamHI fragment encoding cepR. 
ApR 
cepR expression vcctor. ~PROEXHTC with in frame BanrHI 
fragment containing cepR from pSiR1OZ. 
pSW2OO with 1 -7 kb fragment containing InsR, 

pUC 19 with 1.3 kb EcoR I -XbaI fragment containing rldR. 

pUC 19 with 0.9 kb HirrdIII-XhnI fragment containing rl~li. 

pUCP28T with 1.3 kb EcoR I -XbaI fragment from pSS I0 
containing rhlR. TpR 
pUCP28T with 0.9 kb HindIII-XbaI fragment from pSS 13 
containing rhll, TpR 
pUCP26 with 0.9 kb HindIII-XbnI fragment from pSS 13 
containing rltll, T C ~  

pUCP26 with 0.85 kb PCR product containing Insi. T C ~  

pUCP28T with 1.7 kb BanlHI- EcoRI fragment from pMJG1.7 
containing InsR. T~~ 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

Gambello and 
Iglcwski. 199 1 

S. J- Suh 

S. J. Suh 

This study 

This study 

This study 

This study 

This study 



assays, cultures were grown in Anwar defined medium at 37OC (Anwar et a[,, 1983). For 

B-galactosidase assays. cultures were grown in TSB (tryptic soy broth) medium at 37OC. 

For all N-acyl-HSL bioassays and for partial purification of N-acyl-HSLs, B. cepacia 

cultures were grown for 24 hours (stationary phase) in TSB adjusted to a pH of 7.0 at 

30QC with shaking (200 rpm). A11 media components were Difco products (Detroit, MI) 

unless otherwise stated- 

2.2.2 Tn5-OT182 mutagenesis and allelic exchange in B- cepacia- 

For transposon mutagenesis, Tn5-OT I82 (Merriman and Lamont. 1993) was 

transferred into K56-2 from SM 10 (POT 182) by conjugation. The cultures were mixed 

(100 pI of each) and cells were pelleted by centrifugation. The cells were resuspended in 

0.1 ml of PBS and spotted onto sterile 0.45 pm-pore size nitrocellulose filters on LB agar 

plates containing I0 mM MgS04 and incubated for 4 hours at 37OC. The donor and 

recipient strains were also spotted individually as above for controls. The filters were 

washed with 1 ml of sterile PBS and 100 p1 aliquots were plated on LB containing 300 

p g m l  tetracycline, 100 pg/ml streptomycin and 50 pM FeC13. Tetracycline and 

streptomycin resistant transconjugants were identified after incubation for 36-48 hours at 

37OC. Transconjugants were screened for hyper-siderophore production on CAS plates 

(Schwyn and Neilands. 1987). Mutants that produced zone sizes larger than the parent 

after 2-3 days incubation were selected for further analysis. 

A K56-2 insertion mutant in cepl was constructed by allelic exchange using the 

suicide vector pEXI8Tc containing the counter-selectable marker sacB (see figure 14) 

(Hoang et al., 1998). The plasmid pSLS201-T contains a 2.25 kb fragment encoding cepl 

which was insertionally inactivated with a tmnp cassette. The tmnp cassette was isolated by 



AccI digestion of p34E-Tp (Deshazer and Woods, 1996), blunt-ended using DNA 

polymerase I Klenow fragment (Life Technologies) and cloned into a blunt-ended AccI 

site within the cepl reading frame. The inactivated cepl region was amplified by PCR 

from pS LS2O I -T and cloned into pCRR2. 1 TOP0 (pSLS 103) and subsequently into 

pEX18Tc (pEXCEP1). SplrI sites were introduced into pNOT19 vector primers for 

cloning of an Sphl fragment into pEXl8Tc. Triparental matings were performed to 

transfer pEXCEPI from E. coli DH5u to B. cepacia K56-2 via the mobilizing, helper 

strain E. coli HB 10 I (pRK20 13). Transconjugants were plated onto Psertdornonas 

isolation agar (PIA) plates containing LOO pg/ml trimethoprim to select for single cross- 

over events in B. cepacia. T~~ transconjugants were streaked for isolated colonies on LB 

agar plates containing 100 pg/ml trirnethoprim and 5% sucrose to select for the loss of 

vector sequence and screened to confirm tetracycline sensitivity. The insertional 

inactivation of cepl was confirmed with Southern hybridization analysis. 

2.2.3 DNA Hybridization. 

For Southern hybridization, 10 pg of restriction enzyme digested chromosomal 

DNA was eiectrophoresed in 1% agarose gels, depurinated in 0.25 N HCI ( I  5 rnin), 

denatured in I .5 M NaC1, 0.5 M NaOH (15 rnin), neutralised in 1.0 M Tris-2.0 M NaCl 

pH 5 ( 5  min) and transferred (60 min) to Genescreen Plus membranes (Dupont Canada) 

using a vacuum blotter apparatus in 20xSSC (3 M NaCI, 0.3 M sodium citrate). 

Membranes were wetted with prehybridization solution ( I  M NaCI, 10% dextran sulfate, 

1% SDS). Denatured oligo probe (7x10~ cpm) and salmon sperm DNA (0.1 mg/ml) were 

added and hybridization was performed overnight at 65cC. Membranes were washed 

twice in 2xSSC at RT (5 rnin), twice in 2xSSC-1% SDS at 65OC (30 rnin) and twice in 



0-IxSSC at RT (30 rnin). The membranes were dried and exposed to Kodak X-Omat AR 

film at -70°C. 

Colony hybridizations were performed as previously described (Woods, 1984). 

Colony-Plaque Screen Membranes were applied to agar plates containing hatched 

colonies, lifted, and placed onto filter paper saturated with 0.5 M NaOH- 1.5 M NaCl until 

colonies were lysed (translucent). Membranes were transferred to filter paper saturated 

with I M Tris Base-1.5 M NaCl (pH 7) for 5 rnin and subsequently rinsed in 3xSSC to 

remove cell debris. Hybridization was performed as described above. 

2.2.4 Labelling DNA probes. 

DNA fragments (-0.5 pg) were randomly labelled with [u."P-~CTP] with 

Klenow fragment of DNA polymerase using the Oligolabeling Kit (Amersharn) as 

described in the manufacturer's recommendations. Unincorporated radioisotopes were 

removed by spin-column chromatography. In 1.5 ml microfuge tubes with the bottom 

removed, labelled probe reactions were applied to columns consisting of glass wool and 1 

ml Sephadex G-50 and centrifuged at 2000 rpm for 2 min. 

2.2.5 Recombinant DNA manipulations. 

Recombinant plasmids were constructed using molecular biology techniques 

performed as generally described by Sambrook er a[. (1989). Restriction enzymes, 

agarose. molecular mass markers were purchased from Life Technologies. T4  DNA 

ligase was purchased from Promega Corp. (Madison. WI). DNA fragments were 

separated on 0.7- 1.5% agarose gels in Tris-borate or Tris-acetate buffer and purified with 

Geneclean I1 (Bio-101). 



For the self-cloning of flanking DNA from Tn5-OT 182 mutants. approximately 5 

pg of genomic DNA was digested with appropriate restriction enzymes, boiled for 5 min, 

ethanol precipitated and resuspended in 60 p1 of distilled H1O. Twenty pl  of this 

suspension was ligated in a 25 p1 reaction volume overnight at 12OC and 2 p1 used to 

electroporate E. coli DHSCX. For the cloning of  the ceplR region. K56-2 sub-genomic 

DNA libraries were created by cloning SphI digested-sucrose gradient fractions that 

reacted with probes consisting of self-cloned flanking DNA in Southern Hybridization 

analysis into pUCP28T. 

2.2.6 PCR Conditions. 

PCR reactions were performed in the Perkin Elmer DNA Thermal Cycler 480 

system: denaturing at 94OC for 1 min, primer annealing at 52-55OC for I min and 

extension, 72OC for 2 min for 30 cycles with a final 7 min extension at 72OC. A typical 

reaction consisted of template DNA (50-200 pg). primers (3.2 pmol each), Tcq DNA 

polymerase (Life Technologies) (2.5 U), 3 mM MgCl?, 0.4 rnM dNTPs and 1xPCR 

buffer in a final volume of 50 111. The oligonucleotide primers used in this study are 

shown in Table 2. The vector primers pNOT 19-2 and pNOT 19-2 were used to amplify 

the tmp-inactivated cepl gene for cloning into pEX18Tc. PCR products were cloned 

using the T O P 0  T A  cloning system according to the manufacturer's recommendations 

(Invitrogen). 

2.2.7 Chromosomal DNA isolation. 

Small scale chromosomal DNA preparations were isolated as described by 

Ausubel et al. (1989). Cells were grown overnight. pelleted by centrifugation. 

resuspended in 567 111 TE buffer, 30 p1 10% SDS. 3 pl proteinase K (20 mglml), mixed 



TABLE 2. Oligonucleotide primers. 

Primer 
Name 

Las 1- i 

Las 1-2 

IN-CEPI 

EX-CEPI 

Primer Sequence 5'-3' 

GGCATGCGCAAGGCGA'ITAAGTTGG 

GGCATGCCIT'ATGCTTCCGGCTCG 

GATCCTGGAAAACGGGAAAG 

A'IITCTCTGATGAGCCGCTTCAT 

TTCAGGATCGTCACCAACAG 

AACCGCGTGACGTATCTGAT 

ATCTGCTCGAGCTTCTGCTGA 

TGTTGATGCCCTGGATCGAAC 

TCAGCAGAAGCTCGAGCAGAT 

TTGTTCACGTGGAAGTTGAC 

ATGAAGCGGCTCATCAGCGAAT 

TGTCATArnGTCAGGl-rrC 

TTCGCAGCAACGTGATGGCC 

GTTACCAGTTACAGGCTCCTC 

GTATCTGCTGAAGTCGCTGTTC 

ATCGACATCGATCCGCAAAC 

TCGCCTATCCGTCGmC 

GAATCGCGACAATTCCCAGAC 

GAACGAAGGTCTGCATGGATG 

GTGCGCAACATGCCGATGTC 

TTTCTGACAGGCGTAACGTA 

CGGGATCCTCTCGTGTGAAGCCATTGCTC 

CGGGATCCTACAGCGGATTCGGCATCGAC 

GCGGATCCACCAGACGCCCATCTACCTGCTTCG 

GCCTGCAGGGCACAACGACGCCTATCATGC 

CGGGATCCGAGAAAGAATGGAACTGCGC 

CGGGATCCTTGCGTCAGGGTGCTTCGATG 

GAAGAATGGGCGAGCGTGTG 

GCATTACCTGrnCTCGACG 

Enzyrnc 
Li n kcr 
SphI 



and incubated for I hr at 37OC. One hundred p1 of 5 M NaCI and 80 111 CTAB/NaCI 

(10% hexadecyltrimethyl ammonium bromide-4.1% NaCI) were added, mixed and 

incubated for 10 rnin at 65OC. The mixture was extracted once with choroform: isoarnyl 

alcohol (24: 1) and once with phenol: chloroform: isoarnyI alcohol (2524: 1). DNA in the 

aqueous phase was precipitated with 0.6 volumes isopropanol, centrifuged ( 1 3000 rpm. 

10 min, 4OC), washed in 70% ethanol, dried by centrifugation under vacuum, 

resuspended in 100 PI TE buffer and stored at 4OC. 

2.2.8 Plasmid DNA isolation. 

A modified alkaline lysis/PEG precipitation was used for small scale preparations 

to isolate bacterial plasmid DNA. Cells were grown overnight in LB or Terrific broth f 10 

ml) containing appropriate antibiotics. Cells were pelleted by centrifugation and 

resuspended in 440 PI GET buffer (50 rnM glucose, 25 rnM Tris-HC1 pH 8, 10 mM 

EDTA). For Iysis, 660 pl of 0.2 M NaOH-1% SDS was added, mixed by inversion and 

incubated for 5 rnin on ice. Cell debris was removed by precipitation with 660 p1 3 M 

potassium acetate (pH 5). Insoluble material was pelleted by centrifugation ( 13000 rpm, 5 

min). The supernatant was treated with Ribonuclease A (RNase A) (20 pg/rnl) for 30 rnin 

at 37 OC and extracted once with phenol: chloroform: isoamyl alcohol (2524: 1) and once 

with choroform: isoamyl alcohol (24: 1). DNA was precipitated by the addition of 0.6 

volumes of isopropranol or I volume 95% ethanol to the aqueous phase, pelleted by 

centrifugation (13000 rpm, 15 min, 4OC), rinsed in 70% ethanol, dried, resuspended in 50 

p1 sdHIO and stored at -20°C. DNA for sequencing was treated with polyethylene glycoI 

(PEG 8000) for removal of RNA. 



2-2.9 EIectroporation. 

Plasmids or ligation mixtures were introduced into E. codf, P. aencginosa or B. 

cepacicr by electroporation using a Bio-Rad Gene Purser (Mississauga, Ont). For 

preparation of electrocompetent E. coli, cells were grown to mid-to-late-log phase 

(0D6m=0.5-1.0), chilled on ice (15 min) and pelleted by centrifugation (5000 rpm, LO 

rnin, 4OC). Cells were washed twice in cold sdH20, once in cald 10% glycerol and 

resuspended in 10% glycerol to a final cell concentration of - I-2x10" cells/ml. For 

preparation of electrocompetent P. ner~rginosa or B. cepacic~, cells were grown to mid-to- 

late-log phase (OD600=0.5- I .O), pelleted by centrifugation (5000 rpm, 10 min, 4OC), 

washed three times in MEB (1 rnM MgCl2, I mM HEPES pH '7) or SMEB (300 mM 

sucrose, 1 mM MgCIz, 1 rnM HEPES pH 7) buffer and resuspended in MEB/SMEB to a 

final concentration of - 1 -2x 10" cells/ml. Plasmid or ligation mixtures were added to 60 

pl electrocompetent cells, chilled (2 min) and pipetted into 0-2  cm electroporation 

cuvettes, Cells were pulsed under the following conditions: voltage, 2.5 kV: discharge 

capacitor. 25 pF; resistance, 200 Q. After pulsing, cells were resurspended in I rnl SOC 

medium (2% tryptone, 0.5% yeast extract, 10 mM NaC1. 2.5 mM KCI, 10 rnM MgCl?, 10 

mM MgS04, 20 mM glucose), incubated for 1 hour at 37OC with shaking and plated on 

selective media. 

2.2.10 Nucleotide sequencing. 

Nucleotide sequencing was performed using the ABI PRISM DyeDeoxy 

Termination Cycle Sequencing System with AmpliTaq DNA polymerase (Perkin-Elmer 

Corp,) and an ABII371A DNA sequencer by the University Core DNA Services 

(University of Calgary). The oligonucleotide OT 182-LT was used to initiate DNA 



sequence reactions with plasmids obtained from Tn5-OT182 mutants by self-cloning. A 

primer walking strategy was employed for extended sequencing of recombinant plasmids. 

The nucleotide sequence of both DNA strands was determined. Custom oligonucleotides 

were synthesized by the University of Calgary Core DNA Services or  Life Technologies. 

Analysis of the sequence was performed with PC/Gene (Intelligenetics, Mountain View, 

Ca) or DNAMAN (Lynnon Biosoft, Vaudreuil, QC) software. The BLASTX and 

BLASTN programs were used to search the nonredundant sequence database for 

homologous sequences (www.ncbi.nlm.nih.gov)~ 

2.2.1 1 Siderophore production assays. 

Siderophore activity was measured using CAS assays (Schwyn and Neilands, 

1987). On CAS agar, siderophores remove iron from the CAS dye complex resulting in a 

blue to orange color change in zones surrounding the colonies. The same dye complex 

was used to quantitate siderophore activity in culture supernatant fluid by measuring the 

increase in orange color at CAS assays were performed on 100 pl of supernatant 

fluid. The OD63o was measured and divided by the 0D6w to normalize for cell density and 

reported as CAS activity. 

Ornibactin production was assayed a! previously described (Darling et nl., 1998). 

Briefly, the supernatant fluid from 100 mI cultures was lyophilized, extracted with 

methanol and applied to a Sephadex LH-20 column (35 x 1.5 cm, Pharmacia) with 

methanol as the eluting solvent. Four rnl fractions were collected and assayed for iron- 

binding activity. Fractions containing CAS activity were pooled and the total ornibactin 

amounts were estimated using the CAS assay. 



Salicylic acid production was assayed as previously described (SokoI et al., 

1992). The supernatant fluid from 50 ml culture fluid was adjusted to pH 2.5 and 

extracted with 20 ml ethyl acetate. The ethyl acetate layer was concentrated and salicylic 

acid was isolated by thin layer chromatography on Silica Gel G as previously described. 

All glassware for siderophore assays was washed with 2.4 M HCI and rinsed with 

deionized water to remove iron. All reagents were made with water purified by the Milli- 

Q System (Millipore, Missisauga, Ont). 

2.2.12 Protease and lipase assays. 

For protease assays, cultures were grown overnight, normalized to OD6CK) = 0-3. 

and spotted (3 p1) onto dialyzed-Brain Heart Infusion agar containing 1.5% skim milk 

(Sokol et crl., 1979). The plates were incubated for 2 days at 37OC and examined for clear 

zones surrounding the colonies. 

Lipase activity was assayed as previously described by Lonon et a!. (1988). 

Cultures were assayed for lipase activity throughout growth. The reaction mixture 

consisted of 0.5 ml of concentrated supernatant, 0. I5 ml 10% Tween-20, 0.1 mI 1M 

CaCL,, and 2.3 ml 50 mM Tris-HC1 (pH 7.6). After 2 hours incubation at 37OC, the 

increase in turbidity was measured at ODJcH)- One unit of lipase activity = 0D4(K) 0.01. 

2.2.13 Autoinducer assay. 

The cepl reporter strain K56-I2 was used for autoinducer assays. The reporter 

does not produce autoinducer (N-octanoyl HSL) or protease but responds to autoinducer 

produced by test strains inoculated at right angles to the reporter. The ability of test 

strains to produce autoinducers is detected by the restoration of protease production at the 

junction of the test and reporter strains on D-BHI skim milk agar. 



2.2.14 Detection of N-acyl-HSLs from B. cepacia culture fluid. 

N-acyl-HSLs were extracted from clarified culture fluid twice with equal volumes 

of acidified ethyl acetate as described elsewhere (Pearson et czl.. 1994. 1995). After crude 

purification of N-acyl HSLs. the extracts were sent to our collaborators Barbara Conway 

and PeterGreenberg (U. Iowa) for analysis. Four different bioassays were employed to 

screen for N-acyl-HSLs. Each assay was selective for molecules with different acyl side 

chain lengths. The Vibrio jisc/zeri autoinducer assay (Pearson er al.. 1994). with E. coli 

VJS533 (pHVZOOI-) shows greatest sensitivity to C6-acyl-HSLs: the P. neruginosn las 

assay (Pearson et ul.. 1994), with E. coli MG4 (pKDTL7) shows greatest sensitivity to 

ClZ-acyl-HSLs: and the P. neruginosa rhl assay (Pesci er nl.. 1997). with E. coli DHSa 

(pECP6 1.5) shows greatest sensitivity to C4-acyl-HSLs. The fourth bioassay used 

Rrzlstotzin so~nnacermrm containing p395B (Flavier er nl., 1997). This construct contains 

an N-acyl-HSL dependent oidA-lac2 fusion. The R. solcznucearunz bioassay shows 

greatest sensitivity to C8-acyl-HSLs. For this assay, an overnight culture was grown in 

BG broth (Flavier er nl.. 1997) plus tetracycline ( 10 yg/rnl) and spectinomycin (10 

pg/rnl). The culture was diluted to an ODsoo of 0.1 in fresh BG broth and 0.5 ml of the 

diluted cell suspension was incubated with culture fluid extracts at 30°C with shaking. 

After a 5 hr incubation, B-galactosidase activity was measured. Synthetic N- 

octanoylhomoserine lactone (Eberhard et al., 1986) was used to construct a standard 

curve. 

2.2.15 Identification of the B. cepacia N-acyl-HSL. 

The procedure for characterizing the B. ceprccia N-acyl-HSL is based on those 

previously described for identification of the P. uenginosn autoinducers (Pearson et al.. 



1994, 1995). Cells were separated from the fluid of a 2-liter culture by centrifugation and 

the culture fluid was extracted twice with equal volumes of acidified ethyl acetate and 

concentrated by rotary evaporation at 40-45OC. Barb Conway and Pete Greenberg 

performed the remainder of this protocol. The extracts were fractionated by C i s  reverse- 

phase high-performance liquid chromatography (HPLC). The activity, as measured by the 

R. solanrrcean~nz bioassay (see above). was eluted as a sharp peak at 6 1-63% methanol in 

a linear 7-0-100% gradient of methanol and water. Fractions constituting this peak were 

pooled. concentrated by rotary evaporation and subjected to a further separation by 

HPLC in 48% methanol in water. The active fractions were concentrated and analyzed by 

gas chromatography-mass spectrometry (GC-MS) as described previously (Pearson et al., 

1 995). 

2.3 Results 

2.3.1 Isolation of B. cepacia siderophore hyperproduction mutants. 

The objective of this study was to identify regulatory components involved in the 

control of siderophore production in B. cepacici. The suicide plazmid pOT182 containing 

the transposon Tn5-OT182 (Fig. 2A) was introduced into B. cepncia K56-2 by 

conjugation. Tn5-OT182 contains an E. coli origin of replication which facilitates the 

cloning of DNA adjacent to the Tn. Sequencing of the cloned chromosomal DNA allows 

the identification of the interrupted gene without the construction of genomic libraries. 

Approximately 1350 T C ~ ,  smR transconjugants from four independent 

mutagenesis experiments were screened on CAS agar for mutants altered in siderophore 

production. Orange zones are formed around colonies that produce siderophores on this 
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Figure 2. Physical and genetic map of Tn5-OTM and various cepiR 

constructs. (A) Tn5-OT182- The arrows represent the orientation and 

position of genes and the black box represents the pBR325 origin of 

replication: IucZ, promoterless P-galactosidase reporter gene: bla, P- 
lactamase; ori. origin of replication; term, tetracycline resistance 

determinant: tnp, transposase; B, BarnHI: C, ClrrI: Ss. SsrI; E, EcoRI; X, 

XrnrzI; Sa, SalI; S, Sr~d:  H. HindIII; Xh, XhoI. (B) The ceplR locus from B. 

cepncin (pSLA3.2). The arrows represent the location and orientation of 

genes and the lollipop represents the site of transposon insertion. pSLR100; 

1-65 kb cepR subclone in pUCP28T. pSLS201: 1.55 kb cepl subclone in 

pNOT 19. pSLS20 1 -T; trimethoprim cassette ( m p )  introduced into 

pSLS20 1. cepl. gene encoding autoinducer synthase; cepR, gene encoding 

transcriptional activator. Sp, SphI; C, C l d :  A, AccI; K, KpnI: P. PstI: Xh, 

XIzoI. 



medium due to the removal of iron from the blue CAS dye-iron complex. Mutants that 

produced Iarger than parental zones were selected for further characterization. 

One mutant, K56-R2, which produced CAS zones approximately 50% larger than 

the parent (Table 3) is described in this study. Southern hybridization analysis was 

performed to confirm the presence of a unique Tn5-OT182 insertion in the chromosome 

(data not shown) and to map restriction endonuclease sites in the region of the 

chromosome flanking the Tn. The transposon inserted in the opposite orientation required 

for creation of a chromosomal cepR::lacZ fusion. Genomic DNA from K56-R2 was 

digested with Clal or XhoI to produce fragments that contained the origin of replication, 

the TC' determinant as well as chromosomal DNA flanking the Tn. Plasmids pSLR2-I 

and pSLR2-2 were obtained from self-cloning of CIuI and XhoI digested DNA 

respectively from K56-R2- The OT182-LT primer is specific to the ends of the 

transposon and was used to perform cycle sequencing reactions on these plasmids. 

ApproximateIy 300-400 bp of sequence was obtained per reaction and used to search the 

nonredundant protein sequence database using the local alignment search tool BLASTX 

on the National Centre for Biotechnology Information web site. The sequences flanking 

the transposon showed sequence similarity to a number of members of the LuxR family 

of transcriptional regulators (Fuqua er al., 1996). 

The screen for siderophore hyperproduction mutants resulted in the identification 

of other types of mutants. One mutant, K56-R19, contained a TnS-OT 182 insertion in a 

gene that shared significant homology to the ATPase component of periplasmic binding 

protein-dependent ATP transporters of enteric bacteria. Because of the role of these 

proteins in nutrient acquisition, in particular, iron uptake, this gene may play a role in the 



uptake of siderophores in B. cepacia. A second group of mutants contained Tn5-OT I82 

insertions in genes associated with mobile DNA elements including phage integrases and 

insertion sequences. Although the explanation of the siderophore hyperproduction 

phenotype observed in these mutations is not immediately obvious, this suggests an 

association between siderophore regulation and pathogenicity islands. In fact, 

pathogenicity islands are known to contain genes invoIved in siderophore-mediated iron 

uptake (Hacker et al., 1997). 

2.3.2 Cloning of the B. cepacia CuIR homologs ceplR. 

A sub-genomic library consisting of K56-2 SphI fragments that were 

approximately 3-4 kb in size was constructed in E. coli. To detect the clone that 

contained the specific cepR fragment, a 2.0 kb XltoI-ClaI fragment derived from pSLR2- 

1 was used as a probe in colony hybridization analysis. Plasmids were isolated from those 

clones that reacted to the probe. The plasmid pSLA3.2 (Fig. 2B) contained a 3.2 kb SphI 

fragment which was sequenced and found to encode two complete open reading frames 

(ORFs) designated cepl and cepR. The cep? ORF encodes a protein with 202 amino acids 

and a predicted molecular weight of 22,263. CepI showed greatest homology with genes 

from Ralsronia (formerly Burkholderia) and Pseudomonas spp. The putative cepl gene 

product has 64% identity and 70% similarity to Ralstorzicr snlarzacenrrtm Sol1 (Flavier er 

czl.. 1997), 38% identity and 52% similarity to Pserrdon~orzcrs crerrrgi~rnsrz RhlI (Ochsner 

and Reiser, 1995) and 28% identity and 39% similarity to Vibriofischeri LuxI (Devine et 

crl., 1988, Engebrecht and Silverman, 1987). The amino acid alignment of CepI with 

various LuxI homologs is shown in Figure 3A. CepI contains each of the LO amino acids 

that are conserved among all LuxI family members (Parsek et ctl.. 1997). A lux box-like 
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Figure 3. Multiple alignments of amino acid sequences from LuxVLuxR family 
members and of 'Zrtx box' promoter elements. (A) Amino acid alignment of various 
LuxI family members with Cepl generated using the programs PC/GENE CLUSTAL 
and SeqVu. Boxed, shaded regions highlight conserved amino acids in at least three of 
the proteins. The 10 invariant amino acids characteristic of LuxI homologs are denoted 
with asterisks. Additional sequences shown are R. solanaceartrm Sol1 (AF02 1840), P. 
aerngirzosa RhlI (U 1 18 L 1 ) and fischeri LuxI (225903). ( B )  Comparison of lux box 
sequences in the promoter regions of LuxI homologs. The sequences shown are from 
Zuxl (V. fischeri), cepl (B. cepacia), sol1 (R.  solanacearum), and rhll ( P .  aeruginosa). 
The black arrows represent the inverted repeats of the palindrome sequences. Boxed, 
shaded regions highlight nucleotides that are identical in at least four of the sequences. 
(C) Amino acid alignment of various LuxR family members with CepR generated 
using the programs PC/GENE CLUSTAL and SeqVu. Boxed, shaded regions highlight 
amino acids that are identical in three of the four proteins. The open bar below the 
LuxR residues 79-127 represents the autoinducer-binding domain. The solid bar above 
the CepR residues 190-2 17 represents the putative helix-turn-helix motif that was 
identified by PROSITE. The seven invariant amino acids of LuxR homologs are 
denoted with asterisks. Additional sequences shown are R. snlanacearurn SoIR 
(AF02 1840). P. aeruginosa RhlR (L08962) and fischeri LuxR (225902). 



sequence was identified upstream of cepl matching the consensus lux box in 15 of 20 

positions (Gray et aL. 1994). The lux box-like sequence in the cepl promoter is aligned 

with the proposed i n  box sequences from the promoters of l r d ,  soil, and rhll in Figure 

3B. 

The cepR ORF is divergently transcribed from cepl with an intergenic region of 

727 bp. It encodes a protein with 239 amino acids and a predicted molecular weight of 

26,592. The putative cepR gene product has 67% identity and 78% similarity to SolR 

(Flavier et al., 1997), 36% identity and 5 1% similarity to RhlR (Ochsner et al., 1994) and 

29% identity and 45% similarity to LuxR (V. fischeri) Lux1 (Devine et al., 1988, 

Engebrecht and Silverman, 1987). The alignment of these amino acid sequences is shown 

in Figure 3C. The locations of the two most highly conserved regions, the DNA and 

autoinducer binding regions. are highlighted (Shadel et ctl., 1990, Slock et al., 1990). 

CepR contains only 6 of the 7 amino acids that are identical in many of the I L ~ R  

homologs studied to date (Fig. 3C; Fuqua et al., 1996). 

2.3.3 Characterization of a cepR mutant. 

K56-R2 produced 44% larger zones than K56-2 on CAS agar (Table 3). The CAS 

activity in culture fluids was 42% greater in K56-R2 in comparison to the parent strain 

(Table 3). CAS activity was also measured in culture fluids throughout the growth of 

K56-2 and K56-R2 (Fig. 4A). The growth of K56-R2 was similar to the parent. Although 

siderophore production in log phase was similar to the parent, K56-R2 produced 2642% 

more siderophore activity during stationary phaqe (Fig. 4A). 

The CAS assay measures totai siderophore activity. To determine if all 

siderophores were hyperproduced or if the effect was specific for individual siderophores, 
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Figure 4. Effect of cepR on CAS activity and lipase production in B. cepacia. In panel 

A, the CAS activity (dashed lines) and OD6oo (solid lines) were measured at intervals 

during batch culture in succinate medium supplemented with 10 rnM omithine. In 

panel B, lipase activity (dashed lines) and OD600 (solid lines) were measured at 

intervals during batch culture in Anwar's defined medium. K56-2 (wt) is shown in 

solid squares and K56-R2 (cepR) is shown in open squares. The values shown are the 

means c standard deviation (error bars) from triplicate experiments. Asterisks denote 

a statistically significant difference from K56-2 as determined by the r test for 

unpaired observations (pc0.05). 



ornibactins and salicylic acid were individually isolated and quantitated. Ornibactin wac 

purified b y  gel filtration chromatography and quantitated by CAS activity. The ornibactin 

yield was 67% greater in K56-R2 than in the parent strain (Tabfe 3). This is greater than 

the difference in total CAS activity in culture fluids, possibly due to increased sensitivity 

in the CAS assay by purified ornibactins. The amount of salicylic acid produced in 

stationary phase cultures, however, was similar to that produced by the parent strain 

(Table 3). K56-2 produces barely detectable levels of pyochelin. There was no apparent 

increase in pyochelin production by the cepR mutant, zs determined by thin-layer 

chromatography (data not shown), suggesting that the regulation of siderophores by cepR 

is specific for ornibactin. 

Both the [as and rhl systems are involved in the regulation of secreted proteases 

and the rhl system is implicated in the control of lipase production (Jaeger et al., 1996) in 

P. aeruginosn. B. cepacia produces two extracellular proteases, a 36 kDa, zinc 

metalloprotease, similar to elastase (lasB) and a 40 kDa protease which may be a 

precursor form (Kooi et al., 1994, McKevitt et al., 1989). K56-R2 did not produce 

detectable protease in the skim milk agar plate assay (Table 3). Lipolytic activity has 

been detected in 60% percent of B. cepacia strains (Lonon et al., 1988) and the lipase 

gene ( f ipA)  in B. cepacia has been cloned and sequenced (Jorgensen et al., 199 1). Lipase 

activity was measured in concentrated culture fluids throughout the growth of K56-2 and 

K56-R2 (Fig. 4B). Lipase production is growth-phase dependent, with maximal activity 

produced in the stationary phase. The cepR mutant produced 40-45% less lipase activity 

than the parent during the period of maximal lipase production. 



To determine if the wild-type copy of cepR could restore the parental phenotype 

to K56-R2, pSLRlOO (Fig. 2B) was introduced into the mutant strain by electroporation. 

Siderophore activity was measured on CAS agar to determine if parental levels of 

ornibactin production were restored. K56-R2 (pSLRlOO) produced simiiar amounts of 

CAS activity to K56-2 (pUCP28T) (Table 5) .  Protease activity was also restored to 

parental levels in K56-R2 (pSLR100) (Table 5). There was no difference in lipase 

activity between K56-R2 (pSLR100) and K56-R2 (pUCP28T), indicating that cepR was 

not able to complement the lipase phenotype of the cepR mutant (Table 5). Similar results 

were observed when pSLA3.2. which contains both cepl and cepR, was introduced into 

K56-R2 (data not shown). 

2.3.4 Characterization of a B. cepacia N-acyl-HSL. Lux1 homologs are involved in the 

synthesis of N-acyl-HSL molecules. To determine if K56-2 produces an N-acyl-HSL 

molecule, we used the bioassays described in the Materials and Methods to screen for N- 

acyl-HSLs. Each bioassay shows a specificity for N-acyl-HSLs with different acyl 

groups. Activity was detected with the R. solanaceanttn bioassay and traces of activity 

were detected with the V. flscheri and P. uerugitzosci lrrs assays. The R. solarlacearurn 

assay shows greatest sensitivity towards N-octanoyl-HSL. An ethyl acetate extract was 

then subjected to HPLC and a single peak of activity, as measured with the R. 

solanucean~rn assay, was eluted at a position identical to that at which synthetic N- 

octanoyl-HSL was eluted (Fig. 5A). The amount of activity that was eluted in the single 

peak was equivalent to the amount of activity applied to the HPLC (percent recovery, 

109% + 2 3%), and none of the fractions contained materials detected by any of the other 

bioassays. A GC-MS analysis showed a molecule with a retention time and a mass 



TabIe 5. Complementation of a 8. cepacia cepR mutant with cepR in trans. 
- 

CAS agar Protease 
~ipase 

Strain Genotype Activity 
zones (rnm) zones (mm) 

(U/ml/A60) 

K56-2 (pUCP28T) Wild type 9.3 + 0. I 5.3 + 0.3 0-68 ,t 0- 1 1 

All values are the mean + standard deviation of triplicate experiments. 
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Figure 5. Analysis of the N-acyl-HSL produced by B. cepacia K56-2. A. HPLC analysis 

of a culture fluid extract (0)- and synthetic N-octanoyl-HSL (a). HPLC conditions are 

described in Materiais and Methods. Each fraction was I ml. Activity was measured 

using the R. solnnacearum reporter system. The solid line indicates the methanol 

concentration. B. Analysis of purified B. cepacia N-acyl-HSL (top) and synthetic 

octanoyI-HSL (bottom) by GC-MS. The r d z  of the moIecuIar ion was 227 for both, as 

expected for N-octanoyl-HSL. The molecular ion at 227 is amplified LOX. 



spectrum that was indistinguishable from synthetic N-octanoyl-HSL (Fig. 5 8 ) .  From 

these data it appears that the only N-acyl-HSL we detected in cultures of B. cepacia was 

N-octanoy1-HSL. By comparing the response of the R. .~olnnacearrtrn reporter to culture 

fluid extracts with the reporter's responses to different amounts of synthetic N-octanoyl- 

HSL. it was estimated that the concentration of this signal molecule in the culture was 

approximately 25 nM. If present, the other N-acyl-HSLs listed in the Materials and 

Methods were at concentrations below 1 nM. For comparison, the two P. uerr~ginosa N- 

acyl-HSL autoinducers are found at concentrations 200 to 400-fold higher in fully-grown 

cultures (Pearson et al., 1994, 1995). Ethyl acetate extracts were prepared from K56-R2 

culture fluids and examined for autoinducer activity in the R. solrrnaceururn bioassay. 

There was very low autoinducer activity at approximately the limits of detection in 

extracts from K56-R2 culture fluids suggesting that cepl expression requires the 

transcriptional regulator CepR. 

2.3.5 Characterization of a cep1 mutant. 

To determine if the cepl gene directs the synthesis of N-octanoyl HSL and is 

involved in the regulation of ornibactin, protease and lipase production, we constructed a 

cep1 mutant and characterized its phenotype. The cepi  gene was inactivated with a 

trimethoprim cassette and introduced into the chromosome using allelic exchange 

techniques (see figure 14) (Schweizer, 1992). Ethyl acetate extracts from this mutant, 

designated K56-12. did not contain detectable levels of autoinducer by the R. 

soianacearurn bioassay (limit of detection = 25 pM), therefore confirming that cepl 

directs the synthesis of N-octanoylhornoserine lactone. 



K56-I2 produced 54% more CAS activity in supernatant fluids and 42% larger 

zones on CAS agar than K56-2 (Table 4). The ornibactin yield in culture supernatants of  

K56-I2 was 6 1 % greater that K56-2- CAS agar zones were also measured on CAS plates 

supplemented with 10 pM FeCl3. K56-2 produced 1.2 -t 0.3 mm zones while K56-I2 and 

K56-R2 produced 4.0 -+. 0.1 and 4.2 2 0.3 mm zones, respectively, on high iron CAS agar 

plates. Therefore, ornibactins are hyperproduced in high iron medium in both cepl and 

cepR mutants. K56-I2 did not produce protease activity detectable by the D-BHI milk 

agar assay. Lipase activity, however, was not significantly less in the cep1 mutant than in 

K56-2 (Table 4). Mutations in cepl and cepR, therefore, result in simiiar phenotypes with 

regard to N-octanoylhomoserine lactone, ornibactin and protease production but not 

lipase activity. 

To determine if the addition of exogenous autoinducer could restore protease 

production in KS6-12, the following assays were performed. Autoinducer extracts were 

prepared from K56-2 and added to sterile filter discs in amounts ranging from 12.5-125 

pmoles. The discs containing N-octanoyl-HSL were added to D-BHI skim milk agar 

plates inoculated with the protease negative cepl mutant K56-I2. Protease production by 

K56-I2 detectable by zones around the discs was restored in this assay and was also 

restored when the parent KS6-2 was streaked at right angles to K56-I2 in a cross-feeding 

assay (data not shown). However, neither supplementation with autoinducer extracts from 

K56-R2 nor cross-feeding experiments with this mutant restored protease activity in K56- 

12. This suggests that the autoinducer N-octanoyl HSL produced by K56-2 is required for 

protease production or secretion. 



2.4 DISCUSSION 

Many gram-negative pathogens regulate the expression of virulence genes 

through the cell-density dependent process known as quorum sensing. The spectrum of 

phenotypes regulated in this manner include the production of virulence factors in the 

opportunistic pathogen Pserrdomorzas crerugirzosa, the  conjugal transfer of Ti pIasmids in 

the plant pathogen Agrohacteri~rm t~lmefacierzs and the production of antibiotics and 

degradative enzymes in the plant pathogen E m i n k  ccwotovorci (see reviews Fuqua et nl.. 

1996, Salmond rt al., 1995. Swift et nl., 1996). The ability to coordinate the behavior of a 

population of bacterial pathogens may contribute to establishing a successful infection. 

McKenney et al provided the first evidence of N-acyl HSL production in B. 

cepacia ( 1995). Cell-free culture fluids from B. cepacicz demonstrated autoinducer 

activity in autoinducer bioassays that were most sensitive to OHHL, BHL and HHL 

(McKenney et a[-,  1995). In this study, the effects of P. aer-irgirzosn exoproducts on 

virulence factor production in B. cepncic~ were also examined. The addition of 

concentrated culture supernatants from P. aertrginosa stationary phase cultures to B. 

cepacia cultures increased the production of siderophores, protease and li pase suggesting 

( i )  the presence of a B. cepacin quorum sensing system and (ii) potential N-acyl HSL- 

mediated interspecies communication between these two organisms (McKenney et al., 

1995). 

With the identification of the ceplR genes in B. ccpacicc, we extend the number of 

LuxlR homologs identified in gram-negative bacteria to date. The cepl and cepR genes 

are divergently transcribed and separated by an intergenic region of 727 bp. Divergent 

arrangements are also found in l~cvlR (Engebrecht and Silverman, 1987), s d I R  (Flavier et 



al., 1997), ahyIR and asuIR (Swift et al., 1997). Although the intergenic region between 

ceplR is considerably larger than that in these other homologs. there are no Oms with 

significant similarity to any known genes within this intergenic region. A noncoding 

region between sol1 and solR in R. solanaceantm of 396 bp was also reported (Flavier et 

al.. 1997). In Rlzodohncter sphcteroides. an open reading frame in the intergenic region. 

designated Orf2, has been suggested to play a role in the post-translational regulation of 

cerl (Puskas et al., 1997). In P. aenrgirrosa, an open reading frame in the intergenic 

region of ZaslR. designated rsaL. was found to act as a negative regulator of lasl (De 

Kievit et al., 1999). Within the 3.2 kb SphI fragment containing cepl and cepR, the only 

orf with similarity to a known gene was a partial open reading frame downstream of cepR 

that shares significant homology to a gene involved in M ~ ' +  transport (mgtO in 

Snlrnnnelia typhimurirtm (Smith and Maguire. 1998). 

Four different bioassays that are sensitive to a range of N-acyl-HSLs were 

employed to detect autoinducer activity from K56-2 cultures. The R. solmcrceanon 

bioassay was the only system to detect significant amounts of activity. We present 

evidence that the activity is N-octanoyi-HSL (Fig. 5) .  N-octanoyl-HSL and N-hexanoyl- 

HSL are the two autoinducers produced by R. soiarzrtcear~tnz (Flavier er nl., 1997). In 

addition to the high similarity between CepIR and SolLR of B. cepncia and R. 

sol~~nacearc~rn, these closely related species produce similar N-acyl-HSL structures. It 

was previously reported that cell-free culture fluids from B. cepacio contained at least 

three types of signalling molecules (McKenney et [I[. ,  1995). whereas we detected a 

single autoinducer molecule in K56-2 and a cepl mutant did not produce detectable 

amounts of this autoinducer. There may be strain variation in the production of 



autoinducer molecules by B. cepncia, and therefore it would be interesting to examine the 

types of autoinducers produced by different genomovars as well as clinical and 

environmental isolates. In fact, we have found that B. cepacici strain G4, an 

environmental isolate, produces much higher levels of N-octanoyl HSL than does strain 

K56-2 (Conway and Greenberg, unpublished observations). 

The cepR mutant produces low but detectable levels of N-octanoylhomoserine 

lactone. The cepl promoter region contains putative -10 and -35 sites. The presence of  a 

20-bp  ILL^ box-like sequence that partialIy overlaps the putative -35 region (Fig. 6 )  

suggests that CepR binds to the cepl promoter to activate cepl expression. The 

observation that K56-R2 produces low levels of N-octanoylhomoserine lactone in the 

Ralsronicl bioassay is consistent with the role of CepR in cepl regulation. In several 

related systems the Lux1 homolog is under this type of positive feedback control. For 

example in P. cterugirzoscr, LasR and low concentrations of autoinducer activate ZusI 

expression (Seed et (if.. 1995). LuxR also activates Z~ai expression (Engebrecht and 

Silverman, 1984) and SolR is required for expression of sol1 (Flavier et al., 1997). 

CepR appears to function as both a positive and a negative regulator of 

extracellular virulence factor production in B. cepncia. The siderophore-hyperproduction 

phenotype in K56-R2 was specific for ornibactin, suggesting that CepR normally 

functions to decrease the production of ornibactin at higher ceI1 densities. Iron 

availability is an important signaI involved in the regulation of siderophore production. 

We speculate that cell density serves as a second signal involved in limiting siderophore 

biosynthesis under high cell densities in stationary phase since ceIls are no longer 

growing at a logarithmic rate and therefore would require less iron. Alternatively, 



ACGCATACAAAAGCACAGATCCGAGGACATCC ATG CAG ACC TTC GlT 

RBS 

Figure 6.  Nucleotide sequence of the cepl promoter region. The l u  box-like 

sequence is shown in bold with arrows indicating the imperfect inverted 

repeats. Putative promoter elements and ribosome binding site (RBS) are 

underlined. The first five amino acids encoded by the cepl gene are shown. 



ornibactin production may be down regulated to limit the oxidative damage mediated by 

iron and siderophores. CepR may be either a repressor of ornibactin synthesis or may 

activate a repressor of ornibactin biosynthetic genes. 

Mutations in either cepl or cepR result in a protease negative phenotype on D- 

BHI milk agar (Tables 3, 4). The parental phenotype was restored in K56-R2 by 

complementation with cepR in rrans and in KS6-I2 by exogenous addition of ethyl 

acetate extracts of culture fluids suggesting CepR positively regulates protease 

production. In P. aeruginosa, both 1asR and rhlR are involved in the regulation of the xcp 

secretion system (Chapon-Herve et al., 1997) in addition to regulation of lasB 

transcription. This general secretory pathway mediates the transport of a variety of 

secreted virulence factors across the bacterial membrane (Tommassen et al., 1992). It is 

possible that ceplR reguIates the production of protease at the transcriptional level or that 

cepIR regulates the production of the secretion apparatus necessary for the export of 

protease. 

Other quorum sensing systems have also been shown to negatively regulate 

expression of their target genes. For example, Envinia stewartii EsaR represses its own 

expression (Beck von Bodman and Farrand, 1995) and acts as a repressor of cps genes 

required for capsular polysaccharide synthesis (Beck von Bodman er al., 1998)- It was 

reported that mutations in sou and solR do not affect the production of extracellular 

virulence determinants in R. solancearum (Flavier et al., 1997), however, mutations in 

either solR or sol1 result in approximately a 1.7-fold increase in the cell-wall degrading 

enzyme polygalacturonase. This observation suggests that the SolIR system may also 

play a negative regulatory role in the control of polygalacturonase production. 



K56-R2 produced significantly lower lipase activity than the parent strain. In 

contrast to protease and siderophore activity, lipase activity was not restored to parental 

levels when K56-R2 wm complemented in trans with a plasmid containing either cepR or 

ceplR. The cepl mutant also produced parental levels of lipase. These data suggest that 

the transposon insertion in K56-R2 has a polar effect on a downstream gene required for 

lipase production or that K56-R2 has acquired a random second mutation responsible for 

decreased Iipase production. McKenney et al. reported slight increases in lipase activity 

from B. cepacia cultures supplemented with concentrated B. cepaciu culture fluids 

(1995). One or more of the multiple autoinducers detected in the concentrated culture 

fluids may be involved in the regulation of lipase production although the results from 

our study indicate that the cepiR quorum sensing system does not reguiate lipase 

production in KS6-2. 

The role of quorum sensing and the control of virulence factor production in the 

pathogenesis of B. cepacia infections are not fully understood. Additional studies are 

needed to determine the target genes for CepR. We have recently cloned and sequenced 

pvdA, a gene involved in the biosynthesis of ornibactin in B. cepncic~ (Sokol et a!., 1999). 

The promoter region of pvdA contains a possible [la box-like sequence (data not shown). 

It will be interesting to examine the possible transcriptional regulation of pvdA by CepR. 

The sequences of the B. cepacia protease gene(s) have not yet been reported. The lipase 

gene ( l ipA)  does not contain a lrcr box-like sequence similar to the consensus sequence. 

Further studies are needed to determine the mechanisms by which ceplR regulate 

production of ornibactins, protease and possibly other factors in B. cepacia. 



Chapter 3. Quorum sensing and surface motility in Burkhoideria cepacia and 

Pseudomonas aeruginosa. 

3.1 Introduction 

Quorum sensing has recently been shown to play a role in regulating various 

forms of bac terial motility. In the opportunistic pathogen S. liquefaciens, cell-to-cell 

signalling is an important regulatory system involved in swarming motility (Eberl et al., 

1996b, Givskov et al., 1998). Swarming motility is a population behaviour that requires 

the coordinated migration of differentiated cells over an agar surface. The hallmark 

features of swarmer cell morphology include elongated, multinucleated and 

hyperflagellated cells (Harshey, 1994). The production of secreted polysaccharides or 

biosurfactants facilitates surface translocation (Gygi et al., 1995, Lindum er aZ, 1998). 

The S. liquefaciens l r d  homolog swrl regulates the production of the biosurfactant 

serrawettin W2 (Lindum et al., 1998). A s v r l  null mutant does not produce autoinducer 

or serrawettin W2 and cannot swarm unless the signalling molecule or biosurfactant is 

added to swarm agar plates. 

In P. aen~ginosa, both the rhllR and LaslR quorum sensing systems are required 

for twitching motility, a mode of translocation that is flagellum-independent but does 

require functional type N pili (Bradley, 1980, Glessner et al., 1999). It appears that the 

rlrfIR system regulates the export and/or assembly of the pilin protein since total levels of 

pilin protein were not affected (Glessner et al., 1999). From these studies it is clear that 

quorum sensing controls the production of secreted products that contribute to various 

forms of bacterial surface translocation. The objectives of this study were to determine if 



Pseudornonas aet-ugirzasa or Burkholderiu cepacicr were capable of swarming motility 

and secondly, if quorum sensing plays a role in regulating this type of surface motility. 

3.2 Methods 

3-2.1 Strains, plasmids and growth conditions. 

The bacterial strains and plasmids used in this study are described in Table 1. For 

genetic manipulations, Escherichia coli, B. cepacia and P. aeruginosa were grown at 

37°C in LB broth or on 1.5% LB agar. The following amounts of antibiotics were used 

when necessary: 'LOO pg ampicillin, 15 pg tetracycline, 1.5 mg trimethoprim per rnl for E. 

coli; 200 pg tetracycline, 100 pg trimethoprirn per ml for B. cepacia and 15 pg HgCI?, 

100 pg trimethoprim, 200 pg tetracycline, per ml for P. aeniginosa. For P. aeruginosa 

PAO-RI, 500 pg trimethoprim per ml was necessary to select for T~~ transformants. A 

100 rng/rni stock solution of trimethoprim was prepared in N,N-dimethyl-acetamide. 

The P- aenigitzosa strains PD0  100, PDO I 1 1 and the plasmids pSS 10 and pSS 13 

were provided from D. E. Ohman and S. J. Suh, University of Tennessee. The P. 

ner~igi?tosn strain PAO-Rl and the plasmid pMJG1.7 were provided by D. G. Storey, 

University of Calgary. The P. neruginosa strain PA0214 was provided by H. P. 

Schweizer, University of Colorado. The P. aeruginosa strain rhlA::Grn was provided by 

U. A. Ochsner, Univeristy of Colorado. The P. aerrigitzoscr strains P A K ,  PAK-NP, PAK- 

Apil, PAK-MS540 and PAK-MS59I were provided by J. M. Boyd, University of 

Calgary. The B. cepacia strains PC103 and PC 109 were provided by J. L. Bums, 

University of Washington. 



3.2.2 Motility assays. 

(i) Surface motilty. Twenty ml of media containing 0.5% agar (Becton Dickinson, 

Cockeysville, MD) were poured into petri dishes and aI1owed to dry for four hours. One 

pl of an overnight culture grown in liquid medium containing antibiotics, if appropriate, 

was point inoculated into the center of agar plates. For P. aenrginosa, surface motility 

assays were performed in minimal AB medium (Clark and Maal~e,  1967) containing 

0.25% casarnino acids (ABC), brain heart infusion (BHI), LB or SWM medium 

(Kinscherf and Willis, 1999). For B. cepacia, surface motility assays were performed in 

nutrient broth medium containing 0.5% glucose (NBG). All assays were performed in the 

absence of antibiotics. Surface motility plates were incubated at 30°C or 37OC for 18-42h. 

(ii) Swimming. Swim plates consisted of ABC, BHI or NBG medium containing 0.3% 

agar (Becton Dickinson). One pl of an overnight culture was point inoculated into the 

center of swim agar plates and incubated at 37OC for 18-42 hours. Tumbling and 

swimming were also observed by preparing wet mounts of mid-log cells or ceIls scraped 

from the edge of surface colonies and observed using phase-contrast light microscopy. 

(iii) Twitching. Twitch plates consisted of thinly poured LB medium containing 1% 

agar. Individual colonies were stabbed to the bottom of twitch agar plates and incubated 

at 37°C for 48 hours (Darzins, 1993). The agar was removed from the petri dish and the 

twitch colony, which remains attached to the bottom surface, was briefly stained with 

Coomassie brilliant blue for visualization. 

3.2.3 Microscopy and image analysis. 

The fronts of surface colonies were viewed directly on the surface of agar using 

phase-contrast light microscopy (40x magnification). To measure the length of cells from 



a surface colony, cells were scraped from the edge or center of the colony and fixed to a 

poly-L-lysine (Sigma) coated microscope slide. Cells from log or  stationary phase were 

also fixed to poly-iysine coated slides. Fixed cells were viewed under oil immersion 

(IOOx magnification) using phase-contrast light microscopy. DAPI stain was obtained 

from Molecular Probes (Eugene, Or) and used for nucleoid staining as previously 

described (OtRear er nl., 1992). Digital images were captured using the Nikon Eclipse 

Ed00 microscope equipped with a COHU CCD camera. For measuring cell lengths, 

Scion Image software (Scion corporation) and Photoshop 5.0 (Adobe) were used for 

image processing and analysis. Surface motility plates were photographed with a Hurle 

CCD camera. 

3.2.4 Biosurfactant assay. 

The drop-collapsing test was used to detect biosurfactant activity in culture fluids 

(Jain et al., 199 1, Lindurn et al., 1998). Ten pl of overnight BHI culture supernatants 

were spotted onto the hydrophobic surface of a petri dish. The presence of a secreted 

biosurfactant causes the drop to spread while the absence of biosurfactant causes the 

droplet to remain intact. 

3.2.5 Transmission electron microscopy. 

Cells scraped from the edges of surface colonies were suspended in PBS. 

Formvar/carbon coated 400 mesh copper grids (Cedarlane Laboratories) were floated 

onto 50 p1 of cells for 1-3 minutes, floated twice briefly on 50 pi of PBS and lastly onto 

50 p1 of 1 % phosphotungstic acid. Cells were stained for 30s to 1 minute and excess stain 

was blotted dry. Grids containing adhered and stained cells were examined with the 



Hitachi H-7000 transmission electron microscope. EM negatives were photographed with 

a Hurle CCD camera and images were processed using Photoshop 5.0 (Adobe). 

3.2.6 DNA manipulations. 

Recombinant plasmids were constructed using rnolecuIar biology techniques 

performed as described in Chapter 2, Section 2.2.5. PCR was performed to isolate an 845 

bp fragment encoding lasi using primers LasI-1 and LasI-2 that contain 5' BamM 

restriction linkers. PCR conditions were described in Chapter 2, Section 2.2.6. PCR 

products were cloned using the TOP0 TA cloning kit (Invitrogen, Carlsbad, Ca). 

3.3 RESULTS 

3.3.1 Surface motility in P. aeruginosa and B. cepacia. 

A variety of conditions were examined to determine if P. ner~rginoscz or B. 

cepacia demonstrated a swarming phenotype on the surface of low agar plates. P. 

aeruginosa PA0 was able to swarm on several rich media including BHI (Fig. 7B), LB, 

SWM (data not shown) as well as minimal AB media suppIemented with 0.25% CAA 

(ABC) at agar concentrations of 0.5% (Fig. 7A). In contrast. B. cepucia K56-2 only 

swarmed on nutrient broth supplemented with 0.5% glucose (NBG) and 0.5% agar (Fig. 

7C) and showed very little, if any, surface motility on other rich media such as LB, BHI 

or SWM at agar concentrations ranging from 0.5 to 1.0% (data not shown). B. cepacia 

K56-2 was also unable to swarm on minimal AB medium supplemented with casarnino 

acids (0.2- 1.0%) or grucose (0.2-0-596) (data not shown). The optimal temperature for 

surface motility was 37°C for both P. aeruginosn and B. cepacia, Surface colonies did 

not exhibit consolidation rings that are commonly found in P. mirabilis, however the 

colonies did have a thick, mucoid appearance. 



A Pseudomonas aeruginosa 

B Pseudomonas aeruginosa 



c Burkholderia cepacia 

cepz 

cepR 

Figure 7. Surface motility of P. aeruginosa PA0 and B. cepacia K.56-2. Panel A: 

P A 0  (pUCP28T) wt; PDOlOO (pUCP28T) rhN; PDOlOO (pSL610) rhll +; 

PDOl 11 (pUCP28T) rhlR; PDO 11 1 (pSL600) rhlR +. Photographs were taken 

after 48 hours incubation at 37OC on ABC swarm agar. Panel B: PA0 (pUCP28T) 

wt; PDO100 (pUCP28T) rhll; PDO 11 1 (pUCP28T) rhlR; PA0214 (pUCP26) l a s t  

PAO-Rl (pUCP28T) l a d .  Photographs were taken after 24 hours incubation at 

37°C on BHI swarm agar. Panel C: K56-2 (pUCP28T) wt; -6-12 (pUCP26) cepl; 

K56-I2 (pSLS225) cepl+; K56-R2 (pUCP28T) cepR; K56-R2 (pSLR100) cepR +. 
Photographs were taken after 36 hours incubation at 37°C on NBG swarm agar. 



3.3.2 Organization and morphology of P. aeruginosa and B. cepacia cells in surface 

colonies. 

For B. cepacia (Fig. 8A), the outermost edge of the surface colony consists of a 

single layer of cells that are very closely associated. Cells from the edge of B- cepacia 

surface colonies occasionally appeared filamentous (Fig. 8B). The DAPI (4,6- 

diaminodino-2-phenylindole, dihydrochloride) stain, which binds to nucleic acids, has 

been used previously to illustrate the multinucleated nature of swarm cells (O'Rear et ai., 

1992). DAPI staining of B. cepacia cells from the colony boundary revealed multiply 

stained nucleoids along the length of the filament while cells from swim agar contained 

single nucleoid staining regions (data not shown). For P. aeruginosa, the organization of 

cells on the colony boundary varied depending on the media composition. In minimal 

medium (ABC, Fig. 8C), the cells were more closely associated and tended to form rafts 

of cells that broke away from the colony boundary. In rich medium (BHI. Fig. 8D), the 

outermost layer of cells was very loosely associated but the raft formations were still 

observed. Individual cells exhibited 'intermittent and jerky' movements (Henrichsen, 

1972) but cells were more active in groups, aligning in parallel with a 'snapping' motion 

characteristic of twitching motility (Semmler et ai., 1999). 

Electron microscopy was used to determine if celis from the edge of B. cepncia 

and P. aeruginosa surface colonies were hypedlagellated. B. cepacia is motile by means 

of a polar tuft of flagella. Cells from the colony edge did have polar tufts of flagella (5-10 

flagella/cell) but did not exhibit peritrichous flagella characteristic of swarm cells (Fig. 

9A). P. aeruginosa cells from the edge of surface colonies predominantly expressed a 



Figure 8. Surface colony fronts in B. cepacia and P. aeruginosa. (A) The edge 

of a B. cepacia surface colony NBG + 0.5 % agar (40x magnification). (B) 

Filamentation of B. cepacia cells on the edge of surface colonies (100x 

magnification). The edge of a P. aeruginosa surface colony on ABC + 0.5 % 

agar (C)  and BHI + 0.5 % agar (D) (40x magnification). Bar = 5 pm. 



Figure 9. Electron microscopy images of cells taken from the edge of 

surface colonies from B. cepacia grown on NBG agar (A) or P. aeruginosa 

grown on ABC agar (B). Cells were photographed under 15,000~ 

magnifi~cation. Bar = 1 prn. 



single polar flagellum (Fig. 9B), although cells were occasionally seen to possess up to 3 

flagella/cell, 

To determine if cells in surface colonies were elongated. we compared (a )  the 

lengths of cells from the edge and center o f  the surface colony and (b) the lengths of cells 

from liquid grown cultures to cells from surface colonies. As shown in Table 6, cells 

from the edge of P. neruginosa and B. cepacia surface colonies were approximately 1.5- 

2x longer than cells from the center of the colony. Cells from the center o r  edge of 

surface colonies were similar in length to stationary and log phase liquid grown cells, 

respectively, for B. cepacia and P. aericginosa (Table 6 ) .  Therefore. the difference in cell 

lengths observed correlated to growth phase and not to the swarming phenotype. 

3.3.3 Effects of quorum sensing mutations on surface motility. 

Quorum sensing mutants of P. aeruginosa P A 0  and B. cepacia K56-2 were tested 

for this surface motility phenotype. The P. aeruginosa rhll mutant PDOlOO (Figure 7A) 

and the las? mutant PA0214 did not exhibit surface motility on ABC agar (Table 7). 

Surface motility was restored with the introduction of rhll (pSL610) (Figure 7A) and [as? 

(pSL800) (Table 7), respectively. The P. aerugirzosa rhlR mutant P D O l l l  (Figure 7A) 

and the lasR mutant PAO-R1 were severely impaired but not completely defective for 

surface motility on ABC agar (Table 7). Surface motility was restored in the rhlR mutant 

by introducing rhlR (pSL600) in trans (Figure 7A), but not in the lasR mutant when ZasR 

(pSL6SO) was introduced in trans (Table 7). Similar motility phenotypes were observed 

on BHI medium. but the rate of translocation was greater than on minimal medium 

supplemented with casarnino acids (data not shown). Partial complementation of the rhll 



Table 6. Comparison of cell lengths from the edge and center of P. aerugi~tnsu 

and B. cepacia surface colonies to liquid culture- 

Strain Genotype Cell Length (pm) 

centera edge" 
P- aentginosrr 

P A 0  (pUCP28T) wild type 1.27 0.22 1 -98 % 0.48 * 

PDO L 1 1 (pUCP28T) rlz1R::TnSOI 1.16 -c 0.21 1 -93 2 0.47 * 

PDO 100 (pUCP28T) rh1IA::TnSO I 1.19 5 0.22 1.67 2 0.41* 

B. cepacia 

K56-2 (pUCP28T) wild type 1.6 1 2 0.25 2.99 2 0-63* 

K56-I2 (pUCP28T) cep I: : trnp 1-62 & 0.26 2.68 + 0.59* 

stationary log phaseb 
phaseb 

PA0 (pUCP28T) wild type 1-15 2 0.28 1.91 40.41 

K56-2 (pUCP28T) wild type 1.33 0.38 2.3 1 2 0.39 

"All values are the mean + standard deviation of 100 cell measurements. 

*Significantly different from the length of cells in the center of the surface 

colony in student's t-test for unpaired observations ( ~ ~ 0 . 0 5 ) .  
h A11 values are the mean 2 standard deviation of 50 cell measurements. 



Table 7. Effect of rhMR and laslR mutations on surface motility and biosurfactant 

production in P. aeriigirzosa. 

Strain Genotype in rrms Surface Drop-collapsing 
motility' ~ e a c t i o n ~  

P A 0  (pUCP28T) wt control vector ++++ + 

PDO 1 1 1 (pUCP28T) rhlR control vector + - 

PDO L 1 1 (pSL600) rhlR rhlR ' +++ + 

PDO LOO (pUCP28T) rhll control vector - - 

PDO 100 (pSL6 10) rhll rhN ' ++++ + 

PAO-R 1 (pUCP28T) lasR control vector + - 

PAO-R 1 (pS L650) IusR lasR ' + - 

PA02 14 ( p ~ C ~ 2 6 ) c  lns? control vector - - 

"The diameter of the surface colony after 36 hours incubation on ABC + 0.5% agar was 

scored as parental (*), severely reduced (+) or  completely reduced (-). See Fig. 7. 
h Biosurfactant activity was either present (+) or absent (-) in BHI culture fluids. 

'Plasmids are pUCP26 derivatives instead of pUCP28T 



mutation could be achieved by the addition of 20% (v/v) filtered culture fluids from wild- 

type P A 0  to ABC agar (data not shown). The rhlIR and la.~rR mutants did not show any 

defects in swimming motility on ABC or BHI + 0.3% agar or growth in liquid ABC or 

BHI medium (data not shown), 

The B. cepucirr cepR mutant K56-R2 (pUCP28T) and the cepi mutant K56-I2 

(pUCP26) exhibited severe defects in surface motility on NBG plates and the parental 

phenotype was restored by the introduction of cepR (pSLR100) or cep l  (pSLS225), 

respectively (Fig. 7C). Surface motility was also compIemented in K56-I2 with the 

addition of 20% (v/v) filtered culture fluids from wild-type K56-2 to NBG plates (Fig. 

1 1). Mutations in cepR or  cep l  did not affect the growth rate or swimming rate on NBG 

containing 0.3% agar (data not shown). These data suggest that the surface motility 

defects in rhllR and IusIR mutants in P. aerrrgirzo.ra and ceplR mutants in B. cepacia are 

not due to an altered morphology, flagella function or growth rate. 

3.3.4 Role of rhamnolipids, flagella, and type IV pili in P. aeruginosa surface 

motility. 

The drop-collapsing test has been used to show that swr1 mutants of S. 

liqlcefuciens do not produce the biosurfactant serrawettin W2 (Lindum et al., 1998). This 

simple assay is based on the ability of surfactant to reduce the surface tension of culture 

fluid, causing it to spread or collapse on the surface of a petri dish. We employed this 

assay to determine if P. ueruginosa or  B. cepacin produces a biosurfactant. Interestingly, 

the P. nerrcginosn parental strain P A 0  has a positive drop-collapsing reaction while 

PDO 1 0 0  (rhll), PDO l 1 l (rIzlR), PAO-R 1 (lu.rR) and PA02 14 (Cusl) (Table 7) have 

negative drop-collapsing reactions. The ability to produce biosurfactant activity in BHI 



culture supernatants is restored when r/ziR, r/zZ? and krsl mutants are complemented with 

rhlR (pSL600). rhll (pSL6 10) and lasl (pSL800) respectiveIy (Table 7). The lasR mutant 

PAO-R 1 did not produce biosurfactant when complemented with lasR (pSL650) (Table 

7 ) .  Biosurfactant activity was not detected in B. cepctcirr cultures (data not shown). 

We hypothesized that the quorum sensing defects in surface motility in P. 

cterrrginosn and B. cepacin were due to the lack of production of a biosurfactant. P. 

aeriiginosct produces rharnnolipids, compounds that have biosurfactant activity (Desai 

and Banat, I999), and are known to be regulated primarily by the rhllR quorum sensing 

system (Pearson et nl., 1997). We examined the surface motility phenotype of a P. 

aeruginosa rharnnolipid production mutant. As seen in Figures IOA and B, the surface 

motility of the rhlA::Gm mutant was not affected on ABC medium but it was impaired 

for sudace motility on BHI medium. The rhlA::Gm mutant also had a negative drop- 

collapse reaction (data not shown) indicating that rhamnolipid is the biosurfactant that 

produces a positive reaction. Interestingly, the drop-collapse reaction is only observed in 

BHI medium and appears to facilitate surface motility under these conditions although 

rharnnolipids are not absolutely required. When grown on ABC medium, some other 

defect must account for the lack of surface motility. 

To determine the role of flagella and type IV pili in P.  aeruginosa surface 

motility, we examined the surface motility phenotype of a panel of non-piliated and non- 

motile mutants. Surprisingly, mutations in fliC, the flagellin structural gene, o r  YiA. a 

sigma factor required for flagellin expression. did not affect the surface motility 

phenotype of P. aerugir to .~~ PAK (Fig. 10C). However, disruption of the pilin structural 



b PAK 

Figure 10. Surface motility phenotypes of rhamnolipid, flagella and type 

IV pili mutants in P. aeruginosa. In the top panel, the following strains 

were grown on BHI agar (18 h) (A) or ABC agar (42 h) (B): P. aerugionsa 

PA0 (top), P. aeruginosa rhlA::Gm (bottom left) and P.  aeruginosa 

PDOlOO (rhll) (bottom right). In the bottom panel, the following strains 

were grown on BHI agar for 18h (C): P. aeruginosa PAK (top), P. 

aeruginosa MS591 (f7iC) (bottom left) and P. aeruginosa MS540 ViA) 
(bottom right) or 42 h (D): P. aeruginosa PAK (top), P. aemginosa PAK- 

NP @iZA) (bottom left) and P. aeruginosa PAK-ApS @iW) (bottom 

right). 



gene pilA, completely abrogated the surface motility phenotype (Fig. I OD) indicating that 

the mechanism of surface translocation was dependent on functional type IV pili. 

Using the sub-agar twitching assays, the pilA and pilAB mutants were completely 

defective for twitching motility but the fliA and JliC mutants were unaffected (data not 

shown). Mutations in rhllR and laslR caused impaired twitch colonies in the sub-agar 

assay (data not shown) and the surface motility assay indicating the both assays are a 

measure of twitching motiIity in P- aerugitzosa- 

3.3.5 Role of biosurfactant and pili in B. cepacia surface motility. 

To determine if B. cepacin surface motility requires a biosurfactant, we attempted 

to complement the surface motility phenotype of the cepl mutant K56-L2 with the 

addition of B. suhtilis surfactin ( 1  pg/ml) to NBG + 0.5% agar. Figure 11 shows the 

complementation of the surface motility in K56-I2 (compare 1 1 A-C). Although B. 

cepacia did not have a positive drop-collapse reaction when grown in NBG liquid 

medium, it has been reported that biosurfactants are produced at lower levels in liquid 

medium compared to cells swarming over an agar surface (Lindum et al., 1998). 

There are five morphological classes of peritrichous pili associated with clinical 

and environmental isolates of B. cepacin (Goldstein et al., 1995). B. cepacia isolates that 

express cable pili can bind respiratory mucin from CF patients and buccal epithelial cells 

suggesting a role in adhesion in lung infections (Sajjan et al.. 1992, Sajjan et a!.. 2000). 

To determine if cable pili play a role in surface motility, we examined the surface 

motility phenotype of the B. cepacia type strain ATCC 254 16 (genomovar I) which does 

not have the chlA gene (Mahenthiralingam et al., 2000). Although lacking cable pili, B. 

cepncicr ATCC 254 16 still exhibited surface motility. This was not surprising considering 



NBG 
NBG + 1pg/ml NBG + 20 % 

surfactin spent supernatants 

Figure 1 1. Role of biosurfactants and polar pili in 23. cepacia surface motility. In 

Panel A, B. subtilis surfactin or 20 % spent NBG supernatants were added to 

NBG agar and inoculated with K56-2 wt; K56-I2 cepr. Panel B shows the surface 

motility phenotypes of strains PC 103 (piliated) and PC 109 (non-piliated). 

Photographs were taken after 36 hours incubation at 37OC on NBG swarm agar. 



the structure of these appendages. which unlike type IV pili, form giant, peritrichous 

cable-like fibers that extend 2-4 pm from the cell, 

There is some evidence that B. rnpczcia express polar pili similar to type IV pili of 

P. aenlginostl. B. cepacin PC103 agglutinates erythrocytes, has polar pili and hybridized 

to P, crentginoscr PAK DNA probes containing the pilin structural gene (pilA) and the 

pilin accessory genes @ilBCD), but not to probes based on the conserved N-terminus of 

piiA in Southern analysis (Kuehn et cri., 1992). A second isolate, PC 109, was identified 

that did not agglutinate erythrocytes and did not possess the polar pili visualized in 

PC103 (Kuehn et al., 1992). We tested the surface motility phenotypes of B. cepacia 

PC103 and PC109. Interestingly, the non-piliated strain PC 109 exhibited surface motility 

defects (Fig. 1 IB). Although these are not isogenic strains, the lack of polar pili 

correlates with the surface motility phenotype. Unlike P. nenrginom, B. cepncia did not 

exhibit twitching motility in the sub-agar twitch assay (data not shown). 

3.4 DISCUSSION 

P. aenrginoscc and B. cepncia, bacteria with polar flagella, exhibited a swarming 

motility phenotype on the surface of low agar media but the hallmark features of swarm 

cells, elongation and hyperflagellation, were not observed in cells from the edge of 

surface colonies. With the exception of V. parnhnernolyticus (McCarter, 1999), swarming 

motility is best characterized in organisms with peritrichously arranged flagella both as 

swim and swarm cells (Fraser and Hughes, 1999, Harshey, 1994). This incIudes members 

of the gram-negative genera Proteus (Fraser and Hughes, 1 999). Escherichia, 

Salmonella, Serra~iu (Eberl et al., 1999) as well as gram-positive genera such as Bacillus 

and Clostridirtrn (Harshey, 1994). 



Interestingly. P- aeruginosa does not possess /TIzDC homologs (Dasgupta et nl.. 

2000). the master regulator of flagellar synthesis that controls the elongation and 

hyperflagellation phenotype in Yersiniu enterocofiticcz (Young et al., 1999), P. mirabilis 

(Fraser and Hughes, 1999) and S. liqrrefacierzs (Eberl et a!., 1996a). However, P. 

crerrigirzo.wi has other genes that have been shown to control the flagellar number such as 

fleN (Dasgupta et a/., 2000). 

Since the surface colonies were not true swarm colonies, we examined the roles of 

biosurfactants, pili and flagella to understand more about the mechanism of surface 

translocation. The requirement for type IV pili, but not flagella (Fig. lo), indicates that 

the mechanism of translocation is likely twitching motility. Under conditions where 

rhamnolipids are produced (BHI medium), rhamnolipids do contribute to the surface 

twitching motility in P. aerztgirzosa (Fig. 10). It is possible that the rafts of cells at the 

leading edge are laying down 'trails' (Semrnlec et a!., 1999) of rhamnolipid biosurfactant 

to facilitate translocation of the cells behind the colony boundary. This is a novel function 

for P. aerrrgirtosa rhamnolipid in addition to its previously described functions in 

hydrocarbon utilization, surface tension reduction, hemolysis and inhibition of human 

ciliary movement (Desai and Banat, 1997, Govan and Deretic, 1996, Johnson and Boese- 

Marrazzo, 1980). 

It has recently been reported that twitching motility in P. aerrtginosa occurs 

optimally in agar/plastic, agadagar interfaces or  on the surface of inverted agar (due to 

the smooth surface) (SemmIer et al., 1999). We  have identified additional conditions for 

twitching motiIity on the surface of low agar media in which the rate of  translocation is 

equal to, if not greater than that reported by Semmler et czl. (0.6 mm/hour) ( 1  999). The 



surface translocation rates were estimated to be between 0.5-1.2 mdhour for P. 

aer~i~qinosu and B. cepacia . 

Using a sub-agar twitching motility assay, Glessner et al. recently reported 

defective or highly irregular twitching phenotypes in rhil. hsi and I-/zlllasI mutants of P. 

uencginosn that likely resulted from defects in the export or assembly of type IV pili 

(1999). We report that mutations in P. aerugi~zosct rhi1R and 1lzslR result in defective 

surface twitching motility that could be restored by the addition of the corresponding 

gene. The combined loss of type IV pili assembly and of rhamnolipid production 

probably accounts for the inability to spread on the surface of Iow agar media. Although 

the twitching phenotypes of rhlR or lasR mutants was not reported by Glessner er al. 

(19991, we examined twitching using the sub-agar (data not shown) and agar surface 

assays and found severely impaired twitch colonies (Table 7). Interestingly, neither the 

rlzlR nor lasR mutants were completely defective for surface motility and in fact. they 

produced colonies similar in size to the parent after prolonged incubation (Fig. 7B). We 

are unable to account for the different phenotypes observed for the k~sl /A i l  and ZasR 

/rMR mutants. S. liquefaciens srvrl mutants were still capable of swarming motility after 

prolonged incubation which is thought to be due to residual autoinducer or surfactant 

activity in the media (Eberl et ul., 1996b, Eberl et al., 1999). This explanation cannot 

account for the contrasting phenotypes of P. neruginosn because ( i )  LasR cannot be 

activated by BHL and (ii) RhlR cannot be activated by OdDHL (Pearson er al., 1997) to 

complement the rhlR or lasR defect, respectively. Also, residual surfactant should allow 

all mutants to overcome the surface motility defect. 



We also examined the role of biosurfactant and pili in the surface motility of B. 

cepaciu. Surface motility was complemented in K56-12 with surfactin produced by B. 

suhtilis suggesting a biosurfactant-dependent mechanism. B. cepncia produces a 

hemolysin with biosurfactant activity (Hutchison et al., 1998) and exopolysaccharides 

PS-I and PS-I1 (Cerantola et al., 2000) which are candidates for compounds that could 

faciIitate surface translocation. There are multiple types of pili observed in B. cepncia but 

only the cable pili have been genetically characterized (Sajjan et al., 1995). The cable pili 

gene (cblA) is expressed in a highly transmissible lineage of B. cepncia associated with 

epidemics in North America and Britain (Sun et al., 1995). The presence of polar pili, but 

not cable pili, correlated with surface motility. Although the genetic background of the 

non-piliated strain PC109 is not known (Kuehn et crl.. 1992), this is preliminary evidence 

that polar pili play a role surface motility in B. cepacia. 

Biofilms are a ubiquitous mode of growth of bacterial populations growing on a 

solid surface. O'Toole and Kolter have reported that genes involved in flagellar-mediated 

motility and twitching motility are necessary for the early stages of P. aerriginasa biofilm 

development ( 1998). We report novel conditions under which P. nerugir~osa can rapidly 

spread over the surface of low agar medium using a twitching mechanism of surface 

translocation. B. cepaciu also appears to use biosurfactants and polar pili to translocate 

over the surface of Iow agar medium although the exact cepIR target genes required for 

surface motility remain to be identified. The ability to rapidly colonize surfaces may be 

important for P. crenigi~zosa and B. cepacin in establishing pulmonary infections in cystic 

fibrosis patients, 



Chapter 4. N-acyl HSL-mediated interspecies communication between B. cepacia 

and P. aeruginosa. 

4.1 Introduction. 

Pseudomonas aeruginosa and Burkholderirr cepacia are opportunistic pathogens 

that commonly cause pulmonary infections in cystic fibrosis (CF) patients. While more 

than 80% of adult CF patients are colonized with P. aeruginosa, the reported rates of 

colonization in CF patients by B. cepacia are only as high as 40%. CF patients can be 

colonized with P. aencginosa alone, with B. cepacia alone and are frequently co- 

colonized by both organisms (Isles et al., 1984). Although B. cepacia colonization is an 

independent factor contributing to increased lung disease and mortality, co-colonization 

also correlates with increased disease severity (Isles et al., 1984, Whiteford et a[., 1995). 

Thus. it is possible that co-colonization results in a synergistic infection. One possible 

mechanism to account for synergy is N-acyl HSL cross-talk resulting in increased 

virulence factor production in one or both of these organisms during mixed infections. 

The potential for N-acyl HSL mediated cross-talk between different species exists 

due to the conserved autoinducer binding domains within quorum sensing regulatory 

proteins and the similarity in structure of the signalling molecules (Fuqua er al., 1996). N- 

acyl HSLs are comprised of a homoserine Iactone ring attached to an acyl chain that can 

vary in length, oxidation state and degree of saturation. In P. aeruginosa, OdDHL 

analogs with acyl chains ranging in length from 8 carbons to I4 carbons were shown to 

activate the LasR protein (Passador et al., 1996) and RhIR has been shown to be activated 

by autoinducer molecules with acyl chains up to eight carbons in length (Winson et al., 

1995). In both studies, the 3-0x0 group was not critical for activity. 



McKenney et al. (1995) reported the potential for interspecies communication 

between P. aeruginosa and B. cepacia. In our study. two approaches were employed to 

investigate the possibility that P. aerriginosa or B. cepacia could use heterologous N-acyl 

HSLs to regulate the expression of potential virulence factors. In the first approach, we 

examined the ability of P. aerrtginosa or B. cepacYu to produce N-acyl HSLs that cross- 

feed the autoinducer synthase mutants of the heterologous species. To assay for cross- 

feeding, the ability to restore protease production was examined. 

In the second approach. we examined the ability of genes from one species to 

complement the respective quorum sensing mutations in the heterologous species. Cross- 

complementation between the quorum sensing components of P. ccer~iginosa and B. 

cepacia may indicate a conservation of function or N-acyl HSL-mediated cross-talk- To 

assay for gene function (or cross-talk), the ability to restore surface motility or protease 

production was examined. In the case of P. aerriginosa, biosurfactant production was also 

examined. 

4.2 Materials and Methods. 

4.2.1 Bacterial strains, plasmids and growth conditions. 

The bacterial strains and plasmids used in this study are described in Table I.  

Genetic manipulations were performed as described in Chapter 2 (Sections 2.2.5, 2.2.6) 

and Chapter 3 (Section 3.2.6) . 

4.2.2 Protease, biosurfactant and surface motility assays. 

For elastase assays in P. crerrtginosa (Ohman et al., 1980). I0 rnl brain heart 

infusion (BHI) cultures containing appropriate antibiotics were grown for 20 hours at 

37°C. Cells were pelleted and 0.5 rnl of culture supernatant was added to I ml of 1 mM 



Tris-HCI (pH 72), 5 mg Elastin Congo Red (Sigma) and incubated at 37°C for 2 hours 

with shaking. Elastase activity was normalized to growth (OD6()()). TO correct for 

pigment production by P. aerrcginosa, samples were blanked against 0.5 ml of culture 

supernatant and 1 rnl Tris buffer, Protease assays in B. cepncia, biosurfactant and surface 

motility assays were performed as described in Chapter 2 (Section 2.2.12) and Chapter 3 

(Sections 3.2.2, 3-2.4). 

4.2.3 Cross-feeding assays. 

B. cepncia K56-I2 (cepl) was used as a reporter strain to detect autoinducers 

capable of interacting with CepR and restoring protease production on D-BHI skim milk 

plates (Lewenza et al., 1999). P. ueruginosa P D 0  100 (rhll) (Brint and Ohman, 1995) and 

PA0214 (laso were used as reporters to detect autoinducers capable of interacting with 

RhlR and LasR, respectively, and restoring elastase production on elastin plates (LB + 

0.3% elastin). Cross-feeding assays were performed by adding ethyl acetate extracts of 

stationary phase cultures containing autoinducers or by cross-streaking test strains at right 

angles to these reporters on protease or eiastase plates and examining the plates for 

protease production. For autoinducer isolation, 100 rnl tryptic soy broth (TSB) cultures 

were grown for - 12 hours at 37°C (OD60Q= 1-5). Autoinducers were extracted from cell- 

free stationary phase culture fluids twice with equal volumes of acidified ethyl acetate. 

The extracts were dried by rotary evaporation and resuspended in a final volume of 200 

pl in acidified ethyl acetate (500-fold concentration). Ten pI of ethyi acetate extracts was 

added to sterile filter disks and tested for cross-feeding ability. Cross-feeding assays were 

monitored for 72 hours. 



4.2.4 J3-galactosidase assay. 

Construction of the cepR-lac2 transcriptional fusion and P-galactosida~e =says 

were performed as described in Chapter 5 (Sections 5.2.5,5.2.6). 

4.3 Results 

4.3.1 P. aeruginosa and B. cepacia cross-feeding assays. 

Cross-feeding assays were employed to determine if exogenously added 

autoinducers from P. aeruginosa could cross-feed the B. cepncia cepl reporter K56-12. 

Concentrated ethyl acetate extracts of srationary phase cultures from the parental strain 

P A 0  restored protease activity in B. cepacia K56-I2 (Fig. 12A). To determine which of 

the P. aeruginosa autoinducers is capable of cross-feeding B. cepacia, extracts were 

prepared from K56-I2 expressing either the P. aeruginosn rhll (pSL7OO) or lasi (pSL8OO) 

genes. K56-12 was chosen as an autoinducer-negative background to express r?zll or  lasl 

and these strains do cross-feed the rhll and lasi reporters. respectively (Fig. 13). Since 

both extracts cross-fed K56-I2 (Fig. 12B). CepR is capable of responding to autoinducers 

from the RhlI and LasI autoinducer synthases and activating protease production in B. 

cepaciiz. It is assumed that the expression of lczsl or  rhll in B. cepaciu results in the same 

autoinducen as when expressed in P. ciencginosa. This assumption is based on the 

finding that the expression of several 1 r ~ I  homologs in E. coli results in similar N-acyl 

HSL profiles as in the native host (Fuqua and Eberhard, 1999). 

Cross-feeding assays were also performed by cross-streaking strains at right 

angles to the cepl reporter K56-12. The ability to cross-feed K56-I2 results in an 

enhanced proteolytic zone of clearing at the junction of the two strains. Although ethyl 

acetate extracts from P. aeruginosa PA0 cross-fed the B. cepctcin cepl reporter (Fig. 



c D PDO 100 K56-2 PA01 (pUCP28T) (rhl1 +) 

Figure 12. Cross-feeding assays with the B. cepacia cep1 reporter lEC56-12. In 
panels A-B, steriie filter discs containing 10 p1 of concentrated ethyl acetate 
extracts were positioned adjacent to the reporter strain K56-I2 on skim milk 
protease detection plates. The extracts were isolated from K56-2 (pUCP28T), 
PA0 (pUCP28T) (A); K56-I2 (pSL700) (rhll +) and K56-I2 (pSL8OO) ( lad  +) 
(B). In panels C-F, the following strains were inoculated at right angles to the 
reporter K56-I2 in cross-streaking assays: K56-2 (pUCP28T)- PA0 
(pUCP28T) (C); PDOlOO rhM (pUCP28T), PDOlOO (pSL610) (rhl1 +) @); 
PA0214 lasl (pUCPZB), PA0214 (pSL800) (lasl +) (E); PAOJP2 rhlI lasl 
(pUCP28T) and PAOJP2 (pSLS250) (cepI +) m. Photographs were taken after 
48 hrs incubation at 37°C. 



I2A), cross-streaking with P A 0  was not sufficient to restore pr0tea.e production in K56- 

I2 (Fig. 12C). However, when rlzll (pSL610) or iasl (pSL800) was expressed on high 

copy plasmids in P. aeruginosci PDO 100 (rhll) and PA02 14 (lusl), respectively, cross- 

feeding was observed (Fig. 12D, 12E). 

The P. uen~girzosa lasl (PA0214) and rhll (PD0100) mutants were used as 

reporters to determine if B. cepacia autoinducers couId restore elastase activity. In cross- 

streaking assays, P. aeruginosu P A 0  cross-fed both reporters and restored elastase 

activity but B. cepacicl K56-2 was unable to cross-feed either the Zasl or rlzll reporter (Fig 

13A, 13B). B. cepacia produces relatively low levels of octanoyl HSL (25 nM), 

approximately 200-400 fold less than the amounts of BHL and OdDHL in P. aeruginosa 

culture supernatants (Pearson et al., 1995). Therefore, we also tested the ability of B. 

cepacia K56-I2 expressing cepl (pSLS225) on a high copy piasmid to cross-feed the P. 

aeruginosu reporters. We did not observe any cross-feeding activity of the lasl reporter 

PA0214 (Fig. 13A). The rhII reporter PDOlOO occasionally responded to autoinducers 

from K56-12 overexpressing cep1 after 48 (Fig. 13B) to 72 hour incubation periods. 

4.3.2 The interchangeability of the ZaslR and rhZIR genes from P. aerrrgiosa with 

the cepIR genes from B. cepacia. 

We reasoned that the genetic complementation of specific mutants was an 

effective measure of N-acyl HSL cross-talk since the following three criteria must be 

fulfilled in order for complementation to occur. First. the foreign gene must be expressed 

in the heterologous host. Second, the expression of a foreign autoinducer synthase gene, 

for example, must result in N-acyl HSL production and association with a heterologous 

LuxR-type protein. Lastly, the complex of heterologous autoinducers and transcriptional 



K56-I2 K56-I2 
(rhli +) ( lad  +) 

PDO 100 
rhl1 

reporter 

PDO 100 PDO 100 
(pUCP28T) (rhli +) 

Figure 13. Cross-feeding assays with the P. aeruginosa IasI reporter 

PA0214 (A) and rhM reporter PDOlOO (B). The reporter strains are 

inoculated horizontally on LB + 0.3 % elastin plates and the test 

strains were inoculated at right angles to the reporters. All the test 

strains are labeled. Photographs were taken after 24 hrs (A) and 48 

hrs (B) incubation at 37°C. 



regulators must be capable of interacting with target promoters to induce their expression 

and thereby restore the parental phenotype. 

For recombinant B. cepacia or P. nerriginosa strains, protease production was 

assayed using D-BHI skim milk agar or measuring elastin degradation by culture 

supernatants, respectively. Surface motility was examined on NBG or ABC 0.5% agar for 

B. cepacia or P. aerrrginosu, respectively, Biosurfactant production was assayed in BHI 

culture supernatants for P. aer~cgitzosu only. 

Table 8 summarizes the ability of c-epIR from B. cepacia to complement P. 

aerrtginosa rhlIR and lasIR mutants. The introduction of cepR (pSLRlOO) to the rhlR 

mutant PDO 1 1 1 partidly restored elastase activity but did not restore the surface motility 

or biosurfactant production of PDOIll (Tabie 8). P. cier~igirzoscc PDOlOO (rhll) 

harboring cepl (pSLS250) did not show parental levels of elastase activity or surface 

motility (Table 8). These data suggest that CepR is able to functionally replace RhlR but 

only in terms of restoring elastase activity. 

When cepR (pSLR 100) was introduced into PAO-R I (lusR), neither elastase 

activity nor surface motility was restored to parental levels (Table 8). It has previously 

been reported that both lasR and lasl are required to complement elastase activity in 

PAO-R 1 (Passador et al., 1993). When PAO-RI was transformed with a plasmid carrying 

cepR and cepl (pSLA3.2), elastase activity and surface motility were still not restored 

(data not shown). These data suggest that CepR is not able to functionally replace LasR. 

PA02 14 (lasl) harboring cepl (pSLS225) produced parental levels of eIastase activity but 

was still defective for surface motility (Table 8). These data suggest that cepl is able to 





"Surface motility on ABC agar (0.5%) was scored a5 normal (*), severely impaired 

(+) or completely defective (-). See Figure 7. 

b ~ l l  values are the mean f standard deviations of triplicate experiments. 

'Biosurfactant activity was either present (+) or absent (-) in BHI culture fluids. 

d~lasmids  are pUCP26 derivatives instead of pUCP28T. 

*Significantly different from the respective mutant strain with the control vector in 

student's t-test for unpaired observations (pc0.05). 



functionally replace Zasl but only with respect to restoring elastase activity in P. 

aeniginosu. 

The ability of P. nerugbzosa 1asIR and rhlIR to complement B. cepacia cepiR 

mutants is shown in Table 9. The P. aenlginosa genes rhlR (pSL600) and IasR (pSL6SO) 

were not capable of functionally restoring protease activity or surface motility in B. 

cepacirr K56-R2 (cepR) (Table 9). The introduction of rhZI (pSL700), but not lasl 

(pSLSOO), to the B. cepacia cepI mutant K56-12 was able to fully restore protease 

production but not surface motility. These combined observation suggests that (i) rhll is 

expressed in B. cepacia, (ii) CepR is capable of binding RhlI autoinducers and (iii) CepR- 

BHL activates the expression of the B. cepacia protease gene. It was surprising that P.  

aeruginosn lasi did not complement the cepl mutant K56-I2 considering that this strain 

responded to LasI autoinducers in the cross-feeding assays. 

4.3.3 Expression of the B. cepacia cepIR genes in P. aerugiinosa. 

In the interchangeability experiments described above, the inability of foreign 

quorum sensing genes to complement the respective defects in a heterologous species 

may be due to the lack of expression of the gene provided irz trans. To rule out this 

possibility, we wanted to determine if the B. cepacia ceplR genes were expressed in the 

heterologous host P. aencginosu. Using the cross-streaking assay, the rhZI ZasI double 

mutant PAO-JP2 (Pearson er al., 1997) expressing cepl (pSLS250) cross-fed the B. 

cepaciu reporter K56-I2 suggesting that cepl is expressed in P. uernginosa and diffusable 

OHL is being produced (Fig. 12F). Although cepR (pSLR100) was not capable of 

functionally replacing iusR (Table 8), we wanted to show that cepR was expressed in the 

IasR mutant PAO-RL. A cepR-lacZ transcriptional fusion (pSLRI I I) was introduced into 



Table 9. Complementation of surface motility and protease activity in 

cepIR mutants of B. cepaciu.. 

Strain Genotype Complementing Surface Pro tease 
Gene motility" zonesh (mm) 

K56-2 (pUCP28T) wt control vector t)-t 5.3 f 0-3 

K56-R2 (pUCP28T) cepR control vector + 0 

K56-R2 (pSL600) cep R rhlR ' + 0 

K56-I2 (pUCP26) cep I control vector + 0 

K56-I2 (pSLS225) cepl cepI ' -t++ 4.2 t 0.3 

K56-I2 (pSL700) cepl rhll ' i- 5.8 t 0.3 

K56-I2 (pSL8OO) cepl  IclsI ' + 0 

"Surface motility on NBG agar (0.5%) was scored as normal (+++) or severely 

impaired (+) See Figure 7. 

b ~ l l  values are the mean + standard deviation of triplicate measurements of protease zone 

radii where the radius = the distance from the edge of the colony to the edge of the zone 

of clearance after 48 hrs incubation. 



PAO-RI and P-galactosidase activity was monitored in stationary phase cultures (18 

hrs). This fusion was expressed in PAO-RI (29,720 Miller Units) and there was no 

activity in the control strain PAO-R1 (pUCP28T). 

4.4 Discussion 

4.4.1 The ability of B. cepacia to respond to autoinducers from P. aeruginosa. 

These studies have provided preliminary evidence that B. cepaciu is capable of 

utilizing P. aerugiszosa autoinducers to regulate the production of protease. The following 

three observations suggest that CepR is capable of recognizing RhlI-dependent 

autoinducers: (i) the cepl reporter K56-I2 is cross-fed by ethyl acetate extracts from 

strains expressing rhN on a high copy plasmid (Fig. 12), (ii) the introduction of rhZ1 into a 

cepl mutant complements the protease defect (Table 9) and (iii) the introduction of cepR 

into a rhlR mutant complements the elastase defect (Table 8). 

It should be noted that the purpose of these experiments was not to determine 

which specific autoinducers from P. neruginosci are capable of cross-feeding B. cepacici 

but rather if the phenomenon of cross-feeding was possible. RhlI is known to direct the 

synthesis of multiple N-acyl HSLs, namely BHL and HHL in a molar ratio of 15:I 

(Winson et a[., 1995). In addition, both autoinducers were capable of restoring elastase 

activity in the pleiotropic mutant PAN067, although the addition of BHL was more 

effective that HHL (Winson et cil., 1995). It was recently reported that B. cepacia clinical 

isolates produced two autoinducer activities that were most likely N-octanoyl HSL 

(OHL) and N-hexanoyl HSL (HHL) (Geisenberger et nl.. 2000). Although we have 

characterized the role of OHL in protease production in B. cepaciu, the role of HHL in 

virulence factor regulation has yet to be determined. Therefore, it is a possibility that 



CepR is capable of being activated by BHL or HHL present in concentrated supernatants 

or produced by rhll overexpressing strains in cross-feeding assays. 

Cross-feeding assays provided evidence that B- cepncin is also capable of 

recognizing Lad-dependent autoinducers (Fig. 12). Since LasI is known to direct the 

synthesis of three autoinducers: N-3-oxododecanoyl HSL (OdDHL) and lesser amounts 

of N-3-oxooctanoyl HSL (OOHL) and N-3-oxohexanoyl HSL (OHHL) (Pearson et al., 

1994), it cannot be determined which autoinducer is responsible for the cross-feeding 

activity observed from strains overexpressing ktd. Combined. these data support the 

previous finding by McKenney et al. (1995) that the addition of concentrated P. 

aerugitzosa culture supernatants to B. cepacia cultures increased protease production 2- 

fold. 

4.4.2 The ability of P. aeruginosa to respond to autoinducers from B. cepacia. 

B. cepacia K56-2 was unable to cross-feed either the lnsl or rhlI reporters in P. 

aenrgirzoscl, however, K56-I2 expressing cepl on a high copy plasmid occasionally 

showed cross-feeding activity of the rhlI reporter PDO100 (Fig. 13). This resuIt was not 

surprising since it has previously been reported that OHL can activate RhlR albeit less 

efficiently than BHL (Winson et al., 1995). P. aenrginosu PA0214 (fasl) has 

considerable elastase activity after 48-72 hours incubation, in contrast to PDO 100 (rhll), 

which remained eIastase negative. This may make it impossible to detect cross-feeding in 

this assay. Alternatively, the autoinducer(s) produced by B. cepacia may act as 

antagonists to P. aencginoscz in the cross-feeding assays, which were only designed to 

detected agonistic activity. 



4.4.3 Interchangeability of quorum sensing components between P. aeruginosa and 

B. cepacia. 

Gray et al. performed interchangeability experiments between the quorum sensing 

components of V. fischeri and P. nentginosa using E. coli as the recombinant host to 

define the minimal requirements for quorum sensing gene activation (1994). These 

studies suggested that the signalling molecules from these two organisms were not 

interchangeab!e. However. V. fisclzeri LuxR and OHHL were capable of activating P. 

crertiginoscr lasB expression and P. aerrtginosa LasR and OdDHL were capable of 

activating V. fischeri lrm expression (Gray er al., 1994). These data support the model that 

target promoters contain conserved I r a  boxes that are capable of being recognized by 

foreign LuxR-type proteins providing the cognate N-acyl HSL was present. 

The approach used in this study varied from the above studies in the following 

manner: (i) B. cepacia and P. aerrtginosa were used a! natural hosts for the introduction 

of heterologous quorum sensing components as opposed to a surrogate host and (ii) 

functional assays were used as a measure of cross-talk as opposed to measuring 

expression from high copy reporter pIasmids- 

There were no complementation events in which the parental phenotype was 

completely restored with the introduction of a heterologous gene. In B. cepacia, the 

introduction of P. aerrcginosa rhll complemented the protease phenotype of a cepl mutant 

but not the surface motility phenotype (Table 9). This may be due to the differential 

affinities of heterologous R protein-autoinducer complexes for promoters required for 

protease production and surface motility. The differential affinities for various promoters 

may be attributed to (i) varying degrees of conservation in the lux binding sites of LuxR 



type proteins and (ii) varying amounts of autoinducer required for activation of target 

genes. The promoters of some quorum sensing genes are well characterized and contain 

ILLY box- like sequences but these sites have not been confirmed as binding sites using in 

vitro binding assays due to the difficulty in purifying LuxR-type proteins. It is known that 

LasR requires 10-fold more OdDHL to activate l a d  than the amount required to activate 

lasl (Seed ef at., 1995). In the complementation experiments in which protease 

production is restored but not surface motility, it may be that insufficient amounts of the 

heterologous autoinducer are present to activate surface motility promoters. 

In all complementation experiments, the lack of surface motility correlated with 

the lack of biosurfactant production. In Chapter 3 (Section 3.3.4) it was demonstrated that 

rhamnolipids are responsible for the biosurfactant activity in the drop-test reaction and 

that rhamnolipids were required for P. aer~lgirzoscz surface motiiity. Therefore, the 

promoter controlling rhamnolipid production (rIzlAB) is at least one of the promoters 

involved in surface motility in P. nenlgirzosu. 

In the P. aerriginosa lasl mutant PA02 14, the introduction of B. cepacia cepl 

restored the parental elastase phenotype but not surface motility (Table 8). Similar results 

were obtained when the P. aerrrgirzosa rIdR mutant PDOI I I was complemented with B. 

cepncia cepR (Table 8). These results may also be attributed to the differential affinities 

of heterologous R protein-autoinducer complexes for promoters required for elastase and 

surface motility. However, in this case the P. aeruginosa cross-feeding data did not 

support this interpretation since the lasl reporter PA0214 did not respond to B. cepncirr 

autoinducer(s) (Fig. 13). The problems associated with this reporter were discussed 

above. 



From the perspective of interspecies communication, preliminary evidence was 

provided to indicate that B. cepncia can detect and respond to the P. czencgirzosn RhII and 

LasI autoinducers using in virrn cross-feeding assays. There is also preliminary evidence 

that P. czencginosa can respond to B. cepncicr CepI autoinducers. Since P. aer~rgbtoscr and 

B. cepac.iu can respond to each others' autoinducer molecules. it is possible that a mixed 

bacterial population can coordinately regdate at least some of their viruIence factors and 

influence the progression of lung disease due to mixed infection with both organisms. 



Chapter 5. The role of CepR as a transcriptional activator and repressor of 

virulence genes, 

5.1 INTRODUCTION 

The initial characterization of B. cepacirr cepl and cepR mutants revealed three 

important phenotypes: (i) the lack of protease production suggested that protease 

production is positively regulated, (ii) the lack of OHL production suggested that 

autoinducer production is positively regulated and (iii) the increased production of the 

siderophore ornibactin suggested that ornibactin is negatively regulated. The majority of 

quorum sensing systems are known to act as positive activators of target genes although it 

is now recognized that LuxR type proteins can act as transcriptional repressors. The 

initial screens for genes regulated by quorum sensing systems were biased for positivety 

regulated genes and therefore the identification of negatively regulated targets may have 

been initially overlooked. 

Promoters of genes regulated by quorum sensing LuxR-type regulators contain 

cis-acting promoter elements known as lux boxes (Fuqua et al., 1996). The Ira box in the 

jischeri 1 ~ ~ x 1  promoter is a 20 bp sequence with perfect dyad symmetry (Devine et al., 

1989). Although LuxR binding to the In- box has not been demonstrated with purified 

LuxR, genetic studies have shown that the lux box is essential for activation of the lrcr 

operon (Gray et al-, 1994, Fuqua et al., 1994). Similar sequences have been identified in 

many quorum sensing controlled genes in P. aeruginosa (Pesci and Iglewski, 1999) and 

Agrobacteriltm t~imefaciens (Winans et al., 1999). The lux boxes in A. tumefaciens, 

designated tm boxes, are 18 bp in length and act as binding sites for purified TraR (Zhu 

and Winans, 1999). 



The half-site inverted repeats of lux boxes are thought to act as a binding site for 

each monomer in the LuxR dimer. The relative position of the Zrtx box within the 

promoter defines whether a target gene is activated or  repressed. In positively regulated 

genes, the lru box is centered -42 bp upstream of the transcriptional start site and 

partially overlapping the -35 region. This positioning of the LuxR binding site is thought 

to promote interactions with RNA polymerase and LuxR in a manner similar to CRP 

class I1 promoters (Stevens and Greenberg, 1999). 

The mechanism of negative regulation is less understood although a model of 

negative regulation is emerging. The plant pathogen Panruea stewartii subsp. srewarrii 

(formerly Erwinia stewartii) produces a capsular polysaccharide that blocks the flow of 

water and nutrients in plant xylem tissue resulting in wilt symptoms and lesions- The 

l i d ?  homolog of this organism, esaR, acts as a negative regulator of its own synthesis 

(Beck von Bodman and Farrand, 1995). EsaR is also a negative regulator of the capsular 

polysaccharide (cps) production. Interestingly, EsaR functions as a repressor in the 

absence of autoinducer binding but it is not known whether EsaR directly regulates the 

cps operons (Beck von Bodman et  al., 1998). 

The model of negative regulation by LuxR and TraR was studied using artificial 

promoters. LuxR functioned as an autoinducer-dependent repressor of an artificial 

promoter containing a lux box between and partially overlapping the -10 and -35 

hexamers (Egland and Greenberg, 2000). In a similar study, TraR functioned as an 

autoinducer-dependent repressor of an artificial promoter containing a tra box 

overlapping the - 10 region, but did not repress promoters with tra boxes between the -10 

and -35 elements or downstream of the -10 eIement (Luo and Farrand, 1999). From these 



studies, it appears that LuxR and TraR proteins undergo a conformationd change upon 

binding of autoinducers, enabling them to bind to lrix boxes located within activating or 

repressing positions within the promoter. 

The objectives of this study were (i) to determine the role of cepR in the 

regulation of all the B. cepncia siderophores and (ii) to study the mechanisms of positive 

and negative regulation of cepIR target genes in B. cepacicl. Since the protease gene(s) 

have not been cloned and characterized, this study was limited to the ornibactin 

biosynthetic genes as well as the autoinducer synthase cepl. 

5.2 METHODS 

5.2.1 Bacterial strains and plasrnids. 

The bacterial strains and plasrnids used in this study are described in Table 1, 

5.2.2 Construction of cepR mutants by alleiic exchange. 

The cepR gene was subcloned into pNOT19 (pSLRlO1) and insertionalIy 

inactivated by the introduction of the trimethoprim cassette from p34E-Tp into an internal 

Pstl site (pSLR101-T). The inactivated cepR fragment was PCR amplified using the 

vector primers pNOT19-1 and pNOTI9-2 and cloned into an SphI site within the suicide 

vector pEX 18Tc. The suicide plasrnid pEXCEPR was transferred to various B. cepacia 

host strains by conjugation in triparental or biparental matings. Triparental matings were 

performed as described in Chapter 2 (Section 2.2.2) while the donor strain E. coli SM10 

was used for biparental matings (Simon et nl., 1983). SMlO contains the transfer 

functions located within an RP4 plasmid integrated into the chromosome. Selection for 

single and double recombination events was performed as described in Chapter 2 



(Section 2.2.2). The insertional inactivation of cepR was confirmed by Southern 

hybridization analysis. 

5.2.3 Protease and autoinducer assays. 

Protease and autoinducer assays were performed as described in Chapter 2 

(Sections 2.2.12, 2.2.13). 

5.2.4 Siderophore production assays. 

Salicylic acid and ornibactin production assays were performed as described in 

Chapter 2 (Sections 2.2.1 1). Pyochelin production assays were performed as previously 

described (Sokol, 1986). Starter cultures were grown overnight in deferrated 0.5% 

casamino acids medium (CAA) at 37OC and sub-cultured 1: 100 into fresh CAA medium 

(50 ml). After 24 hours of growth, cells were pelleted by centrifugation (8000 rpm, 10 

min) and culture fluids were acidified to pH 2-2.5 by the addition of 12 M HCL. Culture 

fluids were extracted with 20 mI ethyl acetate and allowed to separate. The organic phase 

was dried by rotary evaporation, resuspended in a small volume (250 yl) of methanol and 

chromatographed on a thin layer of Silica Gel G (Mandel Scientific) using a chloroform: 

acetic acid: ethanol (90:5:2.5) solvent system. Under UV light, the fluorescent yellow- 

green pyochelin band (Rf - 0.3) was scraped from the silica plate and resuspended in 1 

ml methanol. Pyocheiin was detected by measuring fluorescence (Ex 350nm, Em 440) 

(Sokol, 1986). Standard curves were used to determine the concentration (pg/ml/OD6~) 

of pyochelin. 

5.2.5 Construction of cepR-lac2 and cepLlacZ transcriptional fusions. 

The plasmid pSLS200 contains a 2.3 kb SphI-PstI fragment from pSLA3.2 that 

encodes the entire cepl gene and the 5' end of cepR. The [ U C Z - G ~ ~  fragment from 



pZ19 18G was cloned into the PstI site of pSLS200 resulting in a transcriptional cepR- 

1ncZ fusion (pSLRI 1 I )  (see figure 20). The cep l  and lac vector promoters are in the 

opposite orientation of  the cepR promoter, which is solely responsible for lac2 

expression. A 769 bp fragment containing the cepr  promoter was PCR amplified using 

the primers IN-CEPI and EX-CEPI. The PCR product was cloned into the TOPO cloning 

vector pCR2.1 TOPO (pCR770-3) and subcloned as a PsrI-BamHI fragment into 

pUCP28T (pSLS210). The lucz -~rn~  fragment form pZl918G was cloned into the 

BamHT site of pSLS210 resulting in the cepl-lacZ transcriptional fusion (pSLS222) (see 

figure 20). The lac vector promoter is in the opposite direction of the cep l  promoter, 

which is solely responsible for lac2 expression. 

5.2.6 p-galactosidase assays. 

p-galactosidase activity was measured as previously described (Platt. 1972). 

Overnight starter cultures were sub-cultured in fresh TSB medium (50 ml) containing 100 

pg/ml trimethoprirn to an ODbw = 0.01. One ml aliquots were removed throughout 

growth and assayed for enzyme activity. Cell lysates were prepared by vortexing 60 pl 

chloroform, 30 plO.I% SDS and 1 ml of ceIIs. Cell lysates (5- 100 pl) were mixed with Z 

buffer ( 1. 16 g NaH2PO~-H20, 1.90 g Na2HP04, 200 pl of 0. I M MgC12, 400 pl of i M 

MgSO4 to a final volume of 200 ml sdH20; add 135 PI of B-mercaptoethanol to 50 ml Z 

buffer prior to assay) to a final volume of 1 ml. The substrate o-nitrophenyl-8-D- 

galactoside (200 p1 of 4 mgfrnl ONPG) was added to the mixture and incubated for 5-15 

minutes at RT. The reaction was terminated with the addition of 500 pf STOP buffer ( I  

M Na2C03) and the OD4?-, and ODsso of the samples was determined. P-galactosidase 

activity was calculated using the formula: 



where t is the incubation time in minutes and v is the cell lysate volume used in the assay. 

B -galactosidase activity is expressed in Miller Units. 

5.2.7 Isolation of outer membrane proteins. 

Overnight TSB-DC (Ohman et al., 1980) cultures were subcultured in fresh TSB- 

DC medium to an OD600 = 0-01 and grown for 16-24 hours (stationary phase). Cells were 

pelleted by centrifugation at 7000 rpm for 20 minutes, washed twice in 30 rnM Tris-HCI 

(pH 8) and resuspended in 10 ml 30 mM Tris-HCl (pH 8), 20% sucrose, 0.05 mg/ml 

DNAse, 0-05 mg/ml RNAse (Sigma). Cells were lysed by sonication (Branson Cell 

Disruptor 350) for a total time of 2 minutes. Lysozyme (10 mg) was added and the cells 

were incubated on ice for 10 minutes. After addition of the protease inhibitor PMSF (1 

mM), cell debris was removed by centrifugation at 3500 rpm for 10 minutes. The 

supernatant was loaded onto a seven-step sucrose density gradient consisting of 7 ml 70% 

(w/v) sucrose, 7 ml 58% (w/v) sucrose, 7 ml 52% (w/v) sucrose, 5 ml 48% (w/v) sucrose, 

3 mI 40% (w/v) sucrose. 3 ml 30% (w/v) sucrose prepared in 30 mM Tris-HCI (pH 8) and 

centrifuged at 26000 rpm for 16 hours at 4OC. The outer membrane protein fractions were 

removed, diluted in 30 m M  Tris-HC1 (pH 8), centrifuged at 12000 rpm for 15 minutes and 

resuspended in a small volume of 30 rnM Tris-HC1 (pH 8). The Bio-Rad protein assay was 

used to quantitate total protein. Ten micrograms of protein were separated by SDS-PAGE. 

5.2.8 Construction of the cepR expression vector. 

A 733 bp fragment encoding the cepR gene was PCR amplified using the primers 

EXcepR-3 and EXcepR-2. The PCR product was cloned into the TOPO cloning vector 

pCR2.1 TOPO (pSLR102) and subsequently cloned in frame into the expression vector 



 PROE EX HTc (Life Technologies) (pSLR103). This expression vector incorporates a 

polyhistidine (His6) tag and a TEV protease cleavage site at the amino terminus of CepR. 

The cepR expression vector pSLR103 is under the control of the IPTG inducible Trc 

promoter. 

5.2.9 Expression and purification of CepR. 

CepR purification was performed as described by the manufacturers protocol 

(Life Technologies) with slight modifications. The expression strain E. coli DHSa 

(pSLRl03) was grown overnight in LB medium containing 100 pgfml ampicillin, sub- 

cultured 1: 100 into fresh LB + I00 pg/ml ampicillin (250 ml) and grown to mid-Iog 

(OD6()() = 0.5). IPTG was added (0.6 mM) and the culture was induced for 3.25 hours at 

37°C. Cells were pelleted by centrifugation ( 10000 rpm, 10 min) and resuspended in lysis 

buffer (50 rnM NaH2P04, 300 mM NaCI, 100 mM imidazole) (4 ml buffer/g cells). Cell 

extracts were prepared by sonication (6 x 30s bursts = 70% Iysis). Insoluble proteins were 

pelleted by centrifugation ( 10000 rpm, I0 min), resuspended in lysis buffer containing 

0.1% octylglucoside, mixed for 1 hour and ultracentrifuged (70000 rprn. 1 hr). The 

remaining insoluble fraction was resuspended in lysis buffer containing 1 % octylglucoside 

and Iysozyme (200 pg/ml), mixed for 10 minutes and centrifuged (13000 rpm). The pellet 

was washed in lysis buffer containing 1% octylglucoside (3x) and finally resuspended in 

300 p1 sdH20. The inclusion bodies containing the His6-CepR fusion protein and the 

octylglucoside washes containing solubiIized His6-CepR were subjected to Ni-NTA 

affinity chromatography. One hundred p1 of the inclusion bodies and 20 ~1 of the 

octylglucoside wash were mixed with 40 p1 of a 50% slurry of Ni-NTA resin pre- 

equilibrated with buffer A [20 rnM Tris-HC1 (pH 8.5 at 4"C), I0 rnM 2-mercaptoethanol, 1 



mM PMSF]. The suspension was mixed for 20 min at 4OC, centrifuged (130000 rpm, I 

rnin), and resuspended in I ml buffer A and re-washed. Ni-NTA bound proteins were 

eluted with 3x200 pl aliquots of buffer C 120 mM Tris-HC1 (pH 8.5 at 4"C), 100 mM KCI, 

10 rnM 2-mercaptoethanol, 10% glycerol. 100 mM imidazole]. All stages were performed 

at 4°C and protein samples were stored at -70°C. Protein samples from each stage of the 

purification were analyzed by SDS-PAGE. 

5.2.10 Gel Retardation Assays, 

The regulatory regions of the pvdA and cepl promoters containing Ira box-like 

sequences were amplified by using the primers pairs pvdAl-pvdA2 and EXcepI- 

R2Cla3RE, respectively, and column purified using the QIAquick PCR product 

purification kit (Qiagen). PCR products were randomly labelled with [a-"PJ~CTP and 

the Oligolabelling kit (Arnersham). A typical assay contained (16 pL): 10 mM Tris HCL 

(pH 7.9), 1 mM EDTA, 1 mM DTT, 10% glycerol, 20 uglml BSA. I pg poly-(di-dC)-(dl- 

dC) (Sigma), 60 mM potassium glutamate, 5 mM MgC12 and various amounts of CepR (O- 

90 nM). OHL was either present (0.4 vM) or absent in the reaction mixture. Additional 

reagents included 10 vM NiSOa or 5% DMSO. The autoinducer OHL was crudely 

purified as described in Chapter 2 (Section 22-14). After the addition of probe (50000 

cpm), reaction mixtures were incubated at 4OC, RT, or  30°C for 30-60 minutes, then 

loaded onto a 4% non-denaturing polyacrylamide gel and electrophoresed in low ionic 

strength running buffer [6.7 mM Tris HCI (pH 7.9), 3.3 mM sodium acetate (pH 5.1), 1 

mM EDTA (pH 8)]. Gels were dried and exposed to Kodak Biomax MR film- 



5.3 RESULTS 

5.3.1 CepR regulates ornibactin but not pyochelin or salicylic acid production in B. 

cepacia. 

The initial characterization of ceplR was performed in B. cepacia K56-2, a strain 

that produces ornibactin and salicylic acid, negligible amounts of pyochelin and no 

cepabactin. We attempted to construct cepR mutants by allelic exchange with a 

trimethoprim cassette-inactivated copy of cepR (see Fig. 14) in other strains known to 

produce the two siderophores pyochelin and cepabactin as well as ornibactin and salicylic 

acid. The ability to construct successful allelic exchange mutants in which the wild-type 

copy is replaced with an insertionally inactivated copy of cepR varied in B. cepacia 

strains. However, strains Pc224c and Pc7 1 5j, which produce ornibactin, salicylic acid and 

pyochelin (Darling et a!,, 1998) were amenable to allelic exchange. It was not possible to 

obtain double cross-over recombinants using the following strains: ATCC 25416, ATCC 

17759 (genomovar I; Mahenthiralingam, 2000). P 109, Pc7 lOj, Pc22-20.34 192 and 34930. 

The siderophore, protease and autoinducer phenotypes of cepR mutants of Pc224c 

and Pc7 15j were characterized to (i) confirm the role of CepR in autoinducer and protease 

production and (ii) to determine if pyochelin synthesis is regulated by CepR. CAS activity 

was measured in culture fluids throughout the growth of Pc224c. Pc224c-R 1 (Fig. 1 SA), 

Pc7 15j and Pc7 15j-R I (Fig. 15B). Siderophore production is growth phase-dependent in 

that siderophore activity is not observed until late log phase and is maximal in stationary 

phase. Both cepR mutants showed hyper CAS activity during stationary phase indicating 

that one or  more siderophores were being hyperproduced (Fig. 15A. L5B). 
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Figure 14. Construction of cepR and cep l  chromosomal mutants b y  allelic exchange. 

SphI-KpnI fragments encoding cepl and cepR were subcloned from pSLA3.2 into 

pSLS20 1 and pSLR 10 I. respectively. The trimethoprim cassette (tmp) was inserted 

into a blunt-ended Ace1 site within cep l  and into a PstI site within cepR. The 

inactivated cepl and cepR regions were PCR amplified using SphI restriction linkers 

and subcloned as SphI fragments into the suicide vector pEX18Tc to generate 

pEXCEPI and pEXCEPR, respectively. The recombinant suicide vectors were 

conjugatively transferred to B. cepacia W6-2 under trimethoprim selection for 

cointegrates. The second selection step involves trimethoprim and sucrose resistance 

that results in a second recombination event to remove the plasmid DNA encoding 

the counterselectable sacB marker. Growth in :he presence of sucrose with a 

functional sacB gene is lethal. Southern hybridization was used to confirm the 

exchange of a functional cepl or cepR gene with the tmp-inactivated copy. Sp, SphI; 

K. KplzI. 
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Figure 15. Effect of cepR on CAS activity in B. cepacia. CAS activity was 

monitored throughout growth in succinate medium in (A) 224c (wt) (r) and 

224c-R1 (cepR) (o) and in (B) 71 Sj (wt)  (e) and 7 15j-R 1 (cepR) (0). Growth 

(ODsua) is shown in solid lines and CAS activity (OD630/OD600) is shown in 

dashed lines. All values shown are the means 2 standard deviation (error bars) 

from triplicate experiments. 



Consistent with this observation, Pc224c-R1 and Pc7 1Sj-Ri produced 50% larger 

CAS zones than the respective parent strains (Table 10). Since CAS activity is a measure 

of total siderophore activity, we isolated and quantitated individual siderophores. 

SalicyIic acid and pyochelin levels were not affected in Pc224c-R1 and Pc7 15j-R1 while 

ornibactin production was increased by 50% in Pc7 1Sj-R 1 (Table 10). These data suggest 

that CepR is a negative regulator specifically of ornibactin synthesis in B. cepacia. 

Cepabactin production is rare in B. cepacia CF isolates ( 1 1 %) (Darling er nl., 1998) but it 

is yet to be determined if this siderophore is also regulated by CepR. 

Interestingly, the cepR mutants Pc224c-R 1 and Pc7 15j-R I produced significantly 

lower amounts of protease activity than the parent strains, 33% and 18% respectively 

(Table 10). The fact that a cepR mutant in KS6-2 produced no protease activity suggests 

that Pc224c and Pc715j produce more than one protease. only one of which is regulated 

by CepR. It should be noted that Pc715j produces high levels of protease (Kooi et al., 

1994). Neither mutant produced detectable autoinducer activity in the bioassay with the 

cepl reporter K56-I2 (Table 10). Combined, these data support the model that ceplR 

comprise a functional quorum sensing system in B. cepacia that positively regulates 

protease and autoinducer production and negatively regulates ornibactin production. 

5.3.2 The effect of a cepR mutation on pvdA andpvdD expression. 

It was hypothesized that the ornibactin biosynthetic genes were transcriptionaIIy 

regulated by CepR. According to this hypothesis, the hyperproduction of ornibactin is a 

result of the increased expression of ornibactin biosynthetic genes. The ornibactin 

biosynthesis genes were identified by screening random Tn5-OT182 transposon mutants 



Table 10. Effect of a cepR mutation on siderophore, protease and autoinducer production. 

CAS Agar ~ r n i b e c t i n ~ ~ o c h e l i n '  Salicylic Acidc Protease Autoinducer Strain Genotype 
Zonesu (rill) (pdmll ODwxr) (pglmil ODbuo) (pglmll ODBuo) zonesd (mm) Productionr 

Pc224c Wild type 4.8 + 0.3 ND 2.1 e 0.4 1.5 .+_ 0.1 7.8 -k 0.3 -I- 

Pc224c-R I crpR::tiilp 7.2 t 0.3* ND 2.5 -t. 0.1 1.2 e 0.1 5.2 + 1.4* 

Pc7 15j Wild type 7.3 + 0.3 53.9 + 20.5 5 4  e 048 0.5 + 0,2 8.3 + 0,3 + 

All values are the mean of triplicate experiments i: standard deviation, unless indicated otherwise. 
* Significantly different from parent K56-2 in unpaired t-test (pc0.05). 
'The CAS zone = the distance from the edge of the orange zone to the edge of the colony after 
48 hours, 
Mean 5 standard deviation of duplicate experiments. 
' Amount of siderophore in CAA cultures grown 24 hours. 
d ~ h e  protease zone radius = the distance from the edge of the colony to the edge of the zone of clearance on 
D-BHI + 1.5% skim milk agar 48 hours. 
' Cross-feeds the cepl reporter K56-12 and restores protease production. 
ND = not determined. 



that were defective for siderophore production. Two such mutants, I1 17 and T10, contained 

transposon insertions into genes that shared homology with pyoverdine biosynthetic genes 

from P. aerrtginosa (Sokol et al., 1999). Given the structural similarity of pyoverdine and 

ornibactin, these genes were designated pvdA and pvdD. The 11 17 mutant contains an 

insertion in the pvdA gene encoding an L-ornithine ~ ' - o x ~ ~ e n a s e  that catalyzes the 

hydroxylation of L-ornithine, forming the hydroxarnate ligand in the peptide moiety of 

ornibactin. The TI0 mutant contains an insertion in the pvdD gene that shares homology 

with nonribosomal peptide synthetases (Sokol el al., 1999). 

The Tn5-OT 182 mutants 11 17 and T I 0  contain chromosomally encoded 

transcriptional krcZ fusions due to the presence of a promoter-less lac2 gene within the 

transposon (Sokol et a!., 1999). B-galactosidase activity can be assayed as a measure 

pvdA and pvtlD promoter expression. Both the pvdA and pvdD genes were shown to be 

expressed under low iron growth conditions but significantly repressed under high iron 

(50 pM FeC13), which is typical of fur regulated genes (Sokol et cil., 1999). 

We constructed cepR mutants by allelic exchange in 11 17 and TI0 resurting in 

double cepR pvdA or  cepR pvdD mutants, respectively (see Fig. 16). Southern analysis 

confirmed the insertional inactivation of cepR (Fig. 17). We were unable to construct 

cepl mutants in I1 17 or TI0 backgrounds (Fig. 17B, lanes 1-4). 8-galactosidase activity 

was monitored throughout growth in low iron medium and iron-supplemented medium (5  

pM FeC13) to examine the effects of cepR on pvdA and pvdD expression. The pvdA and 

pvdD genes were maximally hyperexpressed in late stationary phase although the effect 

of cepR on pvdA and pvdD expression was more pronounced under iron-supplemented 



Figure 16. Schematic illustration of the ornibactin biosynthesis-quorum 

sensing double mutants (A) I1 17-R2 1 and (B) T 10-R 10. The pvdA gene 

encodes an ornithine oxygenase and the pvdD gene encodes a 

nonribosomal peptide synthetase involved in ornibactin biosynthesis. 

Both chromosomal promoters direct the expression of a promoterless 

facZ located within the TnS-OT182. The cepR gene was insertionally 

inactivated with a trimethoprim cassette. 
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Figure 17. Southern hybridization analysis of putative B. cepacia cepR::mtp 

mutants. A. Chromosomal DNA I1 17 cepR::mtp (lanes 1-3), T 10 cepR::tmp (lanes 

4-6) and plasmid pSLA3.2 (lane 7) (positive control). The cepR gene was 

successfully inactivated in I17 but not in T10. B. Chromosomal DNA of TI0 

cepl::mtp (lanes 1-2), TlO cepR::mp (lanes 3-6) and plasmid pSLA3.2 (lane 7). In 

lanes 1-2, the inactivated cepl  locus has integrated at an unknown site in addition 

to the wild type cepl  locus. The sizes (kb) of the hybridization products are shown 

on the left: 3.2 kb = wild-type cepZR locus; 3.9 kb = ceplR locus inactivated with 

mp cassette; 2.3 kb = insertion of inactivated cepI::mtp in unknown location. All 

DNA was digested with SphI and hybridized to a radio-labelled PCR product (769 

bp) encoding the cepl  promoter. 
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Figure 18. Effect of cepR on pvdA and pvdD expression. P-galactosidase activity 

was monitored throughout growth in low iron medium (TSB-DC) and iron 

supplemented medium (TSB-DC + 5 pM FeCt3) in (A) I1 17 (pvdA-lad)  (I) and 

I1 17-R2 1 (cepR derivative of I1 17) (a) and in (B) TI0 (pvdD-lacs (a) and T 10- 

RIO (cepR derivative of TlO) (a). Growth (ODsal) is shown in solid lines and P- 
gaIactosidase activity (Miller units) is shown in dashed lines. All values shown are 

the means 2 standard deviation (error bars) from triplicate experiments. 



growth conditions (Fig. 18). This is likely due to a Fur-mediated decrease of overall 

levels of expression when iron is present. The ornibactin biosynthesis genes pvdA and 

pvdD showed increased expression ranging from 25% to 40%, respectively, in low iron 

medium and 50% to 758, respectively. in iron supplemented medium in cepR mutant 

backgrounds compared to strains containing functional cepR genes (Fig. 18). This level 

of hyperexpression of the omibactin biosynthetic genes correlates with the levels of 

increased ornibactin production in cepR mutants. 

5.3.3 The effect of a cepR mutation on orbA expression. 

The orbA gene encoding the omibactin outer membrane receptor protein is 

located downstream of the pvdA gene (Sokol et al., submitted). To determine if other 

genes involved in ornibactin-mediated iron acquisition were regulated by ceplR, outer 

membrane proteins were isolated from ceplR mutants. The outer membrane profiles of B. 

cepaciu wild type, cepR and cepl strains shown in Figure 19 indicate that the levels of the 

outer membrane protein corresponding to OrbA (78.5 kDa) were not significantly altered. 

This experiment suggests that orbA expression is not regulated by cepR. either positively 

or negatively. 

5.3.4 The effect of a cepR mutation on cepl and cepR expression. 

Transcriptional cepR-ZacZ and cepl-lac2 fusions were constructed on the high 

copy vector pUCP28T (see Fig. 20) and introduced into B. cepncin wild type and cepR 

mutant backgrounds. p-galactosidase activity was monitored throughout growth to 

examine the effects of cepR on cepl and cepR expression (Fig. 21). The expression of 

cepR and cepl was low in early log phase but increased rapidly during the late log and 
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Figure 19. Outer membrane protein profdes of B. cepacia K56-2, K56-R2, 

K56-I2. Lane 1, molecular mass markers; lane 2, K56-2; lane 3, I1 17, lane 

4, I117 (pPD526) orbA+; lane 5, K56-2 wr; lane 6,  K56-I2 cepl; lane7, 

K56-R2 cepR. All cultures were grown to stationary phase (15 h) in iron 

limiting TSB-DC medium. Outer membrane proteins were electrophoresed 

on SDS-12.5% PAGE gels and stained with Coomassie Blue. The arrow 

indicates the band corresponding to OrbA (78.5 kDa). 
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Figure 20. Construction of cepR-lac2 and cepl-lac2 transcriptional fusions. The entire 

cepIR region is contained within a 3.2 kb SphI fragment in pUCP28T (pSLA3.2). A. The 

plasmid pSLS2OO contains a 2.3 kb SplzI-PstI fragment from pSLA3.2 encoding the cepl 

gene and 5' end of the cepR gene. The l a c z - ~ r n ~  cassette was cloned into the PstI site to 

construct pSLRI 1 I (cepR-lacZ). B .  A 769 bp fragment containing the cep1 promoter was 

PCR amplified from a plasmid containing the whole cepl gene (pSLS250) and cloned as a 

BarnHI-PsrI f rapent  into pUCP28T (pSLSZ10). The l a c z - ~ r n ~  cassette was cloned into 

the BamHl site to construct pSLS222 (cepl-lacZ). Sp, SphI; K .  KpnI: P .  PstI; B ,  BamHI. 

The grey arrows indicate the direction of the promoter controlling lac2 expression. 
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Figure 21. Effect of cepR on cepR and cepl expression. P-galactosidase activity was 

monitored throughout growth in TSB + LOO pg/rnl tmp in (A) K56-2 (cepR-ZacZ) (m) and 

K56-R2 (cepR-lacZ) (o) and K56-2 (pUCP28T) (3) and (B) K56-2 (cepl-ZacZ) (I) and 

K56-R2 (cepl-1acZ) (0). Growth (ODsm) is shown in solid lines and P-galactosidase 

activity (MiIIer units) is shown in dashed lines. All values are the means 2 standard 

deviation (error bars) from triplicate experiments. 



throughout the stationary phase (Fig. 2 1). This pattern of expression is typical of quorum 

sensing regulated genes. 

Two important observations were made regarding ceptR expression in a cepR 

mutant background. First, cepR expression increased approximately 2-fold in the absence 

of functional cepR in K56-R2 indicating that cepR is autoregulated (Fig. 21). Second. 

cepl expression was abolished in the absence of a functional cepR indicating that cepl 

expression is positively regulated by CepR at the level of transcription (Fig. 21). This 

kind of positive feedback loop involved in regulating autoinducer synthases is common in 

V. fishceri (Engebrecht et (I!., 1983), P. nerrtginosa (Seed rt nl., 1995) and A. trunefaciens 

(Fuqua and Winans, 1994a). 

The effects of temperature and iron in cepR expression were examined (Fig. 22). 

Interestingly, the cepR-lac2 fusion showed a 2-fold increase in expression when the 

temperature was increased from 32OC to 37OC. a physiologically relevant temperature. 

In addition, cepR expression increased slightly when FeC13 (5-10 @I) was added to the 

medium. Iron-regulated genes controlled by the global repressor Fur typically show 

decreased expression when the Fe concentration increases. 

5.3.5 Expression and purification of CepR. 

CepR was overproduced in E. coli DH5a (pSLR103) using the PROEX'~HT 

expression system. After IPTG induction for 3 hours, SDS-PAGE of crude E. coli Iysates 

showed the production of a major band corresponding to the His6-tagged CepR (Fig. 23, 

lane 3). The estimated size of the fusion protein is 29.6 k Da, After sonication, the CepR 

protein was found in the insoluble fraction (Fig. 23, lane 7). Overexpressed proteins in 

prokaryotic expression systems commonly aggregate and form insoluble inclusion 
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Figure 22. Effect of iron and temperature on cepR expression in B. 

cepacia. Stationary phase cultures (21 hrs) were assayed for 8- 
galactosidase activity in (A) TSB-DC containing increasing amounts of 

FeCI3 at 37°C and in (B) TSB-DC in various temperatures. All values are 

the means + standard deviation (error bars) of triplicate experiments. 
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Figure 23. Expression of CepR. Lane 1, mo~ecular mass markers; lanes 2 and 3, crude 

extracts of DHSa (pSLR103) before and after induction; lane 4, culture supernatant; 

lane 5 and 6,  lysis buffer before and after sonication; lane 7, post-sonication pellet; 

Iane 8, post-sonication supernatant; lane 9- 1 1, 1 % octylgIucoside washes; lane 12, 

inclusion bodies resuspended in H a .  Samples were electrophoresed on an SDS- 

12.5% PAGE gel and stained with Coomassie blue. The arrow indicates the His6- 

tagged CepR. 



bodies. In an attempt to solublilize the inclusion bodies, a series of washes with the 

detergent oc tylglucoside was performed. After octylglucoside treatment, the remaining 

insoluble proteins were shown to contain the CepR protein (Fig. 23, lane 12). This 

sample was subjected to batch purification using Ni-NTA affinity chromatography. This 

quick purification protocol resulted in a relatively pure protein corresponding to the His6- 

tagged CepR (Fig. 24, Ianes 1 1-13), although minor contaminating proteins were present. 

5.3.6 CepR Gel Retardation Assays. 

Transcriptional studies revealed that cepI was positively regdated and that pvdA 

was negatively regulated by CepR (Figs. 18, 21). These promoters contain potential lux 

box sequences suggesting that they are directly regulated by CepR (Fig. 25A) although it 

is possible that CepR activates additional transcriptional regulators that directly control 

the activity of these target promoters. The cepl and pvdA  ILL^ boxes are imperfect repeats 

that share 15 and I8 out of 20 bp with the V. fiscizeri i ~ r  consensus sequence (Gray et nl., 

1994), respectively. In addition, the cepl lrcv box partially overlaps a -35 hexamer (Fig. 

6) .  The definitive experiment to prove that CepR regulates these promoters is to 

demonstrate specific DNA binding using gel retardation assays. The association of 

regulatory proteins to target DNA results in DNA:protein compIexes with altered 

electrophoretic mobilities, commonly referred to as 'gel mobility shifts'. 

PCR was used to amplify the 266 bp and 336 bp fragments corresponding to the 

cepl and pvdA promoters containing potential lux box sequences, respectively (Fig. 25A). 

The promoter fragments were radio-IabeIled, incubated with various concentrations of 

partially purified His6-tagged CepR and autoinducer (OHL) under a variety of conditions 

and electrophoresed under non-denaturing conditions. 



CepR 

Fiawe 24. Purification of CepR. Lane I, molecular mass markers, lanes 2- 

7, Ni-NTA chromatography of octylglucoside wash of inclusion bodies; 

lanes 8- 13, Ni-NTA chromatography of inclusion bodies containing CepR. 

Lanes 2,8, non-bound fraction; lanes 3-4,9-10, buffer A washes; lanes 5-7, 

1 1-13, elution buffer C washes. Samples were electrophoresed on SDS- 

12.5% PAGE gel and stained with Coomassie blue. The arrow indicates 

the His6-tagged CepR (estimated molecular weight is 29.6 kDa). There was 

no His6-CepR protein recovered from the solubilized protein fraction 

(lanes 5-7). 
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Figure 25. CepR Gel Retardation Assays. A. A schematic depicting the cepl and 

pvdA promoter regions amplified by PCR and potential lux boxes within these 

promoters. cepl promoter primers = EXCEPI, R2ClaRE; pvdA promoter primers 

= pvdAl, pvdA2. The arrows indicate the inverted repeats, the asterisks denote 

nucleotides with dyad symmetry, the nucleotides in bold are homologous with 

the consensus ZLLX box sequence. B. Binding reactions were performed in the 

absence or presence of OHL (0.4 pM), increasing amounts of His6-CepR (0-90 

nM) at RT for 1 hour and electrophoresed on a 4% non-denaturing 

polyacrylamide gel. NiS04 was present in the binding buffer. 



The initial reaction conditions were performed at 30°C in a binding buffer 

lacking potassium glutmate and MgCI? and band shifts were not observed (data not 

shown). These two reagents were added to all subsequent reaction conditions and binding 

reactions were performed at 4OC, RT and 30°C but band shifts were still not observed 

(data not shown). Since the His6 tag had not been proteolytically cleaved from the His6- 

CepR fusion protein, NiSOj was added to the binding reactions in an attempt to decrease 

any interference of the negatively charged His6 tag in DNA binding. The results of a 

typical experiment containing the NiSOj in the binding buffer are shown in Figure 25. 

There were no observable band shifts when CepR was incubated with either the cepl or 

pvdA promoters at RT (Fig. 25). In at least one experiment using the binding buffer 

containing NiS04, band shifts were observed for the cepl promoter in the absence of 

OHL but this result was not reproducible (data not shown). This was an encouraging 

result but the CepR gel retardation assays require further optimization. 

5.4 DISCUSSION 

B. cepacia has the unique ability to synthesize four different types of siderophore 

molecules: salicylic acid, pyochelin, cepabactin and pyoverdine. The large genomes of 

this species (4.6-8.9 Mb) afford a great biosynthetic and degradative potential. The initial 

finding that a siderophore hyperproduction phenotype was due to the inactivation of a 

IrcxR quorum sensing regulator was exciting for two reasons. This was the first report that 

siderophore biosynthesis is regulated by N-acyl HSL signalling pathways and secondly, 

few models of negative regulation in quorum sensing controlled virulence factors exist. 

One of the few examples of negative regulation of virulence factors is the control of 



capsular polysaccharide by EsaR in the plant pathogen P. stewcrrtii subsp. stewcirtii 

(formerly Envirricr stewartii) (Beck von Bodman et al., 1998). 

Analysis of multiple strains and their respective cepR mutants has shown that 

ceplR comprise a functional quorum sensing system that consistently regulates protease, 

ornibactin and autoinducer production. There is evidence that the cepIR genes are present 

in all five of the genomovars that constitute the B. cepacia complex (Lutter et al., 2000)- 

The finding that cepR mutants in strains Pc224c and Pc7 15j stilI produce protease 

activity, albeit significantly lower than the parent strains, suggests that multiple proteases 

are produced in these strains. The characterization of proteases in B. cepacia is an 

ongoing study. 

By monitoring the expression of chromosoma~ly encoded pvdA-lncZ and pvdD- 

lcrcZ fusion, we have demonstrated that these two ornibactin biosynthetic genes are 

hyperexpressed in a cepR mutant background (Fig- L8). Sequence data are only available 

for the pvdA promoter, which was examined as a potential DNA binding site for CepR. 

Within the 23 1 bp upstream of the pvdA translational start site, there is a l t l ~  box-like 

sequence with imperfect repeats and a high degree of homology to the ZLLX consensus 

(18/20 bp) (see Fig. 25). The relevance of this promoter region is unknown. A 6.1 kb 

fragment of B. cepacia chromosomal D N A  containing the pvdA gene was not sufficient 

to complement the pvdA-TnSOT182 mutant 11 17 when introduced in trans. Also, apvdA- 

krcZ plasmid encoded fusion containing the entire upstream pvdA region (- 1 kb) was not 

expressed in B, cepacia (Sokol et al., 1999). It is possible that the promoter region was 

not contained within this construct. There were no additional promoter features identified 

in this upstream region. Although we were unable to demonstrate binding of CepR to a 



336 bp fragment encoding a ~ Z L V  box-like sequence, it is not yet known if this is due to the 

inability to bind this sequence or  the inactivity of the purified CepR protein. The 

problems associated with the CepR gel retardation assays are discussed below. 

The orhA gene encodes the omibactin outer membrane receptor and is located 

downstream and in the same orientation as pvdA (Sokol er crl., submitted). It was 

hypothesized that additional genes involved in ornibactin-mediated iron acquisition may 

be negatively regulated by cepR.  Outer membrane profiles of cepR and cepl mutants did 

not reveal any significant changes in the production of OrbA (Fig. 19). The orbA gene 

appears to have its own promoter (Sokol et ul., submitted) but there was no apparent 

cepR control of this promoter. It might be difficult to detect small increases in OrbA 

production (25-50%) by visualizing outer membrane profiles if orhA is negatively 

regulated by cepR. 

The role of cepR in the control of the autoinducer synthase gene cepl and its own 

expression were examined. The fact that no autoinducer activity was detected in 

stationary phase culture supernatants of the cepR mutant K56-R2 (Chapter 2, Section 

2.3.5) suggested that cepl was positively regulated by CepR. This was confirmed using a 

high copy plasmid encoded cep l - lac2  fusion. There was no expression of this fusion in a 

cepR background (Fig. 21B). We used transcriptional fusions on high copy plasmids for 

this study and Pesci et al. have shown that 1tsR expression patterns did not vary when 

lasR-lacZ fusions were expressed on high or low copy plasmids (1997). This type of 

positive feedback control of autoinducer production is thought to provide a mechanism of 

'signal amplification' in which N-acyl HSL signals are upregulated allowing for more 

activation of the cognate R protein and subsequent activation of virulence genes. 



Although commonly employed, the positive control of autoinducer production is not an 

absolute requirement since several luxl homologs are not controlled by their respective R 

proteins (Fuqua and Eberhard, 1999). 

Interestingly, the cepR gene was shown to negatively regulate its own expression 

(Fig. 21A). This pattern of regulation is similar to esc~R in P. stervcrrrr'i subsp. stewanii. It 

was speculated that the lux box overlapping the - I0 region in the esaR promoter serves as 

a binding site (Beck von Bodmm and Farrand, 1995). In this location. binding of EsaR to 

the ~ L U  box might occlude the RNA polymerase binding site and prevent its own 

expression- In fact, extracts of E. coli expressing esaR retard the mobility of a 61 bp 

oligonucleotide containing this Ira box element (Pierson et ctl., 1999). The significance of 

autoregulation of LuxR proteins is unknown. If quorum sensing regulates the production 

of virulence factors required for establishing infections and disseminating throughout the 

host, it is a possibility that the negative autoregulation of lclxR genes may function to turn 

off the quorum sensing response. Therefore. the disseminating population would decrease 

virulence factor production, thereby decreasing the likelihood of detection from the 

immune response, and have the opportunity to re-establish sufficient cell densities and 

subsequently upreglate the production of virulence factors. 

Of all the LuxR-type proteins studied to date, autoinducer binding is not an 

absolute requirement for DNA binding. The EsaR (P. stewclrtii subsp. stewartii) and 

ExpR (Envirzia c~zrysc~mtizerni) proteins were shown to bind to target promoters in the 

absence of autoinducer while TraR (A, tumefacierzs) required autoinducer for binding to 

trci boxes (Pierson et al., 1999, Nasser et al., 1999, Zhu and Winans, 1999). It would be 

interesting to express the B. cepctcicc cepR-lac2 fusion in a cep1 background, which 



produces CepR but does not produce autoinducer, to determine if CepR is capable of 

repressing its own synthesis in the absence of autoinducer. Unfortunateiy, the fusion 

construct also contains a full-length cepl gene so it would be impossible to determine if 

autoinducer binding was required for DNA binding. 

The transcriptional start sites of cepR, cepl and pvdA have not been identified. It 

is difficult to identify B. cepacin promoters by sequence analysis given the lack of 

characterization of 8- crpacicl consensus sequences. There were no readily identifiable 

promoter eIements in the cepR gene, however, potential I~LY boxes were identified in cepl 

and pvdA. We attempted to purify the CepR protein with the intention of examining the 

protein-DNA interactions with predicted promoters. After overexpression in E. coli, a 

relatively pure His6-tagged CepR protein was purified using Ni-NTA affinity 

chromatography (Fig. 24). We were unable to demonstrate reproducible band shifts in 

CepR retardation assays with either the cepl or  pvdA promoters (Fig. 25). It is a 

possibility that the His6-tagged CepR protein does not have DNA binding activity or that 

the binding conditions have not been appropriately optimized. Future experiments 

include the cleavage of the N-terminal Hisb tag, the use of end-labelled DNA probes and 

alternative strategies to effectively re-fold the His6-tagged CepR fusion protein, 



Chapter 6. CONCLUSIONS AND FUTURE DIRECTIONS. 

Burkhnlderia cepacia is the 'Jekyll and Hyde' of the microbial world. It is in some 

circumstances a lethal pathogen and in others. a potential solution to a number of 

agricultural and environmental dilemmas. This period in microbiology marks the 

genomic revolution with the sequencing of numerous microbial genomes. Fortunately, B. 

cepacia has recently been selected by the Sanger Sequencing Center as an appropriate 

organism for genome sequencing. 

The phenomenon of bacterial cell-cell signaling is now recognized as a 

fundamental inter-bacterial communication mechanism that allows for complex, 

coordinated population behaviors reminiscent of multicellular forms of life. Examples of 

such behaviors include fruiting body formation in Myxococcus. swarming motility in 

Serratiu, biofilm development in Pseudomotzas, plasmid conjugation in Agrobncterium, 

infectious interactions between human or plant hosts and bacteria such as Envinia and 

Pseudomonas. N-acyl HSL signaling is simply one mechanism among a diversity of 

signaling processes in bacteria. 

The study of B. cepacia pathogenesis is progressing rapidly with the identification 

of numerous extracellular virulence factors, invasion mechanisms and immune response 

evasion mechanisms. Little is known about the regulation of these phenomena. especially 

the signals that B. cepacia responds to during infections in plants or humans. The focus 

of this dissertation is the role of N-acyl HSL signaling in virulence factor production in B. 

cepacia. A model describing the ceplR quorum sensing system is provided in Figure 26. 

The ceplR system controls ornibactin production. protease production, autoinducer 

production and surface motility. At least two of the ornibactin 
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Figure 26. The cepIR quorum sensing model in Burkholderia cepacia. The gene 
encoding cepl encodes an autoinducer synthase responsible for the synthesis of N- 
octanoyl HSL production. Presumably, the autoinducer accumulates until a 
threshold concentration is achieved at which time, the CepR transcriptional regulator 
encoded by cepR is activated by binding to N-octanoyl HSL. The expression of cepl 
is positively regulated by CepR, thereby constituting a positive feedback loop. CepR 
also regulates its own synthesis which might serve as a 'shut-off mechanism if 
individual cells are removed fkom a quorum. CepR positively regulates protease 
production, but the mechanism has not been identified. CepR negatively regulates at 
least two ornibactin biosynthesis genes, pvdD and p d A .  CepR likely regulates 
promoters required for surface motility. Genes required for biosurfactant production 
and pilin assembly/export are candidates for genes required for surface motility. The 
plus or minus sign indicate positive or negative transcriptional regulation. The black 
boxes indicate potential Z t a  boxes in the promoters of CepR-regulated genes. A 
question mark indicates the structural genes that have not been characterized. 



biosynthesis genes, specifically pvdA and pvdD, as well as the cepl autoinducer synthase 

are transcriptionally regulated. The CepR protein appears to regulate protease production 

and surface motility but the target genes responsible for these phenotypes have not been 

identified. It is hypothesized that the gene encoding at least one B. cepncia protease and 

the genes involved in surface motility are also transcriptionally controlled. 

On the basis of the similarities of surface motility between P. aerciginosa and B. 

cepacia, it is also hypothesized that genes responsible for (i) biosurfactant or 

polysaccharide production and (ii) pilin export (or assembly) are directry or indirectly 

regulated by cepR.  In our study of B. cepacia surface motility, we did not identify any 

candidate biosurfactant molecules but provided some evidence that biosurfactants may be 

required for surface motility. In P. neruginosa, type IV pili are essential for surface 

motility (Chapter 2, Section 3.3.4) but the PilA protein or the pilA transcripts are not 

affected in lusl and rhfl mutants (Glessner et al., 1999, Pearson et al., 1995). Therefore, 

the pilus biogenesis pathway was proposed as a potential P. aencginosa quorum sensing 

target involved in twitching motility. Although B. cepacia did not exhibit motility in the 

standard sub-agar twitching assay, the surface motility observed is likely some form of 

twitching motility. 

We examined the effect of cepR on three of the four siderophores produced by B. 

cepacici and showed that only ornibactin is regulated by ceplR. It remains to be 

determined if cepR controls the fourth type of siderophore, cepabactin. An intriguing 

question that results from this finding is; why are siderophores negativery regulated in 

response to population density? 



Siderophores, like proteases and other degradative enzymes, play a role in 

nutrient acquisition. However, the accumulation of intracellular iron can be deleterious 

by catalyzing the formation of hydroxyl radical formation in the Haber-Weiss and Fenton 

reactions (Crosa, 1997). Thus, negative regulatory proteins such as Fur are employed to 

limit iron acquisition under iron replete conditions. In E. coli, the oxidative stress 

responses mediated by OxyR and SoxRS upregulatefitr to limit further iron uptake and 

subsequent oxidative damage (Zheng et al., 1999). 

One hypothesis to explain the negative regulation of ornibactin production by 

cepR is that this provides an additional Ievel of control of siderophore-mediated uptake 

when cells are growing at high cell densities in iron-poor or iron-rich medium, which is 

likely to occur under aerobic conditions for B. cepacia. In this way, iron and cell-density 

serve as independent environmental signals to limit the uptake of iron. The ornibactin 

biosynthetic genes pvdA and pvdD are still iron-regulated in a cepR mutant, indicating 

that iron-regulation, likely mediated byfrtr, is not under the control o f  the ceplR regulon. 

Thefrtr mechanism of siderophore regulation has not been studied but afrtr homolog has 

been identified in B, cepacin (Dennis, 2000)- W e  also have preliminary evidence thatfitr 

is not an upstream regulator of cepIR. The cepR-lac2 fusion demonstrates increased 

expression when the iron concentration is increased in the medium which is the opposite 

expression pattern officr-regulated genes. 

Ornibactins are produced in 87% of clinical B. cepacin isolates (Darling er al., 

1998). Quantitatively, ornibactins are produced in relative abundance in comparison to 

pyochelin and salicylic acid under irr vitro conditions (Tables 3, 4, 10). Also, the 

production of ornibactin and the ability to utilize ornibactin-mediated acquisition 



pathways are essential for virulence in chronic respiratory infection model (Sokol et al., 

1999, Sokol et  al., submitted). Lastly, peptide siderophores such as ornibactins generaily 

have stronger iron-binding affinities than pyochelin, salicylic acid or cepabactin. The 

binding affinities for the 8. cepncia siderophores have not been compared but the 

observation that ornibactin negative, salicylic acid positive strains do not have CAS 

activity have proven that ornibactin is a stronger iron chelator than salicylic acid (Sokol 

et al., 1999). These data indicate the relative importance of ornibactin and may explain 

why only ornibactin production is regulated by ceplR. 

P. aerzcginosa is a pathogen of humans and plants and some of the virulence 

factors produced by this organism (exotoxin A, phospholipase C, gacA-controlled 

products) are employed during the pathogenesis of both Arabidopsis rhaliana leaf and 

burned mouse models of infection (Rahme er al., 1995, 1997). In B, cepcrcicc, i t  is not 

known if virulence factors have overlapping functions in the pathogenesis of human and 

plant infections. In an attempt to identify other B. cepacia virulence factors regulated by 

ceplR, we have collaborated with other B. cepacia research laboratories. 

For the maceration of onion tissue, 8. cepacirz produces a plasmid encoded 

polygalacturonase (Peh) similar to other plant pathogens such as E. cnrntovora and R. 

sola~zacecrntnz (Gonzalez et nl., 1997). This type of degradative enzyme is regulated by 

quorum sensing in Erwinia and therefore is a candidate target of the ceplR system in B. 

cepcrcin. The cepl  and cepR mutants in strain K56-2 were not altered with respect to 

polygalacturonase activity (C.  Gonzalez, unpublished observation). 

The enzyme superoxide dismutase transforms the toxic superoxide (0'3 anion to 

peroxide which is subsequently degraded by catalase. Thus, these enzymes protect 



against oxidative killing mechanisms of host cells. In P. crer~lginosa, the expression of 

these enzymes is quorum sensing-controlled (Hassett et crl., 1999). The cepl mutant was 

shown not to have any defects with respect to catalase o r  superoxide dismutase 

production (M. VaIvano, unpublished observations). 

Exopolysaccharide production and hence mucoidy is a common phenotype of B. 

cepacin isolates (Cerantola et al., 2000) but its role as a virulence factor remains 

unknown. The effect of cepR mutations on the mucoid phenotype in B. cepacirr was 

examined. When grown on 0.2% yeast extract and 1% mannitol, B. cepcrcin exhibits a 

rnucoid morphology similar to P. aerrlginosa. The panel of strains tested represented the 

five genomovars of the B. cepucia complex and the majority (16/22) was mucoid under 

these conditions (data not shown). Interestingly, the strain K56-2 that was used for the 

surface motility studies was one of the isolates that did not illustrate a mucoid phenotype. 

Thus, it appears that the exopolysaccharide responsible for mucoidy does not play a role 

in surface motility. P. rnirabilis produces a polysaccharide that facilitates swarming 

motility in a manner similar to the role of biosurfactants (Gygi et al., 1995). Secondly, 

the cepR derivatives of strains Pc224c and Pc7 15j also demonstrated a rnucoid phenotype 

indicating that this particular exopolysaccharide is not positively regulated by cepR (data 

not shown). 

Conway and Greenberg have identified the hvilR quorum sensing system in 

Burkholderici vietrtamiensis G4 (genomovar V )  (2000). Four autoinducer activities were 

detected in B. vietnainierzsis with N-decanoyl HSL being the most abundant but lesser 

amounts of AHLs with 6-, 8-, and 12-carbon acyl groups were produced. Disruption of 

the bvil gene resulted in the loss of detection of a11 N-acyl HSLs with the exception of N- 



octanoyl HSL (Conway and Greenberg, 2000). No phenotypes were reported to be 

regulated by hviiR in B. vietnamiensis. Random 'plasposon' mutagenesis of B. 

vietnntniertsis DBO 1 also led to the identification of a fit-rI homolog (Dennis and ZyIstra, 

1998) that we have shown to be identical to t h e  hvil gene. This suggested the presence of 

at least two independent quorum sensing systems in the B. cepacicr complex (Bcc). To 

determine the distribution of these two quorum sensing systems within the Bcc, PCR 

amplification of internal fragments to cepl, cepR and hvil in representative Bcc strains 

was performed (Lutter et ul., 2000). From these studies it was concluded that ceplR are 

present in genomovars I through V and that bvil was only present in genomovar V. The 

presence of these genes in genomovars VI and VII remains to be determined. The 

identification of multiple quorum sensing circuits in B. vietrzat7ziensis is analogous to the 

multiple systems in P. aerrtginosn and Yersinin pserrdotuherc~tlosis (Van Delden and 

Iglewski. 1998, Atkinson et al., 1999). 

B. cepacicr and P. aer~tginoscr are both important pathogens in CF patients and 

utilize quorum sensing to regulate the production of similar virulence factors such as 

protease production and surface motility. Given these functional similarities, we were 

interested in examining the effects of rhlR and h s R  mutations on siderophore production 

in P. aerrrginosa. In a preliminary investigation using the semi-quantitative CAS assay, a 

lasR mutant produced 80% and 150% larger zones on CAS agar in the absence and 

presence of LO pM FeC13, respectively, than the parent strain (data not shown). This 

result suggests that the negative regulation of siderophores by quorum sensing is more 

common than reported. In contrast to this finding, there are at Ieast two reports indicating 

that pyoverdine production is positively regulated by LasR (Stintzi et a!., 1999, Whiteley 



er al., 1999). Under some conditions, a rhlR mutant also hyperproduces siderophores (22- 

50% larger zones compared to the parent) as measured by the CAS assay (data not 

shown). In this case, the literature supports this finding since the rltll mutant PDOIOO 

was shown to produce two-fold more pyoverdine (Brint and Ohman, 1994). These data 

warrant a more thorougi~ investigation of siderophore production via quorum sensing in 

P. cienrginosa. 

The CF respiratory environment is a specialized niche that may act to select for 

specific adaptations in organisms that colonize this niche. For exampIe, the majority of 

CF isolates of P.  ccerugirzos~i after long-term colonization are mucoid but after passage 

under laboratory conditions, the isolates revert to nonmucoidy. The genetic mechanisms 

of this phenotypic alteration have been Iinked to mutations in alginate negative regulators 

that result in deregulated alginate production (Govan and Deretic, 1996). As a virulence 

factor, alginate has several putative roles in the pathogenesis of lung disease including 

protection from phagocytosis and biofilm growth (Govan and Deretic, 1996). The CF 

lung also selects for specific LPS molecules in P. ciencgilznsa that demonstrate greater 

immunostimulatory activity and contribute to resistance to antimicrobid peptides (Emst 

et a!., 1999). 

The conversion to mucoidy is associated with decreased production of virulence 

factors in mucoid isolates from human CF infections (Ohman and Chakrabarty, 1982, 

Woods et ctl., 1986) and in mucoid isolates recovered from animal models of infection 

(Woods et dl . ,  1991). The decrease in exotoxin A production observed in mucoid P. 

aerugirzosu isolates recovered from chronically infected rat lungs may be due to a genetic 

rearrangement that occurred upstream of toxA (Woods et al., 1991). Alternatively, the 



mechanism to account for the inverse relationship of mucoidy and virulence factor 

production may be due to coordinate transcriptional regulation (Mohr et al., I990), 

however the algD, lasB and kzsA transcripts were all shown to accumulate in the sputum 

of CF patients and therefore did not appear to be inversely regulated (Storey et al., 1997). 

Geisenberger et crl. hypothesized that decreased virulence factor production in P. 

crer~iginostr isolates from chronically infected patients might be due to mutations that 

result in decreased ZV-acyl HSL production (2000). To support this hypothesis, they 

demonstrated that (i) a P. aerugirzosci isolate recovered from a patient co-colonized with 

B. cepacici did not produce any N-acyl HSLs during the period of co-colonization but (ii) 

most P. cterugirzosct isolates did not show altered types or amounts of N-acyl HSL 

production profiles. In addition. one of two B. cepctcici isolates recovered from patients 

from mixed infections was also shown not to produce any N-acyl HSL molecules 

(Geisenberger et al., 2000). These data suggest the possibility that co-colonization but not 

chronic infections with P. aeridginosa alone may lead to adaptations that decrease 

virulence factor production via mutations that abolish N-acyl HSL production. 

Quorum sensing in B. cepnciu is proving to be an interesting model for virulence 

factor regulation. The target genes include both positive and negative transcriptionally 

regulated genes. One of the future directives of this project is to identify additional genes 

and phenotypes regulated by ceplR. This project is currently underway in our laboratory. 

The approach to identify cepl regulated genes is to mutagenize the cepl::nnp mutant with 

Tn5-OTI82 and identify promoters that respond to the presence or absence of OHL. TnS- 

OT182 contains a promoterless l a c 2  reporter that is expressed after insertion into an 

active, OHL positively regulated gene. This strategy will allow for the identification of 



both upregulated and downregulated target genes. The alignment of promoters regulated 

by cepR will allow for the construction of a B. cepucirr Lcx box consensus sequence. 

An alternative to the above genetic method would be to use a series of i r z  vitm 

selection reactions for DNA fragments (- 200 bp) capable of interacting with CepR. This 

approach was used successfully to identify a total of 20 fir-regulated genes in P. 

aencginasa, the majority of which represented potential novel virulence factors (Ochsner 

and Vasil. 1996)- This assay would require functional CepR protein and an affinity 

chromatography method for isolating protein:DNA complexes. The present limitation to 

this kind of study is the lack of demonstrable CepR DNA binding activity. If the His6- 

CepR fusion protein can be shown to bind DNA, potential target DNAs can be applied to 

the Ni-NTA column to bind CepR and subsequently eluted in association with the 

protein. The DNA fragments bound to CepR could by cloned, sequenced and confirmed 

as binding targets in mobility shift assays. The promoter features could be identified by 

either sequence comparison or DNase footprinting experiments. 

B. cepacirr regulates the control of two established virulence factors, protease and 

the siderophore ornibactin. The use of a chronic respiratory infection model in rats has 

demonstrated the importance of these virulence factors. Therefore, it will be interesting to 

test the virulence of a cepR mutant that does not produce protease and hyperproduces 

ornibactin. For this study the following mutants could be used to dissect the relative 

importance of these virulence factors: the parent strain K56-2, the cepR mutant K56-R2, 

the pvdA mutant 11 17 and the cepR-pvdA double mutant I1 17-R2 1. These controls would 

allow one to determine if the hyperproduction of ornibactin compensates for the lack of 

production of other cepii-regulated factors. 



Regarding the mechanism of cepIR regulation of target genes, further studies are 

required to identify the promoter regiorrs of ceplR, pvdA and pvdD. Transcriptional start 

sites for genes could be mapped using primer extension or S 1 nuclease protection 

experiments. We have tried unsuccessfulIy to map the transcriptional start sites of pvdA 

and cepI. Once the transcriptiond start sites are mapped, the promoters can be identified 

and the relative position of potential I r a  boxes assessed. Since retatively little is known 

about the negative regulation of quorum sensing genes. this study will be especially 

important for the B. cepacin cepR, pvdD and pvdA genes. 

Surface motility in B. cepacicc requires a functional ceplR system. Preliminary 

data indicate that polar pili, possibly similar to type TV pili in P. nerrrgi~.rosa, are required. 

It was not confirmed if the ceplR mutants still produce polar pili since most of the 

electron microscopy studies were performed on the wild-type strain with the emphasis on 

determining the number and arrangement of flagella. The sample preparation methods 

were based on protocols for observing flagella and may have been inappropriate to 

maintain the integrity of polar pili, Therefore, to determine if pili are expressed in the 

ceplR mutants of B. cepncia, an electron microscopy study using appropriate protocols is 

warranted. The absence of any known bacteriophage that infects B. cepncia via specific 

pili types prohibits the use of phage to determine if non-functional pili are expressed on 

the surface of ceplR mutants. In addition, a genetic approach could be employed to 

identify genes required for surface motility considering that (i) a simple plate assay for 

surface motility has been developed and (ii) strain K56-2 is amenable to transposon 

rnutagenesis. 



Few studies exist on N-acyl HSL-mediated cross-talk in natural environments in 

which multipIe species of N-acyl HSL producing organisms are present. The red alga 

Delisrcr prricizrcz produces compounds very similar in structure to N-acyl HSLs, the 

halogenated furanones. These compounds are thought to act as antagonists of LuxR- 

controlled phenotypes by competing with the cognate autoinducer for binding to the 

LuxR protein (Manefield et nl., 1999). It was hypothesized that these compounds are 

produced to inhibit the bacterial colonization of the plant in marine environments. 

Autoinducer analogs of OdDHL in P. aentginosa (Passador et al,, 1996), OHHL in V. 

ficlzeri (Schaefer et al., 1996a) and OOHL of A, tumefacierzs (Zhu et czl., 1998) have the 

ability to act as antagonists and agonists, both activities generally requiring binding to the 

respective LuxR protein. 

A preliminary analysis of N-acyl HSL mediated cross-talk between P. aenlginoscz 

and B. cepacia was performed using in vitro plate assays designed to detect agonist 

activity of heterologous autoinducers. The data suggest that B. cepcrciu can respond to 

autoinducers from both the P. aerrtgiizoscr autoinducer synthases but it cannot be 

determined which specific autoinducer contributes to the cross-talk phenomenon. Thus, 

the purification of individual autoinducer molecules or the synthesis of pure molecules 

would facilitate this kind of study. To complement the in vitro cross-feeding =says, we 

are developing B. cepacia autoinducer bioassay strains using E. coli as a recombinant 

host. The approach is to generate It~r (bioluminescence) reporter plasmids fused to the 

cepl promoter with the addition of cepR on the same plasrnid or possibly on a second 

compatible low copy vector. With the cloning of the second set of quorum sensing 

homologs, bvilR, (Dennis, unpublished observations) similar reporters might be 



constructed substituting hviR for cepR- The reporters will allow for a systematic and 

kinetic analysis of cross-talk between individual P. irer~tgirzostr and B. cepacia 

autoinducers. 

In summary, B. cepircin utilizes N-acyl H S L  signaling pathways to regulate the 

production of virulence factors. The ceplR genes have homotogy with the family of ILCXIR 

quorum sensing regulators (Fuqua et a!., 1996) and mutations in these genes alter the 

production of protease, autoinducer, the siderophore ornibactin and the ability to spread 

over 0.5% agar surfaces. The ability to respond to P. czeruginosn N-acyl HSLs and 

increase the production of protease may contribute to the pathogenesis of mixed bacterial 

respiratory infections with these organisms. The continued study of B. eepncia virulence 

properties and the roie of cepIR in regulating these phenotypes may further the 

understanding of pathogenic mechanisms common to the genomovars associated with 

severe disease in cystic fibrosis pulmonary infections. 
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