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Synopsis 

 

Burkholderia pseudomallei is a bacterial pathogen that causes a broad spectrum of 

serious and often-fatal diseases, collectively termed melioidosis. B. pseudomallei is 

capable of interacting specifically with host cells; it can adhere, invade, and survive and 

replicate intracellularly and induce the formation of multinucleated giant cells (MNGCs). 

While recent work has begun characterising these interactions at the molecular level, much 

is still unknown. In this work, B. pseudomallei interactions with eukaryotic cells were 

investigated at the cellular and molecular level. Many putative loci were studied by, firstly, 

generating isogenic mutant strains lacking a gene or locus of interest; and secondly, by 

characterising each mutant strain using a number of in vitro and in vivo models. These 

included models for adherence to eukaryotic cells, microcolony development, biofilm 

formation, twitching motility, bacterial cell aggregation, invasion of eukaryotic cells, 

actin-based motility, intracellular proliferation, multinucleated giant cell (MNGC) 

development and characterisation, gene expression, and virulence in vivo.  

Three putative type IV pilus (TFP) systems were identified in nine loci in the 

B. pseudomallei K96243 genome; type IVA, IVB, and IVB Flp pilus systems. Studies 

revealed that TFP are produced on the surface of B. pseudomallei K96243 but that TFP 

play only a minor role in adherence to eukaryotic cells using the assays described. 

However, collaborators showed that B. pseudomallei K96243 uses the type IVA pilin, 

PilA, to adhere to eukaryotic cells using a different adherence assay. Interestingly, two 

strains of B. pseudomallei adhered to eukaryotic cells to different degrees and used TFP 

(pilA) differently. B. pseudomallei K96243 adhered significantly less to four cell lines than 
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B. pseudomallei 08. Furthermore, adherent microcolony formation was shown to be a 

temperature-dependent phenotype that enhanced bacterial association with eukaryotic 

cells; however, while B. pseudomallei 08 required pilA to form microcolonies, strain 

K96243 did not form microcolonies, and cell association was markedly reduced for 

K96243 relative to strain 08. 

TFP were not required for the formation of biofilms on PVC; however, type IVA and 

IVB Flp pili were required for optimal virulence in BALB/c mice using the intranasal route 

of infection, indicating the importance of TFP for B. pseudomallei survival in vivo.  

This work also identified that growth temperature, growth medium, and association 

with eukaryotic cells were important regulatory signals for adherence/cell association, 

microcolony formation, biofilm development, and TFP (pilA) expression.  

A homologue of eukaryotic “senescence marker protein-30” (SMP-30) was 

identified in B. pseudomallei 08 and K96243 and was termed Lfp1 (for lactonase family 

protein 1). lfp-1 is located within a genomic island and is conserved in both prokaryotes 

and eukaryotes. A homologue of lfp-1 (lfp-2) was also present in B. pseudomallei K96243. 

Though sharing considerable homology, prokaryotic and eukaryotic homologues of lfp-1 

were shown to be phylogenetically distinct. Expression of lfp-1 mRNA by B. pseudomallei 

08 was significantly increased in association with eukaryotic cells, relative to maintenance 

media alone; however, lfp-1 was not required for adherence, invasion, intracellular 

proliferation, actin-based motility, or cell fusion by B. pseudomallei. Importantly though, 

B. pseudomallei 08-infected macrophage-like cells rapidly fused into MNGCs, assuming 

an lfp-1-specific osteoclast-like pattern of gene expression that was distinct from 

B. thailandensis-infected MNGCs, and the process may be different to the LPS-dependent 
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mechanisms of osteoclast-like cell induction described previously for other bacteria. 

B. pseudomallei-induced MNGC formation correlated with potent increases in mRNA 

levels for the cell fusion and multinucleation factors MCP-1, CCL9/MIP-1γ, RANTES, 

and NFATc1 in B. pseudomallei-infected cells, implicating these molecules in cell fusion. 

B. pseudomallei-induced osteoclast-like MNGCs could not authentically resorb dentine; 

however, regions of apparently demineralised dentine were observed, suggesting a defect 

in the excavation of the organic phase of bone, analogous to that observed in CTSK 

knockout mice. Finally, an lfp-1 null mutant was significantly attenuated for virulence in 

both the Syrian hamster model and the BALB/c inhalation model, indicating a role for 

lfp-1 in virulence.  
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1.1 The disease: melioidosis 

 

Melioidosis is a term describing a collection of serious and often-fatal diseases in 

humans and animals, arising from infection by Burkholderia pseudomallei. Whitmore 

and Krishnaswamy first described a novel septicaemic disease (melioidosis) in 

Rangoon, Burma, in 1911, and noted clinical similarities to glanders, the disease caused 

by Bacillus (Burkholderia) mallei (Whitmore and Krishnaswami, 1912; Whitmore, 

1913). A motile bacillus was isolated from human post-mortems and the organism was 

called B. pseudomallei (Whitmore, 1913). Whitmore re-created this disease in 

laboratory animals by feeding and inoculation, and observed lesions similar to those 

observed in humans (Whitmore, 1913). The term melioidosis was proposed (melis 

being Greek for “distemper of asses” and eidos meaning “resemblance”, describing a 

variety of conditions resembling glanders) in 1921 by Stanton and Fletcher (Stanton 

and Fletcher, 1921). 

 

1.1.1 Epidemiology  

 

1.1.1.1 Endemicity and incidence of melioidosis 

 

The major endemic foci of melioidosis are northern Australia and south-east 

Asia. Within Australia, melioidosis is hyper-endemic in the Top End of the Northern 

Territory, where it is the commonest cause of fatal community-acquired septicaemic 

pneumonia (Currie et al., 2000b). In the Northern Territory, melioidosis had an annual 

incidence averaging 16.5 cases per 100,000 people between 1989 and 1999 (Currie et 

al., 2000b), peaking at 41.7 cases per 100,000 people in 1998 following high rainfall 

and two severe weather events (Currie et al., 2004). Indeed, the highest reported 
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incidence of melioidosis occurs in the rainy and monsoonal seasons, presumably from 

greater numbers of bacteria in the top soil (Strauss et al., 1969; Currie and Jacups, 

2003). In 1998 there were 11 cases of melioidosis reported in north Queensland from  

1 January to 13 March, following severe flooding; three cases were fatal and two of the 

11 cases had no recognised risk factors for infection (Anonymous, 1998).Within an 

area of the Torres Straight in northern Queensland between 2000 and 2002, the 

incidence of melioidosis was 40 cases per 100,000 people (Faa and Holt, 2002; Cheng 

and Currie, 2005). A comprehensive study of Australian melioidosis over ten years 

reported a bacteraemia rate of 46% (252 patients) and a mortality rate of 19% (Currie et 

al., 2000c). 

Melioidosis is also endemic in northeast Thailand, and is responsible for 20% of 

all community-acquired septicaemias (Chaowagul et al., 1989). Furthermore, almost 

80% of the population of north-east Thailand have developed antibodies to 

B. pseudomallei by the age of four (Ellis and Titball, 1999). The annual incidence of 

melioidosis in Ubon Ratchathani province was reported to be 4.4 cases per 100,000 

people (Suputtamongkol et al., 1994). During 1994 and 1995, over 1,100 isolates of 

B. pseudomallei were obtained in Thailand (Leelarasamee et al., 1997) indicating that 

the number of actual cases in Thailand is greater than in Australia. 60% of melioidosis 

cases in Thailand are bacteraemic and mortality occurs in 44% of cases 

(Suputtamongkol et al., 1994). A more recent report indicates that severe melioidosis in 

Thailand results in approximately 50% mortality (White, 2003). 

Singapore is also endemic for melioidosis, with an annual incidence of 1.7 cases 

per 100,000 people reported between 1989 and 1996 (Heng et al., 1998). An unusually 

high mortality (40%) was documented in early 2004 and was attributed to unusually 

heavy rain and flooding (O. P. Lim, Abstr. 4
th
 World Melioidosis Congr., abst. 3, 
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2004). A correlation between incidence of melioidosis and rainfall or season had not 

been observed previously in Singapore (Heng et al., 1998).  

 

1.1.1.2 Geographical distribution of melioidosis 

 

In Australia, melioidosis was first described in sheep in Winton, Queensland 

(Cottew, 1950), and the first human case was reported in Townsville (Rimington, 

1962). Over 150 cases of melioidosis were reported in piggeries around the Burnett 

River in south-east Queensland between 1981 and 1983 (Ketterer et al., 1986). Cases 

have also been recorded in Ipswich in south-east Queensland (Munckhof, 2001), Mt Isa 

in western Queensland, and Kununurra, Halls Creek, Derby, and Broome in the 

Kimberley region of north-western Australia (Currie, 2000; Inglis et al., 1999). The 

Royal Darwin Hospital has had the largest number of human cases in Australia (Currie, 

2000).  

As stated above, melioidosis is endemic in Thailand and Singapore. However, 

B. pseudomallei infection has been documented in many other countries including 

Papua New Guinea, Malaysia, Laos, Cambodia, Burma, Vietnam, Philippines, Brunei, 

Indonesia, China, Hong Kong, Taiwan, India, Sri Lanka, Bangladesh, Pakistan, Turkey, 

the West Indies, Korea, and parts of Central and South America
 
(reviewed by 

Leelarasamee and Bovornkitti, 1989; Cheng and Currie, 2005). Most cases reported 

outside Australia and south-east Asia are thought to be from global tourism into 

endemic areas, and from the export of animals (Dance, 1991).  

 

1.1.1.3 Modes of infection                                                                                               

 

The literature supports three main routes of B. pseudomallei infection: ingestion,  



   

  Chapter One: Introduction 

  5  

 

inhalation, and inoculation; however, the relative contribution of each route to disease 

in unclear (Currie et al., 2000b; Cheng and Currie, 2005). 

As early as 1921, reports identified ingestion of contaminated food as a primary 

mode of B. pseudomallei infection of animals (Stanton and Fletcher, 1921; Stanton and 

Fletcher, 1932). Ingestion has also been implicated in more recent cases of animal 

melioidosis including in sheep (Cottew et al., 1952) and pigs, for which contaminated 

water was a likely cause (Ketterer et al., 1986). Human melioidosis (including some 

fatal cases) from ingestion have been reported and contaminated potable water was 

thought to be responsible (Currie et al., 2000b; Currie et al., 2001; Inglis et al., 1999).   

Inhalation is reportedly a common source of B. pseudomallei infection. 

Helicopter crews in the Vietnam War had atypically high incidences of melioidosis, 

attributable to the inhalation of soil and dust containing B. pseudomallei following 

aerosolisation by circulating rotor blades (Howe et al., 1971), and almost 2% of 

unwounded soldiers has significant antibody titres against B. pseudomallei (Sanford, 

1990). Aerosolisation of bacteria in endemic areas during rainfall is likely to contribute 

to infection from inhalation (Currie and Jacups, 2003). Additionally, melioidosis 

following near-drownings has been reported (Achana et al., 1985) and this is attributed 

to inhalation and ingestion of water containing B. pseudomallei. There is also a case of 

laboratory acquired melioidosis following sonication without the use of a safety hood 

(Schelch et al., 1981) indicating that aerosolised bacteria are infectious to humans 

(Ellis and Titball, 1999), though the infectious dose is unknown. It is noteworthy, 

however, that cases of pneumonic melioidosis have occurred following presumptive 

skin inoculations, suggesting that haematogenous spread to the lung, rather than 

inhalation, is involved in the progression of infection (Currie et al., 2000b). 

It is the current consensus that percutaneous inoculation is the primary route of 

infection for melioidosis (Leelarasamee and Bovornkitti, 1989; Dance, 1990; Currie et 
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al., 2000b). B. pseudomallei can be readily isolated from moist soil and still water in 

endemic regions; inoculation of compromised skin, such as cuts, abrasions, or wounds, 

is thought to occur from rice paddies, palm fields, monsoon drains, gardens, and 

playgrounds of endemic areas (Ellison et al., 1969; Leelarasamee and Bovornkitti, 

1989). The increased incidence of melioidosis during rainfall is attributed to rising 

water tables in the rainy seasons that move the organism through the clay and 

under-soil to nearer the surface (Chaowagul et al., 1989). This relocation increases the 

chance of exposure to animals and humans and inhalation or inoculation can then occur 

(Chaowagul et al., 1989). This may explain the high occurrence of disease amongst rice 

farmers and their working families, who rarely wear protective clothing (Chaowagul et 

al., 1989; Leelarasamee and Bovornkitti, 1989). 

Unlike many bacterial infections, human-to-human transmission of 

B. pseudomallei is rare. One case involving sexual transmission from a Vietnam 

veteran with prostatic melioidosis to his partner has been reported (McCormick et al., 

1975). Another report involved two siblings, one of which had cystic fibrosis (Holland 

et al., 2002). Other cases involved perinatal transmission (Lumbiganon et al., 1988; 

Halder et al., 1998), breast milk transmission (Ralph et al., 2004) and mother-to-child 

spread (Abbink et al., 2001). 

 

1.1.2 Clinical features of melioidosis 

 

Melioidosis has a spectrum of clinical presentations that can mimic essentially 

any other infection and is therefore often misdiagnosed (Leelarasamee and Bovornkitti, 

1989; Ellis and Titball, 1999). However, the commonest clinical presentation of 

melioidosis is pneumonia (Chaowagul et al., 1989; Dance, 1990; Currie et al., 2000c). 

Melioidosis can be acute, sub-acute, chronic, or sub-clinical (Howe et al., 1971; Guard 
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et al., 1984; Ellis and Titball, 1999); however, a comprehensive classification system 

for melioidosis does not yet exist. Melioidosis can be localised or disseminated, and 

can affect essentially any organ (Leelarasamee and Bovornkitti, 1989). This includes 

the skin, spleen, liver, kidneys, bladder, pleural spaces, lymph nodes, pericardium, 

peritoneum, joints, bone (including the skull and spine), brain and brainstem, genital 

organs (including the prostate and cervix), and muscles (Leelarasamee and Bovornkitti, 

1989; Currie et al., 2000b; Sirikulchayanonta and Subhadrabandhu, 1994; 

Manson-Bahr and Bell, 1987).  

Over ten years within Australia, 88% of cases presented with acute disease and 

12% with chronic illness (Currie, 2000). The acute form of melioidosis usually 

involves immuno-compromised individuals and includes pulmonary or septicaemic 

illness with multiple abscesses, and is rapidly fatal if untreated (Leelarasamee and 

Bovornkitti, 1989; Currie, 2000; Brett and Woods, 2000). Indeed, up to 80% of 

septicaemic cases in Thailand resulted in death despite treatment with conventional 

antibiotics (Chaowagul, 2000; Leelarasamee, 1998). Human post mortems from acute 

cases revealed intracellular bacteria occurring as “globi” within macrophages and the 

presence of “giant” cells (Wong et al., 1995) indicating that intracellular survival and 

proliferation is a significant feature of septicaemic human disease. An important 

component of acute disease is septic shock, where 86% mortality is reported (Currie et 

al., 2000c).  

Sub-acute disease involves prolonged febrile illness involving multiple abscesses 

and B. pseudomallei can be detected in bodily tissues and secretions, including blood, 

urine, and pus (Smith et al., 1987; Leelarasamee and Bovornkitti, 1989). The chronic 

(local suppurative) form of melioidosis is variable but often involves the formation of 

lesions in the skin and subcutaneous tissues (Manson-Bahr and Bell, 1987), and 

granulomas (Piggott and Hochholzer, 1970; Wong et al., 1995), which are 
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indistinguishable from those induced by tuberculosis (Piggott and Hochholzer, 1970). 

Sub-clinical infection is reportedly the commonest form of melioidosis and is 

asymptomatic; this type of disease has the potential to reactivate and can be detected by 

serology (Leelarasamee and Bovornkitti, 1989; Manson-Bahr and Bell, 1987). 

Symptoms from B. pseudomallei infection by inoculation can take up to 21 days 

to become apparent (mean of nine days; Currie et al., 2000b). However, latency periods 

of up to 26 and 29 years have been reported in ex-military personnel (Mays and 

Ricketts, 1975; Chodimella et al., 1997).  

 

1.1.3 Diagnosis of melioidosis  

 

The varied clinical manifestations of B. pseudomallei infection make the 

diagnosis of melioidosis very difficult. Culturing the organism from a patient is the 

“gold standard” for diagnosis (Asche, 1991),
 
though 48 hours is required for the 

characteristic colonial morphology to develop (Puthucheary, 1994). Gram-stain and 

other histological stains are not specific for B. pseudomallei (Cheng and Currie, 2005); 

however, if Gram-negative bipolar staining bacilli are observed in the sputum, the 

organism can be readily cultured and identified (Sanford, 1990). In acute cases, blood 

and urine cultures will often contain bacteria whereas biopsy may be required for 

sub-acute or chronic forms of melioidosis (Sanford, 1990). Moderately recent 

infections can be detected using Immunoglobulin M (IgM) immuno-fluorescence tests, 

and serological studies may aid in identifying active or recrudescent disease (Dance, 

1991). Furthermore, indirect haemagglutination (IHA) and complement fixation tests 

are available, though the presence of an active infection requires the testing of paired 

sera over several weeks (Smith et al., 1987; Chaowagul et al., 1989). Molecular 

approaches using polymerase chain reaction (PCR) targeting 23S rRNA, 16S rRNA, 
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and the 16S and 23S rRNA junction, and sequencing of 16S rRNA have all been used 

successfully (reviewed by Sirisinha et al., 2000; Cheng and Currie, 2005).  

A definitive diagnosis that distinguishes between B. pseudomallei and other 

closely related organisms, including B. mallei, B. cepacia, B. multivorans, and 

B. thailandensis can be difficult (Inglis et al., 2005). Inglis and co-workers suggest a 

multi-factorial procedure of diagnosis as the most robust method of identifying 

B. pseudomallei, as it reduces false positives (Inglis et al., 2005). This includes the 

collective use of Gram-stain, oxidase test, antibiotic sensitivity, monoclonal antibody 

agglutination, gas-liquid chromatography analysis of bacterial fatty acid methyl esthers 

(GLC-FAME), and PCR (Inglis et al., 2005).  

 

1.1.4 Treatment of melioidosis 

 

B. pseudomallei is resistant to many antibiotics including gentamicin, 

streptomycin, penicillin, ampicillin, first- and second-generation cephalosporins, 

tobramycin, netilmicin, and polymyxin (Leelarasamee and Bovornkitti, 1989). Many of 

these antibiotics are used to treat septicaemia, making the treatment of acute 

septicaemic melioidosis difficult. A number of studies have investigated the 

susceptibility of B. pseudomallei to various antibiotics (reviewed by Cheng and Currie, 

2005). B. pseudomallei is sensitive to imipenem and more current β-lactams such as 

ceftazidime, piperacillin, amoxycillin/clavulanate, ceftriaxone, and ceftriaxime, 

amongst others (Cheng and Currie, 2005). Over the past twenty years, work on novel 

treatments for melioidosis has reduced mortality from 80% (Leelarasamee, 1998; 

Chaowagul, 2000) to approximately 40% (White et al., 1989; Cheng and Currie, 2005). 

The current standard treatment for melioidosis in Australia is initial therapy with 

ceftazidime, imipenem, or meropenem, with the addition of cotrimoxazole for 
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approximately 14 days, depending on the severity and number of symptoms (Currie, 

2000). Subsequent eradication/maintenance therapy with cotrimoxazole, 

chloramphenicol, and doxycycline should be sustained for between three and six 

months (Currie, 2000). 

It is of interest that macrophage-permeable antibiotics were more effective than 

non-permeable antibiotics in the treatment of melioidosis using a mouse model of 

melioidosis (Fukuhara et al., 1995). Furthermore, Currie and co-workers reported fatal 

human cases of melioidosis despite aggressive treatment with ceftazidime, meropenem, 

or imipenem; B. pseudomallei was persistently cultured from these patients and was 

consistently sensitive to these antibiotics in vitro (Currie et al., 2000c). It would seem, 

therefore, that the intracellular nature of B. pseudomallei during infection is an 

important factor during treatment. Whether biofilm formation in vivo is related to 

increased antibiotic resistance, and difficulties in the effective treatment of melioidosis, 

requires clarification (Vorachit et al., 1993; Costerton et al., 1999). 

The use of granulocyte colony stimulating factor (G-CSF) as a treatment for 

patients with melioidosis-associated septic shock has had remarkable success; a 

reduction in mortality from 95% to 10% was reported (Cheng et al., 2004). A 

randomised placebo-controlled investigation of G-CSF as a treatment for melioidosis is 

currently underway in Thailand (Cheng and Currie, 2005).  

Analogous to tuberculosis, melioidosis can relapse following therapy. Studies 

reported up to 23% of melioidosis patients in Thailand, and 13% of patients in 

Australia, relapsed despite receiving reliable eradication/maintenance therapy 

(Leelarasamee, 1998; Currie et al., 2000a). Molecular typing of isolates from patients 

with recurrent melioidosis showed that most relapses were from insufficient eradication 

rather than from re-infection (Haase et al., 1995). This was attributed to incomplete 

eradication/maintenance therapy, the severity of the disease, the lack of ceftazidime in 
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the initial therapy, the use of which reduces relapse by 50%, the duration of eradication 

therapy, and the choice of agents for eradication therapy (Chaowagul et al., 1993; 

Currie, 2000; Currie et al.,  2000b).  

 

1.1.5 Predispositions to melioidosis 

 

While fulminant melioidosis can occur in healthy people, mortality rarely occurs 

in the absence of defined risk factors (Currie, 2000). A study in Thailand showed that 

64% of melioidosis patients had a preceding illness, the most notable of which (33.5%) 

was diabetes mellitus (Chaowagul et al., 1994). An Australian study reported 37% of 

patients having diabetes mellitus, some of which were diagnosed with diabetes on 

presentation with melioidosis (Currie et al., 2000c). Other risk factors include 

excessive alcohol consumption, chronic lung disease, chronic renal disease, rheumatic 

heart disease, aboriginality, of male sex, anaemia and other blood disorders, pregnancy, 

consumption of kava (a root-extract of the plant Piper methysticum), steroid use, 

underlying infections including those by Mycobacterium spp. but rarely human 

immuno-deficiency virus (HIV), leukaemia/lymphomas, and impaired cellular 

immunity (Leelarasamee and Bovornkitti, 1989; Tanphaichitra, 1989; Currie et al., 

2000c; Cheng and Currie, 2005). It is of particular interest that, as of the year 2000, 

Aboriginal Australians comprised 24% of the population in the Top End of the 

Northern Territory; however, 50% of documented melioidosis cases over a nine year 

period were in Aborigines (Currie et al., 2000b). This may be due to legitimate 

physiological differences, including risk factors, or to lifestyle (Currie et al., 2000b).   

The biological links between the aforementioned risk factors and melioidosis are 

not yet known. A number of these underlying conditions involve impairment of 

polymorphonuclear leukocytes (PMNLs), neutrophils, and other phagocytic cells, and 



   

  Chapter One: Introduction 

  12  

 

this is likely to be important in the pathogenesis of melioidosis (Currie et al., 2000c; 

Cheng and Currie, 2005).     

 

1.1.6 Melioidosis in mammals  

 

B. pseudomallei is not solely a human pathogen. Indeed, Whitmore fulfilled 

Koch’s postulates by reproducing melioidosis in laboratory animals (Whitmore, 1913). 

Since then, there have been reports of melioidosis afflicting many animals, including 

birds, dogs, cats, rats, rabbits, koalas, sheep, goats, alpacas, kangaroos, pigs, camels, 

deer, horses, monkeys, and dolphins  (reviewed by Ellis and Titball, 1999; Cheng and 

Currie, 2005). Fowl, cattle, water buffalo, and crocodiles may be immune to infection 

by B. pseudomallei (Smith et al., 1987; Cheng and Currie, 2005). Animal-to-human 

transmission of melioidosis has not been documented (Leelarasamee and Bovornkitti, 

1989; Dance, 1990).  

 

1.1.7 Animal models of melioidosis 

 

Animal models can be very useful for studying bacterial virulence determinants 

and the pathogenesis of disease. As reviewed above (1.1.6) melioidosis is a disease of 

many animals and this may be reflected in the variety of animal models reported in the 

literature. 

The development of animal models for melioidosis has chiefly focused on acute 

disease. Animal models include the use of diabetic rats (Woods et al., 1993), guinea 

pigs (DeShazer et al., 1998), Syrian hamsters (Brett et al., 1997), mice (Leakey et al., 

1998; Gauthier et al., 2001; Liu et al., 2002; Jeddeloh et al., 2003), pigs (Najdenski et 
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al., 2004), and the nematode Caenorhabditis elegans (O'Quinn et al., 2001; Gan et al., 

2002). 

Owing to the prevalence of diabetes mellitus in patients with melioidosis 

(reviewed in 1.1.5), Woods and colleagues devised the diabetic rat model using an 

intraperitoneal route of infection (Woods et al., 1993). Diabetes-induced rats’ 

demonstrated far greater susceptibility to B. pseudomallei-induced septicaemia than 

control rats, as reflected by both LD50 and lung loads (Woods et al., 1993). The diabetic 

rat model has since been used to investigate a number of putative B. pseudomallei 

virulence determinants with some success (Sexton et al., 1994; DeShazer et al., 1997; 

Jones et al., 1997; DeShazer et al., 1998). 

Only two investigations report the use of guinea pigs to study B. pseudomallei 

(Vorachit et al., 1995; DeShazer et al., 1998). One study showed the presence of 

glycocalyx enclosed microcolonies of B. pseudomallei in the lung of guinea pigs 

following infection directly into the lung using a curved bead-tipped needle (Vorachit 

et al., 1995). The second study showed that a lipopolysaccharide (LPS) mutant of 

B. pseudomallei had an LD50 that was 10-fold less than the wild-type strain when given 

intraperitonealy to guinea pigs (DeShazer et al., 1998). However, neither study gave 

data on the pathogenesis of infection (Vorachit et al., 1995; DeShazer et al., 1998) and, 

therefore, little is known about this model. Furthermore, no subsequent literature has 

reported using the guinea pig model to study B. pseudomallei infection, yet there is no 

apparent reason for this. The LD50 of wild-type B. pseudomallei was 10
3
 CFU 

(DeShazer et al., 1998), indicating that guinea pigs are clearly susceptible to infection. 

Syrian hamsters are extremely susceptible to B. pseudomallei infection via the 

intraperitoneal route, with an LD50 <10 CFU (Brett et al., 1997). Brett and co-workers 

confirmed that disease was septicaemic following blood titres exceeding 10
4 
CFU/ml

 

only 48 hours post-infection with 10
1
 CFU (Brett et al., 1997). Using less virulent 
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B. pseudomallei strains, the sub-acute form of disease could also be replicated in Syrian 

hamsters (Brett et al., 1997). Many subsequent studies have used the Syrian hamster 

model to investigate factors associated with B. pseudomallei virulence (DeShazer et al., 

1997; Jones et al., 1997; DeShazer et al., 1998; DeShazer et al., 1999; Reckseidler et 

al., 2001; Ulrich et al., 2004). 

Melioidosis has been well-studied in mice and a number of models have been 

developed using various routes of infection and different strains of mice to replicate 

both acute and chronic disease. Two individual research groups investigating 

B. pseudomallei infection showed that, via the intraperitoneal route of entry, BALB/c 

mice are susceptible to disease but that C57BL/6 mice are more resistant, reporting 

LD50 values of 10
0
 and 10

3
 CFU (BALB/c), and 10

4
 and 10

5
 CFU (C57BL/6), 

respectively (Leakey et al., 1998; Hoppe et al., 1999). BALB/c mice had rapid-onset 

septicaemia and high bacterial loads in the spleen and liver, and multiple abscesses 

were observed (Leakey et al., 1998; Hoppe et al., 1999). However, C57BL/6 mice 

remained asymptomatic for six weeks (Leakey et al., 1998) and rapidly reduced the 

bacterial organ-load, indicating a role for innate immunity in resistance to 

B. pseudomallei infection (Hoppe et al., 1999). Furthermore, C57BL/6 mice had a 

significantly greater antibody response than BALB/c mice (12 days post-infection), 

indicating that TH1 cells are involved in resistance to B. pseudomallei infection (Hoppe 

et al., 1999). BALB/c and C57BL/6 mice are hence proposed to be ideal models for 

studying acute and chronic forms of melioidosis, respectively (Leakey et al., 1998). 

Another study used the intranasal route in order to replicate infection through 

inhalation, and reported susceptibility of BALB/c mice but relative resistance of 

C57BL/6 mice to B. pseudomallei infection, with LD50 values of 45 CFU and 

approximately 4,500 CFU, respectively (Liu et al., 2002). High bacterial loads were 

observed in the lung, in addition to the spleen, suggesting that the model does reflect 
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inhalation acquisition (Liu et al., 2002). This study also reported the presence of 

Immunoglobulin G (IgG) and Immunoglobulin A (IgA) antibodies in apparently 

healthy C57BL/6 mice following re-infection, indicating that systemic and mucosal 

antibodies are involved with protection against melioidosis (Liu et al., 2002). 

A derivative of the intranasal route is the aerosol inhalation model, which uses 

nebulisation of liquid bacterial cultures to infect mice (Jeddeloh et al., 2003). This 

method produced data which differ from previous studies, reporting LD50 values that do 

not differ between BALB/c and C57BL/6 mice (10 CFU and 27 CFU, respectively; 

(Jeddeloh et al., 2003). The authors suggested that the intranasal route of entry is 

different to that of the inhalation model (Jeddeloh et al., 2003). Indeed, the intranasal 

route probably involves ingestion in addition to inhalation (R. Hirst, personal 

communication). The inhalation model has subsequently been used to identify 

virulence determinants of B. pseudomallei (Ulrich et al., 2004). 

The mouse data reviewed thus far uses different strains of B. pseudomallei in 

different experiments and with various routes of entry, making direct comparisons 

difficult. An excellent recent report investigated the susceptibility of BALB/c and 

C57BL/6 mice to two strains of B. pseudomallei using five routes of infection; 

intravenous, intraperitoneal, subcutaneous, intranasal, and oral routes (Barnes and 

Ketheesan, 2005). This study found that BALB/c mice were more susceptible to 

infection than C57BL/6 mice irrespective of the route of entry, but that disseminated 

disease could be reproduced in C57BL/6 mice with high doses of bacteria (Barnes and 

Ketheesan, 2005). The authors demonstrated that the pathogenesis of B. pseudomallei 

infection varied depending on the route of entry; LD50 values of <10 CFU were 

reported for the intravenous route compared to 10
2
 CFU using the intranasal route, and 

10
3
 CFU for subcutaneous and oral routes of entry, respectively, by a pathogenic strain 

(Barnes and Ketheesan, 2005). A preference for the spleen and liver was observed 
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using all five modes of entry, and no lung tropism was observed following infection by 

any route, including intranasally (Barnes and Ketheesan, 2005), in contrast with the 

study of Liu et al., (2002). Furthermore, bacteria were recovered from the brain 

following infection by all routes of entry except the subcutaneous route (Barnes and 

Ketheesan, 2005). The authors concluded that murine models of melioidosis are 

excellent for studying virulence and pathogenesis but that caution should be used when 

selecting an entry route and when comparing results that use different portals of entry 

(Barnes and Ketheesan, 2005). 

A recent study has reproduced chronic melioidosis in pigs using an intravenous 

route of entry (Najdenski et al., 2004). There is no reported LD50; however, a dose of 

10
9
 CFU was delivered at the beginning of the experiment, indicating that pigs are only 

moderately susceptible to B. pseudomallei infection by this mode of entry (Najdenski et 

al., 2004). The authors report an initial reduction in the number of peritoneal and 

alveolar macrophages but an increase in leukocyte phagocytic activity (Najdenski et al., 

2004). Furthermore, while infection of the lungs persisted throughout the experiment, 

presence in the spleen and mesenterial lymph nodes lasted only three days, and 

antibodies could be detected seven days following infection (Najdenski et al., 2004). 

This model may be a useful addition to the C57BL/6 mouse model for studying the 

pathogenesis and virulence associated with chronic melioidosis.  

Finally, the soil nematode C. elegans is reportedly susceptible to infection by 

B. pseudomallei (O'Quinn et al., 2001; Gan et al., 2002) and the virulence mechanisms 

involved have been suggested to be similar to those used in animals, since 

B. pseudomallei mutants, less virulent in the C. elegans model, were also less virulent 

in BALB/c mice (Gan et al., 2002). Virulence studies using P. aeruginosa with 

C. elegans also identified genes that were required for virulence in animals (Tan et al., 

1999). To date endotoxin-mediated paralysis has been implicated in 
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B. pseudomallei-induced nematode death (O'Quinn et al., 2001), as has a diffusible 

toxin, two transporter proteins, and three proteins of unknown function (Gan et al., 

2002). The C. elegans model may be a useful compliment to other animal models to 

study infection by B. pseudomallei (Tan and Gan, 2002).   

 

1.1.8 Melioidosis: under-recognised or an emerging global disease? 

 

Steady increases in the incidence of melioidosis in Australian have occurred since 

the first report in 1950 (Cottew, 1950); between 1960 and 1979 there was an average of 

two cases per year compared to 40 cases per year described only recently (reviewed by 

Currie, 2000). Moreover, since 1991, the emergence of melioidosis has been reported 

in the Indian sub-continent, China, sub-Saharan Africa, The Middle East, The Americas 

and the Caribbean, and France (Dance, 2000). It is not clear, however, if the disease has 

spread to these areas or has remained under-recognised in these regions until recently 

(Dance, 2000).  

While greater awareness may account for an apparent increased incidence of 

melioidosis, Currie has suggested that the majority of cases were probably diagnosed in 

the Northern Territory from 1980 onwards (Currie, 2000), suggesting a true rise in 

incidence, at least in Australia. One possible explanation for this is that more people are 

developing pathologies known to be risk factors for melioidosis. Indeed, diabetes, 

alcohol abuse, and renal disease are increasing amongst both indigenous and Caucasian 

Australians (Currie, 2000). Another possible explanation is that B. pseudomallei is 

increasing in the environment (Dance, 2000). This could occur by means of spread, 

involving international travel of humans, and the export of animals, plants, soil, and 

water (Dance, 2000). Interestingly, Asche has proposed the importation of 

contaminated top-soils following Cyclone Tracey, in 1974, as a possible contributing 



   

  Chapter One: Introduction 

  18  

 

factor to the increased incidence of melioidosis in Darwin (Asche, 1991). Other 

explanations for increased melioidosis cases include altered human behaviour, such as 

the development of new farming techniques or increased recreational gardening 

(Dance, 2000; Asche, 1991). 

In summary, whether melioidosis is an emerging global disease or a global 

disease with increasing recognition is uncertain. However, the incidence of reported 

disease is now greater than ever. Regular global epidemiological surveys are clearly 

required to monitor the current and future incidence of melioidosis in order to assess 

melioidosis as an emerging disease.  

   

1.1.9 Melioidosis and the December 26, 2004, Tsunamis 

 

Many countries were devastated by the December 26, 2004, tsunamis that hit the 

Asian subcontinent and Africa, including Thailand. Injuries sustained during a tsunami 

often involve impact with high-velocity objects such as wood, metal, or glass, which 

penetrate the skin, resulting in contamination and infection (Taylor et al., 1998). 

Furthermore, inhalation and ingestion of sea water, which may be contaminated, is also 

common (Kongsaengdao et al., 2005). As a result of the December 26, 2004, tsunami, 

two cases of melioidosis have been reported from Rajavithi Hospital in Bangkok; both 

patients had underlying conditions - HIV and diabetes mellitus (Chierakul et al., 2005). 

The authors do not specify from where the infection was acquired, but do note that the 

tsunami hit an area where melioidosis is endemic (Kongsaengdao et al., 2005).  

A further six cases of melioidosis were reported in Takuapa General Hospital in 

Phangnga, south-east Thailand, where melioidosis is not endemic (Chierakul et al., 

2005). The mode of infection involved aspiration, following near-drowning, and 

inoculation due to lacerations (Chierakul et al., 2005). Three out of six patients had 
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diabetes mellitus; one such patient died. Of 360 soil samples taken from Phangnga, 

B. pseudomallei was isolated from only three samples (Chierakul et al., 2005). 

However, the presence of bacteria in three samples, and indeed, these six reported cases 

of melioidosis, indicate that B. pseudomallei is present in the environment and that 

tsunami victims in the area are at risk of acquiring melioidosis (Chierakul et al., 2005). 

Cases of melioidosis in other countries as a direct result of the December 26, 2004, 

tsunamis are also reported. They include two suspected cases in Indonesia, four cases 

of Europeans injured in Thailand (and another culture-positive case without symptoms) 

and an Australian injured in Sri Lanka (reviewed by Chierakul et al., 2005).  

Given the incubation and latency periods associated with melioidosis (see 1.1.2) 

it is expected that the number of tsunami-related melioidosis cases will increase with 

time.  

 

1.2 The aetiological agent: Burkholderia pseudomallei 

 

1.2.1 General bacteriology 

 

Burkholderia pseudomallei is the causative agent of melioidosis and has 

previously been named Bacillus whitmori, Pfiefferella whitmori, Pfiefferella 

pseudomallei, Actinobacillus pseudomallei, Lofflerella whitmori, Malleomyces 

pseudomallei, and Pseudomonas pseudomallei (Leelarasamee and Bovornkitti, 1989). 

B. pseudomallei is a Gram-negative, motile bacillus from the β–subclass of 

Proteobacteria and is catalase- and oxidase-positive, and can assimilate arabinose 

(reviewed by Cheng and Currie, 2005). B. pseudomallei is between 1 and 5 µm long 

and up to 1 µm wide (J. Boddey, personal observations). B. pseudomallei is resistant to 
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many antibiotics, including aminoglycosides and macrolides, and polymyxins, and this 

is attributed to a multi-drug efflux pump encoded by the amr locus (Moore et al., 1999) 

and loci controlling the architecture of the cell wall (Burtnick and Woods, 1999), 

respectively.  

The genome of B. pseudomallei strain K96243 was recently sequenced, 

annotated, and published (Holden et al., 2004). B. pseudomallei has two chromosomes 

of 4.07 and 3.17 Mbp, averaging %GC 68.05, and the two replicons have apparently 

different evolutionary origins (Holden et al., 2004). Horizontal gene transfer appears 

rife in B. pseudomallei with the identification of 16 genomic islands totalling 6.1% of 

the genome (Holden et al., 2004). A large number of putative virulence loci were 

identified, including multiple copies of particular genes/systems (Holden et al., 2004). 

This work will undoubtedly provide a solid basis for future investigations that aim to 

characterise B. pseudomallei virulence and the pathogenesis of melioidosis.    

 

1.2.2 Environmental microbiology 

 

B. pseudomallei is a soil-borne saprophyte that can survive in a variety of 

environments, including niches of varied temperature, pH range, and nutrients, and 

even antiseptics and detergents (reviewed by Cheng and Currie, 2005). B. pseudomallei 

is a free-living organism that is readily isolated from soil, clay, and water in endemic 

regions (Leelarasamee and Bovornkitti, 1989). Invasion and survival inside 

Acanthamoebae species has been reported for B. pseudomallei in the laboratory (Inglis 

et al., 2000); there have been similar reports for Legionella pneumophila (Rowbotham, 

1980). Similar interactions may occur in the environment and might explain the 

capacity of B. pseudomallei and L. pneumophila to survive and proliferate inside 

mammalian cells (Inglis et al., 2000).  
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1.2.3 Molecular and cellular mechanism of B. pseudomallei virulence 

 

The spectrum of diseases caused by B. pseudomallei suggests that the organism 

uses a variety of factors for survival during infection of mammals. These molecules are 

of significant biological interest and may form the basis for vaccines or novel therapies 

against melioidosis. Relative to other bacterial pathogens, B. pseudomallei has been 

understudied. Recently, however, a surge in literature describing the characterisation of 

B. pseudomallei virulence at the molecular and cellular level has enhanced our 

understanding. This can be attributed to the development of suitable genetic techniques 

for B. pseudomallei, such as Tn5 transposon mutagenesis (DeShazer et al., 1997) and 

counter-selectable markers that facilitate allelic exchange (Moore et al., 1999; Brown et 

al., 2004), as well as increased interest in B. pseudomallei as a result of recent 

bioterrorism in the global community (Cieslak et al., 2002; Aldhous, 2005).  

 

1.2.3.1 Toxins 

 

A number of reports published between 1955 and 1964 showed that bacteria-free, 

filter sterilised B. pseudomallei culture supernatants had a lethal effect on hamsters and 

mice (Nigg et al., 1955; Heckly and Nigg, 1958; Heckly, 1964). These experiments 

were the first to demonstrate that B. pseudomallei could produce and secrete toxins and 

that they contributed to the pathogenesis of melioidosis. A 31,000 Da thermolabile 

toxin was later partially purified and shown to inhibit DNA and protein synthesis, and 

to be lethal in mice (Ismail et al., 1987). Haubler and colleagues identified and 

characterised a 762 Da heat-stable exotoxin that had cytotoxic effects on phagocytic 

(HL60) and non-phagocytic (HeLa) cell lines, and haemolytic activity when incubated 
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with erythrocytes (Haubler et al., 1998). Another cytotoxic endotoxin, cytolethal toxin 

(CLT), was identified in B. pseudomallei and was shown to be highly produced in an 

isolate from a goat but poorly produced by the same strain in soil (Haase et al., 1997).  

Studies with genetically manipulated nematodes identified that neuromuscular 

intoxication was associated with B. pseudomallei induced-death, suggesting that the 

organism produces an endotoxin that acts upon C. elegans (O'Quinn et al., 2001). 

Similarly, another study reported toxin-like killing of C. elegans (Gan et al., 2002). It is 

apparent that B. pseudomallei produces a variety of toxins; however, all require further 

characterisation at the molecular level. 

 

1.2.3.2 Other secreted proteins 

 

Many virulence determinants are secreted proteins (Finlay and Falkow, 1997). 

There is evidence that B. pseudomallei secretes proteins other than toxins, including 

iron-acquiring siderophores (Yang et al., 1991), proteases (Sexton et al., 1994), 

lecithinases (Esselman and Liu, 1961), lipases (Korbsrisate et al., 1999), and 

haemolysins (Ashdown and Koehler, 1990). Transposon mutants unable to secret 

protease, lipase, and phospholipase C (PLC) were only marginally reduced for 

virulence in Syrian hamsters, indicating a minor role in B. pseudomallei pathogenesis 

(DeShazer et al., 1999). In addition to this study, only proteases have been 

characterised. One study identified an approximately 36,000 Da molecule in 

B. pseudomallei supernatants that had proteolytic activity and showed that a 

protease-deficient transposon mutant was less virulent than the wild-type strain in a 

diabetic rat model of acute melioidosis (Sexton et al., 1994). The protease was a 

metalloenzyme requiring iron for maximum activity (Sexton et al., 1994), as distinct 

from another B. pseudomallei exoprotease that has been shown to require zinc for 
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optimal activity (Percheron et al., 1995). A serine metalloprotease, MprA, has also 

been identified in B. pseudomallei (Lee and Liu, 2000); however, an mprA::Tc mutant 

was equally as virulent as the wild-type strain in SWISS mice using the intraperitoneal, 

subcutaneous, and intranasal routes of entry, indicating that MprA is not a virulence 

determinant (Valade et al., 2004). Finally, a study investigating the virulence of 

protease-producing B. pseudomallei could not find a correlation between exoproteolytic 

activity and LD50 of SWISS mice using the intraperitoneal route (Gauthier et al., 2000).  

 

1.2.3.3 Type III secretion systems (TTSSs) 

 

B. pseudomallei contains multiple loci putatively encoding a total of three TTSSs 

(Holden et al., 2004) that have been termed TTSS1 to TTSS3 (Warawa and Woods, 

2005). TTSSs function in a manner analogous to a molecular syringe, injecting effector 

proteins directly into the host cell (reviewed by Hueck, 1998; Cornelis and van 

Gijsegem, 2000; Galan, 2001). Two B. pseudomallei TTSSs (TTSS1 and TTSS2) are 

similar to that encoded by the hrp locus of the plant pathogen Ralstonia solanacearum, 

which causes wilt in numerous plants (Winstanley et al., 1999; Rainbow et al., 2002). 

The third TTSS (bsa or TTSS3) is homologous to the Inv/Spa/Prg and Ipa/Mxi/Spa 

TTSSs from Salmonella and Shigella, respectively (Attree and Attree, 2001; Rainbow 

et al., 2002). Using the hamster model of acute melioidosis, bsa/TTSS3, but not TTSS1 

or TTSS2, was required for optimal virulence via the intraperitoneal route; however, a 

TTSS1, 2, and 3 triple knockout had increased attenuation relative to the bsa/TTSS3 

mutant alone (Warawa and Woods, 2005). A requirement for bsa/TTSS3 for optimal 

virulence in vivo was also demonstrated in a previous study using both intraperitoneally 

and intranasally infected BALB/c mice (Stevens et al., 2004). Furthermore, a mutation 

in bipD, encoding the TTSS effector protein BipD, reduced the bacterial loads in the 
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liver and spleen early in the infection of mice and the bipD::pDM4 mutant conveyed 

partial protection from subsequent challenge with wild-type bacteria (Stevens et al., 

2004). Current data on the role of bsa/TTSS3 in B. pseudomallei interactions with host 

cells is further described below. 

 

1.2.3.4 Surface polysaccharides 

 

Many bacterial pathogens produce capsular polysaccharide including 

Streptococcus pneumoniae and Haemophilus influenzae (Brett and Woods, 2000). 

Capsule has been proposed to serve a variety of functions including the evasion of host 

defenses by preventing complement activation, opsonisation, and phagocytosis (Joiner, 

1988). B. pseudomallei has been shown to produce a capsule (type I O-antigenic 

polysaccharide [OPS]), which was essential for virulence in Syrian hamsters 

(Reckseidler et al., 2001) and Porton Outbred mice (Atkins et al., 2002). The absence 

of type I OPS capsule from B. thailandensis (Brown and Beacham, 2000; Reckseidler 

et al., 2001), is likely to account for the observation that B. thailandensis is avirulent in 

Syrian hamsters (Brett et al., 1997). Whether lack of a capsule is the sole factor 

associated with the avirulence of B. thailandensis is unknown, and this requires 

clarification.  

Many Gram-negative bacteria are susceptible to the bactericidal effects of serum 

complement, although some pathogens are able to evade complement-mediated killing 

(DeShazer et al., 1998). Deshazer and co-workers have shown that B. pseudomallei 

requires LPS (type II OPS) to evade the bactericidal effects of serum, and for virulence 

in three animal models of acute melioidosis (DeShazer et al., 1998).  



   

  Chapter One: Introduction 

  25  

 

1.2.3.5 Flagella and motility 

 

Flagella are required for the virulence of a number of bacterial pathogens 

including Salmonella enterica serovar Typhimurium (Carsiotis et al., 1984) and Vibrio 

cholera (Gardel and Mekalanos, 1996), and have been shown to enhance bacterial 

invasion of host cells (Yao et al., 1994). B. pseudomallei is a motile organism that 

produces flagella; Tn5 mutagenesis identified motility mutants and fliC, encoding the 

main structural flagellin, was found to be inactivated in two of these mutants (DeShazer 

et al., 1997). Flagella mutants were equally as virulent as the wild-type strain in the 

diabetic rat and Syrian hamster models of infection using the intraperitoneal route, 

suggesting that flagella are dispensable for virulence (DeShazer et al., 1997). A more 

recent study demonstrated that a ∆fliC mutant could invade and replicate inside 

cultured cells to the same extent as the wild-type strain, and was not attenuated in the 

C. elegans model of infection (Chua et al., 2003). However, the ∆fliC strain was 

avirulent in an intranasal BALB/c mouse model of infection, with between 10
4
 to 10

7
 

CFU isolated from organs infected with the wild-type strain and no bacterial recovery 

from the organs of mice infected with the ∆fliC strain (day four post-infection; Chua et 

al., 2003). The conflicting data were attributed to the use of different animal models 

(Chua et al., 2003), but may also reflect the different modes of infection and different 

types of mutants generated between the two studies. The work by Chua et al., (2003) 

clearly shows the importance of flagella and motility to the survival of B. pseudomallei 

in mice. 

 

1.2.3.6 Quorum sensing 

 

Quorum sensing is a system of cell density-dependent communication that  
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co-ordinates the expression of many genes, including those associated with virulence 

(Fuqua et al., 1994; Miller and Bassler, 2001). The B. pseudomallei K96243 genome 

contains many genes predicted to encode homologues of quorum sensing proteins 

(Holden et al., 2004; Ulrich et al., 2004). Valade and colleagues identified homologues 

of LuxI-LuxR (PmlI-PmlR) and showed that PmlI directed the synthesis of an 

N-decanoyl homoserine lactone that was required for virulence in SWISS mice, and 

which down-regulated the production of the protease MprA (Valade et al., 2004). 

Furthermore, Ulrich and co-workers identified a total of eight LuxI or LuxR 

homologues in B. pseudomallei K96243 (three LuxI and five LuxR homologues) 

forming three pairs (encoded by pmlIR1, bpmIR2, bpmIR3) and that bpmR4 and bpmR5 

are not co-located with a luxI homologue (Ulrich et al., 2004). Virulence in hamsters 

and BALB/c mice was reduced in quorum sensing mutants, most notably in strains 

carrying disruptions in pmlR1 and bpmI3 (Ulrich et al., 2004).  

While one study reported no alteration in the secretion of exoproducts (protease, 

lipase, PLC) by a range of quorum sensing mutants (Ulrich et al., 2004), other studies 

reported positive and negative regulation of exoproducts (Song et al., 2005; Chan and 

Chua, 2005). Quorum sensing has also been implicated in cell invasion, cytotoxicity, 

and biofilm development (Chan and Chua, 2005). 

 

1.2.3.7 Biofilms 

 

Multicellular communities of surface-attached bacteria are known as biofilm 

(Costerton et al., 1995). Biofilms are commonly associated with the pathogenesis of 

bacterial infections, especially nosocomial and chronic infections, as antibiotics and 

host-immune responses cannot thoroughly penetrate the matrix surrounding bacterial 

aggregates (Costerton et al., 1999; Reisner et al., 2005; Fux et al., 2005). 
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B. pseudomallei produces biofilms that increase resistance to ceftazidime and 

co-trimoxazole (Vorachit et al., 1993). B. pseudomallei biofilm development is 

regulated by oxyR (Loprasert et al., 2002) the alternative sigma factor RpoE 

(Korbsrisate et al., 2005), and quorum sensing (Chan et al., 2004). Studies suggest that 

B. pseudomallei biofilm-producing strains are surrounded by a dense extracellular 

slime matrix (Vorachit et al., 1995; Taweechaisupapong et al., 2005) and this was 

absent from mutant strains unable to form biofilms (Taweechaisupapong et al., 2005). 

Furthermore, biofilm mutants were recognised by capsule-specific antibodies, 

indicating that biofilm formation by B. pseudomallei does not involve capsular 

polysaccharide (Taweechaisupapong et al., 2005). BALB/c mouse studies using the 

intraperitoneal route of infection could not identify a correlation between biofilm 

formation and virulence in vivo (Taweechaisupapong et al., 2005). However, further 

studies are required to investigate the relevance of B. pseudomallei biofilms in vivo 

using other routes of entry, and in the C57BL/6 mouse model of chronic melioidosis. 

 

1.2.3.8 Adherence to cultured cells 

 

A number of studies have investigated the ability of B. pseudomallei to adhere to 

eukaryotic cells (Kanai et al., 1997; Gori et al., 1999; Ahmed et al., 1999; Brown et al., 

2002; Thomas and Brooks, 2004; Kespichayawattana et al., 2004), with one study 

showing adherence in a growth temperature- and growth phase-dependent manner to 

human cell lines derived from disparate tissues (Brown et al., 2002). Asialo-GM1, 

asialo-GM2, and other unknown host cell oligosaccharides have been identified as 

possible host cell receptors for B. pseudomallei (Kanai et al., 1997; Gori et al., 1999; 

Thomas and Brooks, 2004). However, a B. pseudomallei adhesin is yet to be 

functionally characterised. Adhesins are produced by a variety of bacteria, with some 
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organisms producing 12 or more adhesins at some time (Finlay and Falkow, 1997). 

Adhesins include carbohydrate structures, fimbriae (pili), and afimbrial (non-pilus) 

proteins (Hultgren et al., 1993; Finlay and Falkow, 1997; St. Geme III et al., 1993; 

Kenny et al., 1997; Apicella, 2000). Non-pilus adhesins such as intimin mediate tight, 

intimate adherence to the host cell (Kenny et al., 1997). Pili are the commonest adhesin 

and mediate initial non-intimate adherence (Donnenberg et al., 1997). Many loci 

putatively encoding type I and type IV pili, and non-pilus adhesins, are present in the 

B. pseudomallei K96243 genome (Holden et al., 2004), and these loci await 

experimental characterisation.     

 

1.2.3.9 Invasion of cultured cells 

 

The molecular basis for invasion of non-phagocytic host cells by pathogenic 

bacteria involves the expression of surface molecules termed invasins (Isberg et al., 

1987), which interact with specific surface-exposed molecules on the host cell, 

including proteins of the β1 integrin family (Isberg and Leong, 1990). B. pseudomallei 

is a faculative intracellular pathogen that can efficiently invade many non-phagocytic 

cell lines, including those derived from the human cervix and respiratory tract (Jones et 

al., 1996; Kespichayawattana et al., 2000; Stevens et al., 2003; Kespichayawattana et 

al., 2004). Cell entry by many bacteria can be blocked with cytochalasins, indicating 

that invasion is actin-dependent (Rosenshine et al., 1994). Similarly, B. pseudomallei 

invasion is actin-dependent as it is blocked by cytochalasin D (Jones et al., 1996). The 

B. pseudomallei type III secretion effector proteins BipD, BopE, and BipB are required 

for invasion of cervix- and lung-derived human cell lines (Stevens et al., 2003; Suparak 

et al., 2005). Furthermore, a bipD::pDM4 mutant, but not a bopE::pDM4 mutant, was 

significantly reduced for virulence in BALB/c mice by both the intraperitoneal and 
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intranasal infection routes (Stevens et al., 2004). While a specific link between 

decreased invasion and reduced virulence was not demonstrated, fewer replicating 

bipD::pDM4 bacteria were observed in the liver and spleen in the early stages of 

infection compared to the wild-type strain. 

 

1.2.3.10 Survival and proliferation within cultured cells 

 

B. pseudomallei is able to survive and proliferate within phagocytic cells such as 

polymorphonuclear leukocytes (Pruksachartvuthi et al., 1990; Jones et al., 1996; Egan 

and Gordon, 1996) and macrophages (Pruksachartvuthi et al., 1990; Harley et al., 1994; 

Miyagi et al., 1997; Jones et al., 1996; Harley et al., 1998a; Kespichayawattana et al., 

2000; Utaisincharoen et al., 2001; Stevens and Galyov, 2004) and also within 

non-phagocytic cell lines (Jones et al., 1996; Harley et al., 1998b; Kespichayawattana 

et al., 2000), and Acanthamoeba (Inglis et al., 2000). 

Following phagocytosis by mouse peritoneal macrophages, B. pseudomallei has 

been observed inside in the cytoplasm following destruction of the phagosome (Harley 

et al., 1998a). This indicates that, like many other intracellular pathogens (reviewed by 

Meresse et al., 1999), B. pseudomallei is able to lyse the plasma membrane-derived 

phagocytic vacuole and proliferate in the cytoplasm. B. pseudomallei-infected 

macrophage-like cells could not produce inducible nitric oxide synthase (iNOS); 

however, E. coli- and S. enterica serovar Typhi-infected cells did produce iNOS 

(Utaisincharoen et al., 2001). Collectively, these studies indicate that B. pseudomallei 

uniquely and actively interferes with the antibacterial effects of these cells.  

Interestingly, B. pseudomallei also induces apoptosis of macrophages in a 

caspase-1-dependent manner, a process requiring bacterial entry and pore formation in 

the cell membrane (Sun et al., 2005). The Inv/Mxi-Spa-like type III secretion system 
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(bsa/TTSS3) was essential for intracellular replication and escape from endocytic 

vesicles (Stevens et al., 2002), and for B. pseudomallei-induced apoptosis of 

macrophages (Sun et al., 2005; Suparak et al., 2005). The ability for B. pseudomallei to 

survive intracellularly could account for the latency, recrudescence, difficulties in 

treatment, and granulomas associated with melioidosis. 

 

1.2.3.11 Actin-based motility 

 

Like other intracellular pathogens, B. pseudomallei is capable of actin-based 

motility (for review see Goldberg, 2001). Following escape from endocytic vesicles 

into the cytoplasm, B. pseudomallei is able to polymerise actin at one pole, forming 

actin tails within and protruding from infected cells (Kespichayawattana et al., 2000). 

This process involves the bsa/TTSS3 locus (Stevens et al., 2002) including the effector 

protein BipB (Suparak et al., 2005), the auto-secreted protein BimA (Stevens et al., 

2005), and activation of the Arp2/3 complex in host cells (Breitbach et al., 2003). 

B. pseudomallei actin tail development occurred in host cells deficient for 

vasodilator-stimulated phosphoprotein (VASP) or Neural Wiskott-Aldrich syndrome 

protein (N-WASP), indicating that actin polymerisation occurs in a manner different 

from those described for Listeria, Shigella, Rickettsia, and vaccinia virus (Breitbach et 

al., 2003).   

 

1.2.3.12 Cell fusion and multinucleated giant cell (MNGC) formation 

 

Following entry into both phagocytic and non-phagocytic cells, B. pseudomallei 

can induce cell fusion resulting in the formation of MNGCs (Harley et al., 1998b; 

Kespichayawattana et al., 2000). Macrophages treated with synthetic CpG 
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oligodeoxynucleotide, which increases bacterial uptake, prior to infection with 

B. pseudomallei demonstrated increased MNGC formation, indicating that cell fusion 

involves intracellular B. pseudomallei and may be dose dependent (Utaisincharoen et 

al., 2003). Furthermore, the TTSS effector protein BipB is necessary for MNGC 

formation (Suparak et al., 2005). Granulomas are associated with chronic melioidosis, 

and “giant” cells containing many intracellular bacteria have been recovered from 

human melioidosis patients during post-mortem (Wong et al., 1995), and from biopsies 

from melioidosis patients with bone damage (Sirikulchayanonta and Subhadrabandhu, 

1994), indicating that MNGC formation occurs in vivo; however, the relevance of 

MNGCs to virulence and pathogenesis is currently unclear.  

 

1.2.4 B. pseudomallei as a potential biological weapon 

 

In the past, both B. mallei and B. pseudomallei, the causative agents of glanders 

and melioidosis, respectively, have been investigated for potential weaponisation by 

several countries (Bossi et al., 2004). Glanders, affecting mostly solipeds, was used in 

the first and second world wars to infect horses, thereby restricting the movement of 

troops (Bossi et al., 2004). While B. pseudomallei has never been used as a bioweapon, 

the organism is of concern to defence agencies around the world, as it can be readily 

inhaled or ingested, can be either rapidly fatal or form chronic recrudescent disease, 

and is difficult to diagnose and treat (Bossi et al., 2004). No vaccine against 

melioidosis is currently available (Woods et al., 1999). An inhalation model of acute 

melioidosis was developed at the United States Army Medical Research Institute of 

Infectious Diseases (USAMRIID) for the future evaluation of vaccine candidates 

(Jeddeloh et al., 2003). Both B. pseudomallei and B. mallei are listed as Category B 

agents of bioterrorism by the Centers for Disease Control and Prevention (CDC; 
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Woods, 2002) and the United States National Institute of Allergy and Infectious 

Diseases (NIAID) is promoting research on both organisms for biodefence reasons 

(Aldhous, 2005). 

 

1.3 Research objectives 

 

The fundamental objective of this research is to identify and characterise novel 

features of B. pseudomallei virulence and pathogenesis at the cellular and molecular 

level through the identification and characterisation of novel B. pseudomallei genes. 

This will include the use of the B. pseudomallei K96243 genome sequence, and 

previously identified gene fragments (Brown and Beacham, 2000), to identify loci 

putatively associated with virulence. The function of these loci will be assessed by 

bioinformatic analyses and tested by generating a series of isogenic mutant strains 

using an unmarked double cross-over deletion mutagenesis strategy optimised in our 

laboratory. Characterisation of mutant strains will be undertaken using a variety of in 

vitro and in vivo models that involve bacteria-bacteria and bacteria-host interactions at 

the cellular and molecular level. This will include the assessment of adherence, 

microcolony development, biofilm formation, twitching motility, cell aggregation, 

invasion, actin-based motility, intracellular proliferation, MNGC development, gene 

expression, and virulence in vivo. Importantly, the assessment of mutant strains will be 

predicated on the fact that a detectable change in phenotype is the direct result of an 

altered genotype
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2.1 Materials 

 

2.1.1 Chemicals 

 

Sephadex G-50 fine and [α-32P] dCTP were purchased from Amersham 

Pharmacia Biotech Australia Pty. Ltd., N.S.W., Australia. Calcium chloride, 

hydrochloric acid, sodium chloride, sodium hydroxide, dimethylsulphoxide (DMSO), 

cetyltrimethylammonium bromide (CTAB), and uranyl acetate were bought from Ajax 

Chemicals, N.S.W., Australia. Boric acid, phenol, rubidium chloride, manganese 

chloride, sodium acetate, sodium citrate, potassium acetate, coomassie brilliant blue, 

glycine, ethyleneglycol-bis-(β-aminoethylether)N,N’-tetraacetic acid (EGTA), and 

tris(hydroxymethyl)aminomethane (Tris) were sourced from I.C.N. Biomedicals, Inc., 

Aurora, Ohio, U.S.A. Glacial acetic acid, glucose, ethanol, methanol, isopropanol, 

chloroform, magnesium chloride, magnesium sulphate, potassium dihydrogen 

orthophosphate, sodium phosphate dibasic, ammonium chloride, sucrose, and triton 

X-100 were purchased from Merck Pty. Ltd. (BDH), Kilsyth, Victoria, Australia. 

Bromophenol blue, dextran sulphate, 3-[N-morpholino]propane-sulfonic acid (MOPS), 

guanidine thiocyanate, N-lauroyl sarcosine, cesium chloride, 

ethylenediaminetetraacetic acid (EDTA), 37% formaldehyde, Giemsa, tween-80, 

phenol, naladixic acid, thiamine-HCl, and casamino acids were purchased from 

Sigma-Aldrich Co., St. Louis, Missouri, U.S.A. Tetramethyl rhodamine 

isothiocynate-conjugated phalloidin and goat anti-rabbit-Alexa Fluor
488
 were sourced 

from Molecular Probes, Oregon, U.S.A. Potassium chloride, sodium dodecylsulphate 

(SDS), chloramphenicol, gentamicin, kanamycin, streptomycin, tetracycline, DNA 

grade agarose, and ethidium bromide was bought from Progen Industries Ltd., Darra, 

Queensland, Australia. DPX neutral mounting medium and glycerol were purchased 
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from Chem-Supply, Gillman, South Australia, Australia. Imipenem was a generous gift 

from Merck Sharpe and Dohme Pharmaceuticals Pty, Ltd., New Jersey, U.S.A. Crystal 

violet was obtained from Biomerieux, Brisbane, Australia. Isoamyl alcohol was 

sourced from May & Baker Ltd., Dagenham, England. n-Propyl gallate was bought 

from Chemos, GmbH, Germany. Deoxyribonucleotides (dNTPs) were obtained from 

Promega Corporation, Madison, Wisconsin, U.S.A. Immersion oil type A was 

purchased from ProSciTech, Thuringowa Central, Queensland, Australia. 

Diethylpyrocarbonate (DEPC) was bought from Ambion Inc., Austin, Texas, U.S.A. 

Clear nail varnish was bought from NYC, Virginia, Australia. Vaseline was sourced 

from Lever Rexona, North Rocks, New South Wales, Australia. Recombinant receptor 

activator of nuclear factor-κβ ligand (rRANKL) was purchased from Peprotech, Rocky 

Hill, New Jersey, U.S.A.  

 

2.1.2 Enzymes 

 

Restriction endonucleases, buffers, bovine serum albumin (BSA), 100 bp DNA 

ladder, 1.0 Kbp DNA ladder, and 2-log DNA ladder were obtained from New England 

Biolabs Inc., Beverley, Massachusetts, U.S.A. T4 DNA ligase and IMPROM-II 

Reverse Transcriptase (RT) was purchased from Promega Corporation. DNA Taq and 

pfuTaq polymerase was purchased from Invitrogen Corporation, California, U.S.A. 

Proteinase K, DNAse, and RNAse A were sourced from Sigma-Aldrich Co. tRNA 

powder (E. coli MRE 600) and RNAse T1 was purchased from Boehringer Mannheim, 

GmbH, Germany.      
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2.1.3 Bacterial culture medium 

 

All bacterial media components were purchased from Oxoid Ltd., Basingstoke, 

England, with the exception of sucrose, which was purchased from Merck Pty. Ltd. 

(BDH). Bacterial strains were grown in Luria-Bertani (LB) medium which consisted of 

25 g LB broth base in one liter of MilliQ (MQ) water. This was sterilised by 

autoclaving at 121°C for 20 minutes. A solid LB medium was made by the addition of 

1.5 % (w/v) bacteriological agar. LB media without salt was at times used and 

consisted of 10 g tryptone and 5 g yeast extract per one liter of MQ water. LB media 

with and without salt was supplemented with 5, 10, or 15% (w/v) sucrose to assist in 

sacB counter-selection during double cross-over mutagenesis, as indicated. 

M9 medium consisted of 6 g Na2HPO4, 3 g KH2PO4, 0.5 g NaCl, 1 g NH4Cl, 

0.5% (w/v) casamino acids, and MQ water to 1L. This was autoclaved at 121 ºC for 20 

minutes. To this, 10 mL of 100 mM MgSO4, 10 mM CaCl2, 100 mM thiamine-HCl, 

20% (w/v) glucose solution was added after being filter sterilised with 0.22 µm 

Millex-GS filter units (Millipore Corporation, Belford, U.S.A.) using 5 mL Neolus 

syringes (Terumo Corporation, Melbourne, Australia). 

 

2.1.4 Cell culture medium and supplements 

 

Cell culture media and supplements were purchased from Gibco (Invitrogen 

Corporation) and included McCoy’s 5a medium with L-glutamine, Minimum essential 

medium with Earl’s salts and L-glutamine, Ham’s F12K medium with L-glutamine, 

non-essential amino acids, sodium pyruvate and sodium bicarbonate (stored at 4 °C), 

foetal calf serum (FCS), 100x penicillin/streptomycin mix and 0.25% (w/v) trypsin 

(stored in aliquots at -20 °C). Culture media was wrapped in foil to protect from light.  
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2.1.5 Bacterial strains and plasmids 

Table 2.1: Bacterial strains and plasmids used in this study 

Species/Strain/Plasmid Genotype/Source Reference 

Bacterial strains   

Burkholderia pseudomallei   

  K96243 wt, clinical isolate Gmr Smr Cms Tcs IPMs {Holden, 2004 

#660} 

  DD503 1026b derivative; ∆(amrA-oprA) rpsL; Smr Gms 

Kms 

(Moore et al., 1999) 

  06 wt, environmental isolate (Brown and 

Beacham, 2000) 

  08 wt, clinical isolate Gmr Smr Cms Tcs IPMs (Brown and 

Beacham, 2000) 

  GF1 wt, environmental isolate (Brook et al., 1997) 

  GF2 wt, environmental isolate (Brook et al., 1997) 

  THP375 wt, environmental isolate (Lew and 

Desmarchelier, 

1993) 

  THP385 wt, clinical isolate (Lew and 

Desmarchelier, 

1993) 

  GCH wt, clinical isolate D. Alfredsonc 

  JAB16.1x                      

 

K96243 derivative; TFP2::pAEH16 (∆TFP2 

[pilA nt67-612], cat, sacB, oriT, oriR6K); Gmr 

Smr Cmr 

This study 

  JAB16 K96243 derivative; ∆TFP2 (pilA nt67-612) Gmr 

Smr Cms 

This study 

  JAB23.1x K96243 derivative; TFP8::pJAB23 (∆TFP9 

[ntp2953361-2966311d], cat, sacB, oriT, 

oriR6K); Gmr Smr Cmr 

This study 
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  JAB23 K96243 derivative; ∆TFP9 

(ntp2953361-2966311); Gmr Smr Cms 

This study 

  JAB2316.1x K96243 derivative; ∆TFP9 

(ntp2953361-2966311); TFP2::pAEH16 (∆TFP2 

[pilA nt67-612], cat, sacB, oriT, oriR6K); Gmr 

Smr Cmr 

This study 

  JAB2316 K96243 derivative; ∆TFP9 

(ntp2953361-2966311); ∆TFP2 (pilA nt67-612); 

Gmr Smr Cms 

This study 

  JAB26.1x K96243 derivative; TFP5::pJAB26 (∆TFP5 

[ntp3291889-3295643], cat, sacB, oriT, oriR6K); 

Gmr Smr Cmr 

This study 

  JAB26 K96243 derivative; ∆TFP5 

(ntp3291889-3295643); Gmr Smr Cms 

This study 

  JAB28.1x K96243 derivative; TFP8::pJAB28 (∆TFP8 

[ntp2167595-2178509], cat, sacB, oriT, oriR6K); 

Gmr Smr Cmr 

This study 

  JAB28 K96243 derivative; ∆TFP8 

(ntp2167595-2178509); Gmr Smr Cms 

This study 

  JAB2816.1x K96243 derivative; ∆TFP8 

(ntp2167595-2178509); TFP2::pAEH16 (∆TFP2 

[pilA nt67-612], cat, sacB, oriT, oriR6K); Gmr 

Smr Cmr 

This study 

  JAB2816 K96243 derivative; ∆TFP8 

(ntp2167595-2178509); ∆TFP2 (pilA nt67-612); 

Gmr Smr Cms 

This study 

  JAB1608.1x 08 derivative; pilA::pAEH16 (∆pilA [nt67-612], 

cat, sacB, oriT, oriR6K); Gmr Smr Cmr 

This study 

  JAB1608 08 derivative; ∆pilA (nt67-612); Gmr Smr Cms This study 
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  JAB136.1x 08 derivative; lfp-1::pJAB136 (∆lfp-1 

[nt92-789], cat, sacB, oriT, oriR6K); Gmr Smr 

Cmr Tcs 

This study 

  JAB136 08 derivative; ∆lfp-1 (nt92-789); Gmr Smr Cms 

Tcs IPMs 

This study 

  JAB136C 08 derivative; JAB136 harboring plasmid 

pJAB136C; Gmr Smr Cms Tcr 

This study 

  RU136 DD503 derivative; lfp-1::pRU136; Smr Gmr Kms This study 

Burkholderia thailandensis   

  E264 wt, environmental isolate; IPMs (Brett et al., 1997) 

Burkholderia cepacia   

  ATCC17765 wt, clinical isolate ATCCe 

Escherichia coli   

  OP50 Uracil auxotroph (Brenner, 1974) 

  S17.1 (λ pir)  RP4-2-Tc::Mu Km::Tn7 Tp Sm(λ pir) phoA20 

thi-1 rpsE rpoB araE(Am) recA1 

(Penfold and 

Pemberton, 1992) 

   

  DH5α 

 

supE44 ∆lacU169 (φ80 lacZ∆M15)  

hsdR17 recA1 endA1 gyrA96 thi-1 reiA1 

 

(Brown, 1991) 

  DH5α (λpir) supE44 ∆lacU169 (φ80 lacZ∆M15)  

hsdR17 recA1 endA1 gyrA96 thi-1 reiA1; 

lysogenised with λpir 

(Kolter et al., 1978) 

  JABEC16 S17.1 (λpir) containing pAEH16 This study 

  JABEC23 S17.1 (λpir) containing pJAB23 This study 

  JABEC26 S17.1 (λpir) containing pJAB26 This study 

  JABEC28 S17.1 (λpir) containing pJAB28 This study 

  JABEC136 S17.1 (λpir) containing pJAB136 This study 

  JABEC136C S17.1 (λpir) containing pJAB136C This study 
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Plasmids 

  pGEM-T Easy TA cloning vector;  ori, oriF1, lacZ; Apr Promega 

Corporation 

  pBBR1MCS-3 ori, lacZ; Tcr (Kovach et al., 

1995) 

  pCR2.1-TOPO TA cloning vector; Kmr Apr Invitrogen 

Corporation 

  pDM4 sacBR, oriT, oriR6K; Cmr (Milton et al., 1996) 

  pGSV3 Mobilisable suicide vector; Gmr (DeShazer et al., 

2001) 

  pAEH16 pDM4 with 2,099 bp Xba I fragment, 

representing ∆pilA (nt67-612) 

A. Essex-Loprestif 

  pJAB23 pDM4 with 1,850 bp Bgl II-Xba I fragment, 

representing ∆TFP9 (ntp2953361-2966311) 

This study 

  pJAB26 pDM4 with 1,593 bp Bgl II-Xba I fragment, 

representing ∆TFP5 (ntp3291889-3295643) 

This study 

  pJAB28 pDM4 with 1,714 bp Bgl II-Xba I fragment, 

representing ∆TFP8 (ntp2167595-2178509) 

This study 

  pJAB136easy pGEM-T Easy with 1,764 bp fragment, 

representing ∆lfp-1 (nt92-789) 

This study 

  pJAB136 pDM4 with ~1,790 bp Spe I-Sph I fragment from 

pJAB136easy, representing ∆lfp-1 (nt92-789) 

This study 

  pJAB136Ceasy pGEM-T Easy with 1,072 bp fragment, 

representing wild-type lfp-1 and putative 

promoter region 

This studyg 

  pJAB136C pBBR1MCS-3 with 1,068 bp Xba I fragment 

from pJAB136Ceasy, representing wild-type 

lfp-1 and putative promoter region 

This study 

pRU136TOPO pCR2.1-TOPO with 803 bp amplicon internal to 

lfp-1 from DD503 

This studyh 
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pRU136 pGSV3 with ~810 bp Eco RI fragment from 

pRU136TOPO 

This studyh 

aB. pseudomallei strain chosen for complete genome sequencing (see Holden et al., 2004).  

bS. Songsivilai, Siriraj Hospital, Bangkok, Thailand.  

cD. Alfredson, Gold Coast Hospital, Queensland, Australia. Current address: St. John of God Hospital, 

Geelong, Victoria, Australia. 

dntp is the nucleotide position in the annotated genome sequence (Holden et al., 2004). 

eAmerican Type Culture Collection, Rockville, U.S.A. 

fDeletion construct provided by A. Essex-Lopresti, Defence Science Technology Laboratory (DSTL), 

Porton Down, United Kingdom (see also Table 2.2) for pilA mutagenesis (TFP2; see Chapter five).  

gPlasmid pJAB136Ceasy was generated by Lucy Barnes during her time as a research assistant in our 

laboratory. 

hPlasmids made by R. Ulrich, USAMRIID, for lfp-1 mutagenesis (see Table 2.2 and Chapter six). 

Ap, ampicillin; Cm, chloramphenicol; Gm, gentamicin; IPM, imipenem; Km, kanamycin; Sm, 

streptomycin; Tc, tetracycline; s, sensitive; r, resistant. 

 

2.1.6 Oligonucleotides 

 

Table 2.2: Oligonucleotides used in this study 

Oligonucleotide  5’ to 3’ Sequencea               Enzymeb Reference 

Cloning/mutagenesis 

  AH3 gaagatctagatctcgcgatgcccatgcg  Bgl II  This studyc 

  AH4 gctctagatctagacatcggtttcatcgcc  Xba I  This studyc 

  AH5   gaagatctagatcttgccgcgcgtgatgg  Bgl II  This studyc 

  AH6   gctctagatctagacacgccgagcacgac  Xba I  This studyc 

  AEHUS  cgacgcattcgcgctgatcgac   None  This study 

  AEHDS  gacggcaagcgcgatcagcgat   None  This study                                                                                              

  BPL3USF  gaagatcttacgcagttgaaacactttg  Bgl II  This study 

  BPL3USR  gaaggcct(c)tattgaacgaggctggacat  Stu I  This study 

  BPL3DSF  gaaggcctacaacaagaagtccaaagcc   Stu I  This study 
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  BPL3DSR  gctctagacgaaaaaatgaaatgtgctt   Xba I  This study 

  BPL6USF  gaagatctgcattccgtttcccgtttcg  Bgl II  This study 

  BPL6USR  gaaggcctgcaacgtgctcccacgcatc  Stu I  This study 

  BPL6DSF  gaaggcctcgct(a)gaacagcatggtaaa  Stu I  This study 

  BPL6DSR  gctctagagccttgaagcccttcggaaa  Xba I  This study 

  BPL8USF  gaagatctatcgacgccgacgactcgac  Bgl II  This study 

  BPL8USR  cgggatcccggatcacgacg(t)aggatgc  BamH I  This study 

  BPL8DSF  cgggatccctccagacgccgctcgtgac  BamH I  This study 

  BPL8DSR  gctctagaccgccgagatccgtcatcgg  Xba I  This study 

  136USF  gctctagacaaacttgctcctttaggtcacgc  Xba I  This study 

  136USR  cgggatcctacaacgcctgttccgcctcg  BamH I  This study 

  136DSF  cgggatccatccgccagcatccatactgag  BamH I  This study 

  136DSR  ggggtacccgccatcgtcgttgagagagtg  Kpn I  This study 

  RgcUSF  ccttcagctcagatttgaaagag   None  This study 

  RgcDSR  ggagcaggtgaatctctcttcaa   None  This study 

  RgcExpF  gctctagaccttcagctctgatttgaaagag   Xba I  This study 

  RgcExpR  gctctagaggagcaggtcaatctctcttcaa  Xba I  This study 

  RU136F   aacatgaattcaagtgggtctgc   None  This studyd       

  RU136R   agtatggatgctggcggatgt   None  This studyd 

Q-PCR analysis 

  JAB16RT F (pilA) gcctatcaggattatctcgc   None  This study 

  JAB16RT R (pilA) caccagcacgagcgtatt   None  This study 

  RgcRT F (lfp-1)  caggcgttgtactggacaga   None  This study 

  RgcRT R (lfp-1)  tcggcgatgtagagcatgtt   None  This study 

  16S 325-345  agacacggcccagactcctac   None     (Brett et al., 1997) 

  16S 625-645  cagtcaccaatgcagttccca   None      (Brett et al., 1997) 

  CTR F   gcgtgcttgtgaccaagatg   None  This studye 

  CTR R   gaggagcactaactacgcgg   None  This studye 

  CTSK F  tgtataacgccacggcaaagg   None  This studye 

  CTSK R  catggttcacattatcacggtca   None  This studye 

  MIP-1γ F  cagagcagtctgaaggcacag   None  This studye 
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  MIP-1γ R  cgtgagttataggacaggcagc   None  This studye 

  NFATc1 F  tctcaaggaacgagaagggct   None  This studye 

  NFATc1 R  atatgccctggtgtggtcaga   None  This studye 

  RANTES F  catgaagatctctgcagctgcc   None  This studye 

  RANTES R  gcacttgctgctggtgtaga   None  This studye 

  TRAP F  gcctacctgtgtggacatga   None  This studye 

  TRAP R  gacctttcgttgatgtcgcac   None  This studye 

  18S F   cttagagggacaagtggcg   None  This studye 

  18S R   acgctgagccagtcagtgta   None  This studye 

aNucleotides in parentheses have been changed from the B. pseudomallei K96243 sequence to introduce  

an artificial stop codon.  

bThe listed endonuclease recognises the underlined sequence of the oligonucleotide and cuts within it. 

cAngela Essex-Lopresti, DSTL, Porton Down, U.K., used the listed oligonucleotides to generate 

pAEH16 (see Table 2.1). 

dRicky Ulrich, USAMRIID, Fort Detrick, U.S.A., used the listed oligonucleotides to generate 

pRU136TOPO and pRU136 (see Table 2.1). 

eSebastien Stephens, Griffith University, Gold Coast, Australia, designed these oligonucleotides for use 

in his doctoral studies of mRNA expression in mouse osteoclasts.   

 

2.1.7 Cell Lines 

 

Table 2.3: Cell lines used in this study 

Cell Line Organism        Tissue/cell type                       Reference 

A549  Homo sapiens (human)       Alveolar epithelial carcinoma  ATCCa 

HEp-2  Homo sapiens (human)       Laryngeal epithelial carcinoma  ATCC 

KB  Homo sapiens (human)       Oral epithelial carcinoma  ATCC 

ME-180  Homo sapiens (human)       Cervical epidermoid carcinoma     ATCC  

RAW264.7  Mus musculus (mouseb)       Immortalised macrophages              D. Humec 

aAmerican Type Culture Collection, Rockville, U.S.A.  

bRAW264.7 cells are derived from BALB/c mouse macrophages. 
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cA kind gift from D. Hume, University of Queensland, Brisbane, Australia. 

                                                                                            

2.2 Methods 

 

2.2.1 in silico analyses 

 

Genome sequences were obtained from the Sanger Research Institute 

(http://www.sanger.ac.uk/) and The Institute for Genomic Research 

(http://www.tigr.org/). DNA sequences, reading frames, and protein sequences were 

analysed using Artemis Release 4 (Rutherford et al., 2000), which is available for free 

download at (http://www.sanger.ac.uk/artemis/). Nucleotide and protein comparisons 

were conducted using the suite of programs offered by the National Centre for 

Biotechnology Information (http://www.ncbi.nlm.nih.gov/) and included various BLAST 

(Altschul et al., 1997) and conserved domain (Marchler-Bauer and Bryant, 2004) 

searches. Additional motif analyses were made using the ScanProsite database 

(Gattiker et al., 2002), available at http://www.expasy.org/tools/scanprosite/. Signal 

peptide analyses were undertaken using SIGNALP 3.0 

(http://www.cbs.dtu.dk/services/SignalP/) with both neural networks and hidden 

Markov models trained on Gram-negative bacteria (Bendtsen et al., 2004). Protein 

transmembrane domains were analysed using the transmembrane hidden Markov model 

(TMHMM) server V.2.0 (Krogh et al., 2001), which is available at 

http://www.cbs.dtu.dk/services/TMHMM/. Restriction profiling, oligonucleotide 

primer compatibility, CLUSTAL W alignments (Thompson et al., 1994), and phylogenetic 

analyses were performed using MacVector 7.0 (Oxford Molecular).       

 



                                                                               Chapter Two: Materials and Methods 

  45 

 

2.2.2 Bacterial growth conditions and storage      

 

Bacterial strains were maintained on LB agar with antibiotic selection, where 

appropriate, and were grown at 37 °C for one to two days. These strains were stored at 

room temperature, with the exception of E. coli, which was stored at 4 °C. Liquid 

cultures were grown at 37 °C in a shaker at 200 rpm, or where indicated, without 

shaking. Some cultures were grown at 27 °C or 30 °C where specified. 

Antibiotics were added as required to the following final concentrations: 

ampicillin, 100 µg/mL; chloramphenicol 50 and 100 µg/mL (as indicated); gentamicin, 

15 µg/mL; naladixic acid, 10 µg/mL; streptomycin, 100 µg/mL; tetracycline, 10 

µg/mL. Antibiotics were filter-sterilised using 0.22 µm Millex-GS filter units 

(Millipore Corporation) and aliquots stored at -20 °C. 

After not more than three sub-cultures, fresh bacteria were obtained from frozen 

glycerol stocks. E. coli was stored in up to 40% (v/v) glycerol at -80 °C and all 

Burkholderia species in precisely 20% (v/v) glycerol at -80 °C. 

 

2.2.3 Preparation of genomic DNA  

 

Genomic DNA minipreps were performed using a modified protocol to that 

outlined by Ausubel et al., (1987). A moderate loopful of bacteria was completely 

re-suspended in 567 µL TE buffer (10 mM Tris, 1 mM EDTA, pH 8), after which, 30 

µL 10% (w/v) SDS and 3 µL 20 mg/mL proteinase K was added. After brief vortexing, 

the mixture was incubated for one to four hours at 37 °C.  Following incubation, 100 

µL of 5 M NaCl was added and mixed before the addition of 80 µL of 10% (w/v) 

CTAB, 0.7 M NaCl solution. This was mixed followed by incubation at 65 °C for ten 

minutes. Impurities were extracted with an equal volume of chloroform/isoamyl 
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alcohol (24:1) and centrifugation followed for ten minutes at 14,000 rpm. The upper 

phase was recovered and an equal volume of phenol/chloroform/isoamyl alcohol 

(25:24:1) was added and mixed, followed by 15 minutes centrifugation at 14,000 rpm 

Nucleic acids were precipitated with isopropanol and washed with 70% (v/v) ethanol. 

The pellet was briefly air-dried and re-suspended in 100 µL sterile MQ water 

containing 1x RNAse. Preparations were incubated at 37 °C for one hour to remove 

RNA and stored at -20 °C.        

 

2.2.4 Preparation of plasmid DNA 

 

Plasmid DNA minipreps were performed using a protocol similar to that 

described by Sambrook et al., (1989). Bacteria were inoculated into LB broth 

containing appropriate antibiotics and grown overnight. Cultures were spun for five 

minutes at 4,500 rpm and the pellet was re-suspended in 200 µL solution I (50 mM 

glucose, 25 mM Tris pH 8, 10 mM EDTA). 300 µL of freshly prepared solution II 

(200 mM NaOH, 1% [w/v] SDS) was added, the mixture was briefly mixed by 

inversion, and 300 µL of solution III (3.0 M KCH3COO, pH 4.8) was added and mixed. 

The suspension was centrifugation at 14,000 rpm to remove cellular debris and the 

supernatant was collected. This was extracted twice with chloroform and nucleic acids 

were precipitated with isopropanol. The pellet was washed with 70% (v/v) ethanol, 

thoroughly dried, and re-suspended in 50 µL sterile MQ water containing 1x RNAse. 

RNA removal and DNA storage occurred as indicated in 2.2.3.     
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2.2.5 Preparation of total RNA 

 

Total RNA was prepared according to methods described by Sambrook et al., 

(1989). Cells were lysed with guanidium lysis solution (4 M guanidium isothiocyanate, 

1% (v/v) lauroyl sarcosine) and RNA was obtained by ultracentrifugation over a 5.7 M 

cesium chloride, 100 mM EDTA cushion in a Beckman SW41 rotor at 27,000 rpm for 

16 hours. RNA was dissolved in 1% (v/v) SDS in TE buffer (pH 7.5) and impurities 

were extracted with chloroform. RNA was precipitated with ethanol, pelleted at 14,000 

rpm for two minutes and washed in 75% ethanol (v/v; 0.8 mL per 100 mg of RNA). 

The pellet was dried, resuspended in DEPC-treated water, DNAse treated twice, and 

stored at -80 ºC.  

 

2.2.6 Preparation of first-strand cDNA 

 

First-strand cDNA was obtained from total RNA using an ImProm-II™ Reverse 

Transcription System (Promega Corporation) according to the manufacturer’s 

instructions. Briefly, up to 1 µg RNA was mixed with 0.5 µg of Oligo(dT)15 primers, 

the volume was made to 5 µL with nuclease-free water, and incubated at 70 ºC for five 

minutes, followed by immediate chilling on ice. The condensate was collected by brief 

centrifugation at 14,000 rpm at 4 ºC and the samples were kept on ice. Reverse 

transcription reactions were prepared on ice and consisted of 1x IMPROM-II RT 

buffer, 1.5-5 mM MgCl2, 0.5 mM dNTPs, 20 units recombinant RNasin® ribonuclease 

inhibitor, 20 units ImProm-II™ Reverse Transcriptase (RT), and nuclease-free water to 

15 µL. RNA and primer mix was added, giving a final volume of 20 µL. Tubes were 

incubated at 25 ºC for five minutes to allow primer annealing, followed by 42 ºC for 



                                                                               Chapter Two: Materials and Methods 

  48 

 

45 minutes to allow cDNA extension. RT was inactivated at 70 ºC for 15 minutes and 

cDNA samples were stored at -80 ºC. 

 

2.2.7 Agarose gel electrophoresis 

 

DNA was resolved using between 0.7 and 2% (w/v) agarose gels, depending of 

the DNA fragment size. Agarose gels were prepared with 1x TAE buffer (40 mM Tris 

acetate, 1 mM EDTA, pH 8), or 0.5x TBE buffer (0.45 M Tris-HCl, 0.45 M boric acid, 

0.5 mM EDTA) where indicated, mixed with ethidium bromide, 0.05% (w/v), and let 

set at room temperature. DNA samples were mixed with 10x running dye (37% [w/v] 

sucrose, 0.05% [w/v] bromophenol blue, 5 mM EDTA) to 1x final concentration and 

seeded into each well. Molecular weight standards, consisting of one or more of 100 bp 

ladder, 1 Kbp ladder, or 2-log ladder (New England Biolabs Inc.) were also included. 

Gels were electrophoresed in the corresponding buffer at 100 V to reach the desired 

resolution and DNA was visualized using a UVP UV transilluminator and Grab-It (32 

bit) software v2.59 (AGP Technologies).      

 

2.2.8 Spectrophotometric quantification of DNA and RNA concentration 

 

DNA and RNA samples were diluted appropriately (e.g. 1:100, 1:500) in sterile 

MQ or DEPC-treated water, respectively, and concentrations were determined by 

measuring the absorbance of 100 µL of solution at 260 nm. The DNA and RNA 

concentration was enumerated given that 1 OD unit at 260 nm is equivalent to 

50 µg/mL of DNA and RNA in water (Sambrook et al., 1989). Given that this method 

cannot distinguish between DNA and RNA, DNA samples were RNAse treated, and 

RNA samples were DNAse treated prior to quantitation. 
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2.2.9 DNA purification from agarose gels 

 

DNA was purified from agarose gels using the Perfectprep Gel Cleanup kit 

(Eppendorf) according to the manufacturer’s instructions. Briefly, DNA fragments 

were excised from agarose gels using a clean scalpel blade and weighed. Three 

volumes of binding buffer were added, where 1 mg equals 1 µL of volume, and the 

mixture was incubated at 50 °C for 10 minutes to completely dissolve the agarose. One 

volume of isopropanol was added and the solution was mixed thoroughly by inversion. 

The solution was centrifuged through a DNA binding column at 10,000 rpm for one 

minute. The column was washed with wash buffer and the DNA eluted in 30 µL room 

temperature elution buffer. Purified DNA (2 µL) was visualised by agarose gel 

electrophoresis to confirm purification and the remainder was stored at -20 °C. 

 

2.2.10 Automated DNA sequencing 

 

An ABI PRISM Big Dye Terminator Cycle Sequencing Ready Reaction Kit 

(Applied Biosystems) was used to prepare samples for automated DNA sequencing 

according to the manufacturer’s instructions. Reactions consisted of 3.2 pmol primer, 

between 3 to 40 ng template DNA, depending on template size, 8 µL Reaction Mix and 

sterile MQ to 20 µL final volume. Reactions were performed using a PCR Sprint 

thermal cycler (Hybaid, Middlesex, England) with the following sequencing program: 

96 °C for 30 seconds, 50 °C for 15 seconds, 60 °C for four minutes, repeated 26 times.  

Contaminating unincorporated dye terminators were removed; 0.1 volume 

sodium acetate and 2.5 volumes ethanol was added to precipitate the DNA, which was 

washed with 70% (w/v) ethanol and vacuum-dried. Samples were run on a gel using the 
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ABI Model 377 DNA sequencer. Sequencing data was analysed and edited using 

SeqEd© version 1.0.3 (Applied Biosystems).  

   

2.2.11 Restriction endonuclease digestion of DNA 

 

Commercially available restriction endonucleases were used in both single and 

double digest reactions according to the manufacturer’s instructions. Generally, digests 

had a final volume of 15 or 25 µL and consisted of 1x endonuclease buffer, 0.25-2 units 

of each endonuclease, appropriate volumes of DNA, and sterile MQ water. BSA was 

added to 1x final concentration where required. All reactions were performed for two 

hours, generally at 37 °C. 

 

2.2.12 Ligation of DNA 

 

Ligation reaction volumes were typically 15 µL and consisted of between 1:1 and 

3:1 concentrations of vector to insert DNA, 3 units of T4 DNA ligase, 1x ligase buffer 

containing ATP, and sterile MQ water. Reactions were performed at 16 °C for a 

minimum of two hours. When ligations were transformed by electroporation, residual 

salt was removed by either sodium acetate/ethanol precipitation, as described in 2.2.10, 

or 20-30 µL sterile MQ water was added to dilute the salt. 

 

2.2.13 Preparation of chemically competent cells  

 

Chemically competent cells were prepared by growing 25 mL of the desired E. 

coli strain to an approximate optical density (600 nm) of 0.4 (two to three hours). 

Bacterial cells were placed on ice for 15 minutes and centrifuged at 4,500 rpm for five 

minutes. The pellet was resuspended in 5 mL TfbI solution (30 mM KCH3COO, 
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100 mM RbCl, 10 mM CaCl2, 50 mM MnCl2, 15% glycerol, pH 5.8) and incubated on 

ice for a further 15 minutes. The cells were again centrifuged and resuspended in 

0.5 mL TfbII solution (10 mM MOPS, 75 mM CaCl2, 10 mM RbCl, 15% glycerol, pH 

6.5) before another 15 minute ice incubation. Bacterial cells were separated into 50 µL 

aliquots and either used immediately or stored at -80 °C. 

 

2.2.14 Preparation of electro-competent cells 

 

Electro-competent cells were grown, incubated on ice, and pelleted as described 

in 2.2.13. The pellet was resuspended in 10 mL cold sterile MQ water and centrifuged 

for ten minutes at 4,500 rpm. The pellet was resuspended in 500 µL cold 10% (v/v) 

glycerol and again centrifuged for ten minutes. The pellet was resuspended in 50 µL 

cold 10% (v/v) glycerol and used immediately for the electroporation of one reaction 

(25 mL bacteria per electroporation).    

 

2.2.15 Transformation of E. coli by heat shock  

 

The protocol for this procedure was derived from Sambrook et al., (1989). Frozen 

or freshly made competent cells were thawed/placed on ice for five minutes before the 

addition of plasmid DNA. This mixture was kept on ice for a further five minutes 

before heat shock treatment at 42 °C, for three minutes. LB broth (1 mL) was added 

and the cells were incubated for one hour at 37 °C. Aliquots of 100 µL were plated onto 

LB agar containing suitable antibiotics and incubated at 37 °C for one to two days. 

 

2.2.16 Transformation of E. coli by electroporation 

 

On ice, a suitable volume of salt-free/low-salt DNA was added to 50 µL  
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electro-competent E. coli cells in a 1 mm electroporation cuvette and mixed 

thoroughly. The mixture was transformed using a Micropulser electroporater 

(Bio-Rad Laboratories) at 1.8 mV for 6 msec. LB broth (1 mL) was added immediately. 

The mixture was incubated and plated onto LB agar as described in 2.2.15. 

 

2.2.17 Rapid plasmid screening of transformants 

 

This procedure was derived from Sambrook et al., (1989). One loopful of 

bacteria was resuspended in 50 µL 10 mM EDTA and 50 µl of lysis solution (0.2 N 

NaOH, 0.5% [v/v] SDS, 20% [w/v] sucrose) was added, and this was mixed thoroughly 

by vortexing. Samples were incubated at 70 °C for five minutes and allowed to cool to 

room temperature. The addition of 1.5 µL 4 M KCl and 2.5 µL 0.5% (w/v) 

bromophenol blue followed and the solution was mixed thoroughly. Samples were 

placed on ice for five minutes before centrifugation at 14,000 rpm for five minutes at   

4 °C. The supernatant (40 µL) was loaded into a 1% (w/v) agarose gel and the DNA 

was separated by electrophoresis and viewed over UV.      

 

2.2.18 Conjugation 

 

Filter conjugations were performed according to methods described previously 

(Dieckelmann, 1998). Bacterial cultures were grown overnight at 37 °C with 

appropriate antibiotics. These included gentamicin and streptomycin for 

B. pseudomallei and usually chloramphenicol or tetracycline for E. coli S17.1 (λpir) 

(depending on the plasmid). Naladixic acid was used when DH5α was a recipient. 

Cultures were spun at 4,500 rpm for five minutes and the supernatant was replaced with 

half the original volume of antibiotic-free LB broth. Sterile filters (Millipore 
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Corporation) were placed onto LB agar plates (Sarstedt, Technology Park, South 

Australia, Australia) and 10 µl each of donor and recipient strains were placed onto 

filters and left to settle. Filters were incubated for eight hours at 37 °C and washed by 

vigorous vortexing in 1 mL 1x PBS (0.14 M NaCl, 8.1 mM Na2HPO4, 1.5 mM 

KH2PO4, 2.7 mM KCl, pH 7.4) to remove bacteria. Aliquots (100 µl) were spread onto 

LB agar containing appropriate selective antibiotics and plates were incubated at 37 °C 

for two days. Putative transconjugants were routinely sub-cultured onto sector plates 

containing the same selective antibiotics to assess growth prior to molecular analysis.           

 

2.2.19 Polymerase chain reaction (PCR) 

 

PCR was performed using a Mastercycler personal thermal cycler (Eppendorf). 

Generally, reactions consisted of 15 pmol/primer, 0.5 µg template DNA, 50 µM 

dNTPs, 1.5-3.0 mM MgCl2, depending on template DNA and primer pairs, 10% (v/v) 

DMSO, 0.5 units Taq DNA polymerase and 1x PCR buffer. PCR programs were 

specific to each reaction but consisted of the following: 94 °C denaturing for one 

minute, optimum annealing temperature of primer pair for one minute, 72 °C extension 

for one minute, repeated for 30 cycles.    

 

2.2.20 Southern blot and DNA denaturation and fixation 

 

Southern blots were performed using a Trans-Blot SD Semi-Dry 

Electrophoretic Transfer Cell (Bio-Rad Laboratories) according to the following 

protocol, adapted from the manufacturer’s instructions.  

Purified genomic DNA was digested for three hours using appropriate 

endonucleases and a portion was viewed by electrophoresis using a 1.0 % (w/v) TAE 
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agarose gel. Equivalent concentrations of digested genomic DNA were estimated and 

loaded into a 1.0% (w/v) TBE gel, which was electrophoresed at 100 V for 90 minutes. 

Gels were photographed, adjacent to a ruler, using a UV transilluminator. Thick 

blotting paper (Bio-Rad Laboratories) and nylon membrane (Hybond) were cut to size, 

soaked in 0.5x TBE and placed onto the Trans-Blot apparatus in the following order: 

thick blotting paper, nylon membrane, electrophoresed TBE gel, thick blotting paper. 

More TBE was added to the top layer of blotting paper and all air bubbles rolled out. 

The apparatus was closed and the DNA was transferred at 15 V with a limit of 4 mA 

per cm
2
 gel area for 30 or 60 minutes for small and large gels, respectively. Wells were 

marked into the nylon membrane with a scalpel and the gel was viewed under UV to 

confirm DNA transfer. Membranes were soaked in denaturing solution (0.5 N NaOH, 

1.5 M NaCl) for ten minutes and washed in 2x SSC (0.3 M NaCl, 30 mM sodium 

citrate) for five minutes before drying at 42 °C. UV crosslinking followed for one 

minute. Membranes were soaked in prehybridisation solution (1% (w/v) SDS, 10% 

(w/v) dextran sulphate, 1 M NaCl) with 10 µg/mL tRNA for at least one hour in a 

rotating oven (Hybaid) at 65 °C prior to the addition of DNA probes.         

 

2.2.21 Synthesis, hybridisation, and detection of radio-labelled nucleotide probes 

 

Probe DNA was prepared using a nick-translation (NT) system (Promega 

Corporation) according to the manufacturer’s instructions. Generally, reactions 

consisted of 10-100 µg template DNA, 20 µM (each) dNTPs (except dCTP), 3.5 µL NT 

buffer, 3 µL sterile MQ water, 2 µL NT enzyme mix and 3.5 µL [α-32P]-dCTP (10 

mCi/mL). Reactions were performed at 16 °C for one hour and spun through 1.0 mL 

sephadex G-50 fine spin columns. Purified labelled probes were boiled for five minutes 

to denature the DNA strands prior to incubation with membranes. Hybridisation 
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occurred at 65 °C in a rotating oven overnight. Membranes were then serially washed 

with SSC of the appropriate stringency at 65 °C.  

Membranes were exposed to a 20 x 25 cm Kodak Imaging Screen-k (Bio-Rad 

Laboratories) for between one and seven days, depending on the activity of the 

membranes. Bands were visualised using a Personal-FX Molecular Imager™ (Bio-Rad 

Laboratories) using Quantity One v 4.0.3 software.    

 

2.2.22 Estimation of DNA molecular weight following Southern blot   

 

The migration of known molecular weight standards through a TBE gel during 

electrophoresis of samples for Southern blot was plotted against size, providing a 

standard curve for DNA size and migration for each specific gel. The migration 

distance of bands identified by radiolabelled probe following Southern blot and 

hybridisation was measured and the molecular weight was estimated from this curve. 

 

2.2.23 Mutagenesis in B. pseudomallei 

 

Two types of mutagenesis were employed in this study. Mutagenesis in our 

laboratory involved unmarked deletion mutagenesis by allelic exchange. Mutagenesis 

by our collaborators at USAMRIID involved insertional inactivation of a targeted gene. 

Both methods are described below. 

Unmarked isogenic deletion mutants were generated by a two-step process 

involving allelic exchange and sacB counter-selection on sucrose media, similar to the 

methods described previously (Blomfield et al., 1991; van der Geize et al., 2001; 

Brown et al., 2004; refer to Figure 5.2 for diagrammatic example). DNA flanking a 

locus to be deleted (approximately 1 Kbp per side) was amplified by PCR with primers 

containing restriction sites. The 3’ end of the upstream product and the 5’ end of the 
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downstream product were digested with the same enzyme, ligated together, and 

re-amplified by PCR. The ends of the new fragment were digested with different 

enzymes and the fragment was cloned into pDM4, creating a deletion construct, which 

was transformed into E. coli DH5α (λpir) and then E. coli S17.1 (λpir). pDM4 was 

used as it contains cat for chloramphenicol selection, RP4 oriT for conjugative 

mobilisation, and the π-dependent origin of replication, R6K, that replicates in E. coli 

(λ pir) strains but not in B. pseudomallei. The suicide deletion construct was 

conjugatively mobilised into B. pseudomallei and integration by homologous 

recombination was selected using chloramphenicol, 100 µg/mL, and was confirmed by 

PCR. One merodiploid colony was grown overnight without antibiotic selection, to 

allow plasmid excision by a second homologous recombination event, resulting in 

either a wild-type or deleted chromosomal locus. Dilutions (10
-8
) of overnight grown 

bacteria were plated onto LB agar containing 10% (w/v) sucrose, but lacking NaCl, and 

plates were incubated for two to four days at 30 ºC (Blomfield et al., 1991; Brown et 

al., 2004). Sucrose resistant colonies were screened for chloramphenicol sensitivity, 

and sensitive colonies were analysed by PCR. Unmarked deletion mutants were 

differentiated from wild-type bacteria by PCR and Southern blot analysis.  

Double unmarked deletion mutants were generated by the same process, except 

that B. pseudomallei strains with an unmarked deletion mutant background were used 

for allelic exchange rather than wild-type bacteria.  

The insertion mutant was generated as described previously (Ulrich et al., 2004). 

Briefly, an internal portion of the gene of interest was amplified by PCR. The amplicon 

was subcloned into pCR2.1-TOPO and transformed into One Shot

 chemically 

competent E. coli cells (Invitrogen Corporation). Integration cassettes were generated 

by digesting the internal gene amplicon from pCR2.1-TOPO and ligating this into the 
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suicide vector pGSV3. The integration cassette was mobilised into DD503 by 

conjugation, merodiploids selected on gentamicin, 10 µg/mL, and site-specific 

integration was confirmed by long range PCR using the FailSafe PCR System 

(Epicentre Biotechnologies). 

 

2.2.24 Maintenance of cultured cell lines 

 

Cell lines were maintained in an atmosphere consisting of 37 °C, 5% CO2. A 

summary of cell lines used in this study is given in Table 2.3 and more detailed 

information is available at the ATCC website (http://www.atcc.org). All tissue culture 

media was supplemented with 10% (v/v) FCS (heat inactivated at 56 °C for 30 minutes 

prior to use) and 1x penicillin/streptomycin mix. All human cells were grown in T-25 

or T-75 flasks (Greiner BioOne, Longwood, Florida, U.S.A.) and split two to three 

times a week at a ratio of 1:5 using 0.25% (w/v) trypsin, as required. 

A549 cells were grown in Ham’s F12K medium with L-glutamine which was 

supplemented with 1.5 g/L sodium bicarbonate. HEp-2 cells were grown in MEM with 

Earl’s salts and L-glutamine. KB cells were grown in MEM with Earl’s salts and 

L-glutamine which was supplemented with 0.1 mM non-essential amino acids, 1 mM 

sodium pyruvate, and 1.5 g/L sodium bicarbonate. ME-180 cells were grown in 

McCoy’s 5a medium with L-glutamine. 

RAW264.7 cells were grown in sterile 90 mm bacteriological plastic agar plates 

using MEM with Earl’s salts and L-glutamine. Cells were subcultured three times 

weekly at a ratio of 1:8 using a 22-gauge Neolus needle and 5 mL Neolus syringe 

(Terumo Corporation) with fresh media to dislodge cells from the plastic surface. 

Occasionally, 23 cm cell scrapers (Nalge Nunc International, Roskilde, Denmark) were 

used to remove RAW264.7 cells. 
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2.2.25 Storage and resuscitation of cell lines 

 

Cell lines were stored in freeze media consisting of the appropriate maintenance 

media supplemented with 20% (v/v) FCS and 5% (v/v) DMSO. Confluent cells were 

detached with 0.25% (w/v) trypsin, resuspended in 3 mL normal maintenance media, 

and centrifuged at 5,000 rpm for three minutes at 4 °C. Cells and freeze media were 

placed on ice for five minutes. The supernatant was removed and the cells slowly 

resuspended in 1 mL freeze media. Cells were transferred to a CryoTube vial (Nalge 

Nunc International) which was placed into a freezing chamber containing isopropanol 

(to ensure a cooling rate of -1 °C per minute) and placed at -80 °C overnight. The 

CryoTube vial was transferred to liquid nitrogen for long term storage. 

Cell lines were resuscitated by removing a cryovial from liquid nitrogen and the 

contents thawed quickly in a container holding 70% (v/v) ethanol at 37 °C. Cells were 

transferred to a 10 mL tube containing 5 mL maintenance medium, mixed, and pelleted 

at 4 °C, 5,000 rpm for three minutes. Cells were incubated on ice for two minutes, 

resuspended in fresh maintenance medium, transferred to a T-25 or T-75 flask, and 

incubated at 37 °C, 5% CO2. Culture media was replaced the following day. 

 

2.2.26 Enumeration of cultured cells per growth area 

 

Confluent monolayers of each cell line were grown in 24-well tissue culture 

plates (Greiner BioOne) with a growth area of 2.0 cm
2
 per well. The cells from one 

well were detached with 0.25% (w/v) trypsin, stained 1:1 with a solution consisting of 

0.4% (w/v) trypan blue in 0.85% (w/v) saline (Invitrogen Corporation), and counted 

with a 1/400 mm
2
 haemocytometer (Weber Scientific International Ltd., England) to 
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obtain an estimate of the total number of viable cells per growth area. Counts were 

performed in duplicate for each cell line. The number of cells was scaled relative to the 

growth area of other containers when required.  

 

2.2.27 Fixation of samples 

 

The fixative agent varied and was dependent on the subsequent staining/viewing 

method. For Giemsa staining, cold methanol and refrigeration at 4 ºC was used for 

between one and 24 hours. For TRAP staining, dentine assays, and immunolabelling, 

3.7% (v/v) formaldehyde in 1x PBS was used for 30 minutes. Where possible, all 

samples were kept under 1x PBS at 4 ºC following fixation. 

 

2.2.28 Giemsa staining of samples 

 

A 1% (w/v) Giemsa stock (20x) was prepared in 50% (v/v) methanol, 50% (v/v) 

glycerol. Fresh 1x Giemsa aliquots were made in sterile MQ water, adjusted to pH 6.9, 

and used immediately. Staining of samples was achieved by covering the sample 

generously with stain, gently agitating for 30 seconds, and leaving the mixture for ten 

minutes. The stain was removed and samples were rinsed with sterile MQ water and 

left to air dry before slide-mounting (2.2.33).   

 

2.2.29 TRAP staining of samples 

 

TRAP staining of samples was achieved using a leukocyte acid phosphatase 

staining kit (Sigma-Aldrich Co.) according to the manufacturer’s instructions. Briefly, 

staining solution was prepared by mixing appropriate volumes of diasotised Fast Garnet 

GBC base solution, nitrate solution, Napthol AS-BI phosphate solution, acetate 
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solution, and tartrate solution with pre-warmed (37 ºC) sterile MQ water, as instructed. 

Staining solution was added to samples in 24-well plates and incubated in the dark at 

37 ºC for one hour. The stain was removed, and the samples were washed twice with 

sterile MQ water, left to air dry, and mounted as described below (2.2.33).      

 

2.2.30 Immunolabelling of samples 

 

Cell and bacteria samples were washed three times with 1x PBS. Cells were 

permeablised with 0.1% (v/v) Triton X-100 in 1x PBS for ten minutes and washed 

three times with 1x PBS. Blocking agent, consisting of 4% (v/v) FCS in 1x PBS was 

added for 30 minutes followed by the addition of rabbit antiserum raised against 

sarcosyl-insoluble (outer membrane) B. pseudomallei 08 proteins (provided by I. Peak) 

at a dilution of 1:450 for one hour. Samples were washed three times with 1x PBS. 

Filamentous actin was labelled with tetramethyl rhodamine isothiocynate-conjugated 

phalloidin (1:150) for 30 minutes and bacteria were concurrently labelled with goat 

anti-rabbit-Alexa Fluor
488 
(1:500). Samples were washed three times with 1x PBS, 

air-dried, and mounted as described below (2.2.33). 

            

2.2.31 Negative staining of samples 

 

Bacteria were grown as required and, if on agar, gently resuspended in 1x PBS. A 

drop of specimen was placed onto a celloidin-coated 200-mesh copper grid 

(ProSciTech), left for 30 seconds, and excess fluid withdrawn with Whatman filter 

paper. A drop of sterile MQ water was applied for ten seconds and excess fluid 

withdrawn with Whatman filter paper. One drop of 1% (w/v) aqueous uranyl acetate 

was applied for 30 seconds and excess stain withdrawn with Whatman filter paper. The 

grid was air-dried and stored in a grid storage box (ProSciTech). 
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2.2.32 Sputter coating of samples 

 

Dentine slices were mounted onto 9 mm stubbs (ProSciTech) with adhesive spots 

(PorSciTech) and gold sputter coated using ionised argon gas under vacuum for 30 

seconds at 25 mA in a Bio-Rad SC500 sputter coater.   

 

2.2.33 Mounting of samples 

 

Following staining, samples were mounted onto 25.4 x 76.2 mm clear glass slides 

(First Brand) with DPX neutral mounting medium and 22 x 50 mm and cover glasses 

(Marienfeld, Germany) were overlaid. Mounting medium was left to set for two hours 

before slides were viewed microscopically. Immunolabelled samples were mounted 

onto clear glass slides with 10% (v/v) n-Propyl gallate in 1x PBS, and coverglasses 

were overlaid and sealed with clear nail varnish.  

 

2.2.34 Light, confocal, and electron microscopy 

 

Light microscopy was conducted using an E600 light microscope (Nikon) with 

20x, 40x and 100x (oil immersion) viewing objectives. Colour digital images were 

captured with a Coolpix 950 digital camera (Nikon). Confocal laser scanning 

microscopy was undertaken using a Leica TCS 4D Confocal laser scanning microscope 

(Leica Microsystems). Scanning electron microscopy was conducted using an FEI 

Quanta 200 Environmental Scanning Electron Microscope, operating at 10-20 kV. 

Digital images were acquired directly from the microscope. Transmission electron 

microscopy was undertaken using a JEOL 1200EX transmission electron microscope, 

operating at 80kV. Image negatives were acquired on photographic film and scanned  
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using a flat bed negatives scanner (Cannon). 

  

2.2.35 Bacterial biofilm assay  

 

This assay was adapted from the protocol published by Loprasert et al., (2002). 

Bacteria were grown overnight with shaking in LB broth at 37 °C. Non-sterile 96-well 

polyvinyl chloride (PVC) culture plates (Falcon 3911 Microtest III, Becton Dickinson 

Labware) were sterilsed with 70% (v/v) ethanol and air-dried in a sterile Class II safety 

cabinet immediately prior to use. LB broth (100 µL per well) was added followed by 1 

µL of overnight culture. Wells were covered and incubated without shaking for 

18 hours at 37 °C. Thereafter, 1 µL from each well was transferred into triplicate wells 

containing 100 µL fresh LB broth or M9 medium (supplemented with 0.5% [w/v] 

casamino acids; Sigma-Aldrich Co.) and plates were incubated without shaking at 

27 °C or 37 °C for 18 hours. The supernatant was carefully removed and the wells were 

stained with 150 µL 1% (v/v) crystal violet for 30 minutes at room temperature. The 

stain was removed and the wells were washed twice with 175 µL sterile MQ water. 

Crystal violet stain was solubilised by the addition of 175 µL DMSO to each well and 

the OD (595 nm) of the solution was measured in a Wallac Victor
3
 plate reader (Perkin 

Elmer). The OD was adjusted by subtracting the OD of wells that contained media but 

no bacteria (negative control), following the addition of DMSO, from the overall OD of 

wells that contained bacteria. Each strain was investigated in triplicate wells per 

experiment, over three experiments. 

 

2.2.36 Bacterial cell aggregation assay 

 

This assay was derived from the protocol outlined by Loprasert et al., (2002).  
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Bacteria were grown overnight with shaking in LB broth at 37 °C. Sterile 55 mm perti 

dishes (Sarstedt) containing 3 mL LB broth or M9 medium supplemented with 0.5% 

(w/v) casamino acids was inoculated 1:1,000 with overnight-grown bacteria and 

incubated without shaking at 27 °C or 37 °C for 18 hours. The possible formation of 

cell aggregates as ‘clumps’ was observed by eye. 

     

2.2.37 Twitching motility assays 

 

Two twitching motility assays were employed in this study; a sub-surface stab 

assay and a microscopy assay.  

The sub-surface stab assay was derived from the method published by (Semmler 

et al., 1999). Briefly, overnight grown bacteria (37 ºC) were removed from agar and 

stab-inoculated through fresh agar to the underlying petri dish surface, and incubated at 

27 ºC or 37 ºC for two days. Thereafter, the agar was compressed overnight with 

Whatman paper (Whatman, Maidstone, England) and stained with 0.05% (w/v) 

Coomassie brilliant blue in 40% (v/v) methanol and 10% (v/v) acetic acid for three 

hours to aid visualisation of the colony.      

The microscopy assay followed the protocol outlined by (Liu et al., 2001). 

Bacteria were freshly streaked onto LB agar, microscopic colonies were located, their 

positions recorded, and growth at 37 ºC was monitored by light microscopy. Digital 

images were captured at various time points, as indicated. 

 

2.2.38 Bacterial adherence assays 

 

Two methods were used to enumerate adherent bacteria in this study: viable 

counts on agar, and microscopy counts. These assays will be described independently. 
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The viable count adherence assay was derived from the method published by 

Brown et al., (2002). Cell lines were seeded into 24- or 96-well polystyrene tissue 

culture plates (Greiner BioOne) and grown to 95-99% confluency (usually 2 days 

growth). Two days prior to assay, 2 mL starter cultures were inoculated from agar 

plates and grown with shaking (200 rpm) at 37 °C. Starter cultures were diluted (1:100) 

into fresh LB broth and grown with shaking to stationary phase (18 hours growth) at 

both 30 °C and 37 °C, as described (Brown et al., 2002). On the morning of assay, cell 

culture maintenance medium was replaced with antibiotic-free medium. Bacterial 

growth was measured spectrophotometrically at 600 nm and bacteria were seeded into 

triplicate wells at a multiplicity of infection (MOI) of 25 bacteria per epithelial cell. 

Inocula were enumerated for each strain by plating serial dilutions onto agar. The 

bacteria were centrifuged onto monolayers at 1,200 rpm for two minutes (where 

indicated) and incubated at 37°C, 5% CO2 for two hours. Following incubation, 

non-adherent bacteria were removed by four washes with pre-warmed 1x PBS. 

Monolayers were detached with 0.25% (w/v) trypsin and the well volume made up to 1 

mL with 1x PBS for 24-well plates or 250 µL for 96-well plates. Serial 10-fold 

dilutions were plated onto LB agar and incubated at 37 °C for one to two days. 

Adherent (cell-associated) bacteria were enumerated by colony counts. 

The microscopy adherence assay was derived from a protocol described by 

Rosenau et al., (1993). The microscopy adherence assay was conducted as described 

above for the viable count adherence assay, except that only 24-well plates containing 

13 mm diameter cell culture coverslips (Nalge Nunc International) were used, and 

bacteria were grown at 27 °C not 30 °C, since Brown et al., (2002) showed maximum 

adherence with cultures grown at 27 °C relative to other (higher and lower) 

temperatures (Brown et al., 2002). After 1x PBS washes to remove non-adherent 



                                                                               Chapter Two: Materials and Methods 

  65 

 

bacteria, samples were fixed (2.2.27), Giemsa-stained (2.2.28), and mounted (2.2.33). 

To avoid bias, each slide was ordered in a manner unknown to the observer (‘blinded’) 

and viewed by light microscopy under oil immersion (2.2.34). Five digital images per 

coverslip of cell-associated bacteria were captured (triplicate coverslips per strain, per 

experiment) and three parameters were enumerated; 1, the association index (the 

number of bacteria associated with one cell); 2, the infection index (the number of cells 

associated with at least one bacterium); and 3, the adherent microcolony index (the 

number of microcolonies per field of view). The five greatest numbers of 

cell-associated bacteria per field of view were included in the analysis of the 

association index. All cells that were entirely visible (i.e. not partially out of view) were 

included in the analysis of the infection index. Adherent microcolonies were arbitrarily 

defined as ten or more continuous bacteria-bacteria interactions and these were 

included in the analysis of the microcolony index. The data for each parameter was 

pooled from triplicate experiments, averaged, subject to appropriate statistical analyses 

(2.2.47) and, finally, the strains were revealed (‘unblinded’). 

 

2.2.39 Bacterial microcolony assays  

 

Bacteria were grown overnight in LB broth without shaking at 27 ºC. Bacteria 

were diluted 1:10 in 0.1% (v/v) tween-80 in 1x PBS, which has been shown to enhance 

protein secretion in bacteria (Stutzenberger, 1992), and vortexed for one minute. 

Aliquots (5 µL) were placed onto clear glass slides, surrounded completely with 

Vaseline (Leva Rexona), and covered with cover glasses. Slides were viewed 

immediately, and after a further 90 minutes at room temperature, by light microscopy 

(2.2.34) and digital images were taken. 
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2.2.40 Bacterial invasion assays 

 

Bacteria and ME-180 cells (in 24-well tissue culture plates) were prepared, 

infected, and centrifuged as described for adherence assays (2.2.38). After two hours 

incubation at 37°C, 5% CO2, to allow bacteria to invade, the culture media was 

removed and the monolayers washed once with 1x PBS. McCoy’s 5a medium 

containing imipenem, 10 µg/mL, was added to each well and plates were incubated at 

37°C, 5% CO2, for a further three hours to eliminate residual extracellular bacteria. 

Thereafter, monolayers were washed once with 1x PBS and lysed with 0.1% (v/v) 

Triton X-100 for 15 minutes at room temperature. The well-volume was adjusted to 1.0 

mL with 1x PBS and liberated bacteria were enumerated on agar, as described for 

viable count adherence assays (2.2.38).  

 

2.2.41 Bacterial intracellular proliferation, MNGC formation, and actin-based 

motility assays 

 

Bacterial cultures were prepared as described for adherence assays (2.2.38). On 

the day preceding infection, 5.0 x 10
4
 RAW264.7 cells were seeded into 24-well tissue 

culture plates and incubated at 37°C, 5% CO2 . The following day, cell culture 

maintenance medium was replaced with antibiotic-free medium and cells were infected 

with MOI of ten bacteria per cell (without centrifugation) as described for adherence 

assays (2.2.38) and the mix incubated at 37°C, 5% CO2, for one hour, to allow 

phagocytosis to occur. Phagocytosis of B. pseudomallei has been shown to occur after 

one minute with RAW264 cells
 
(Harley et al., 1998a). Following incubation, the 

culture media was replaced with MEM containing 10 µg/mL
 
imipenem and the plates 

were incubated at 37°C, 5% CO2. Intracellular bacteria were liberated and enumerated 
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at four hours and 12 hours post-infection by the methods described for the invasion 

assay (2.2.40). 

 

2.2.42 Bacterial growth assays and cell-line infection assays for quantitative 

molecular analysis 

 

For analysis of bacterial mRNA expression using different growth media and 

temperature, organisms were grown in either LB broth with shaking (200 rpm) or on 

agar for 18 hours at 27 ºC and/or 37 ºC. Liquid cultures were centrifuged at 14,000 rpm 

for three minutes, the media removed, and cells were resuspended in guanidium lysis 

solution. Cultures grown on agar were resuspended directly into guanidium lysis 

solution.  

For analysis of bacterial mRNA expression in association with eukaryotic cells, 

bacteria from overnight culture at 27 ºC and/or 37 ºC in LB broth were seeded at 

appropriate MOI (25:1 for ME-180 cells; 10:1 for RAW264.7 cells) into T-25 flasks 

containing specified eukaryotic cells (approximately 50% confluency) and appropriate 

maintenance medium (McCoys 5a medium for ME-180 cells [pilA mRNA expression] 

and MEM for RAW264.7 cells [lfp-1 mRNA expression]; supplemented with 10% 

FCS). An equivalent bacterial inoculum was delivered into T-25 flasks lacking 

eukaryotic cells but containing the same maintenance medium. Cultures were incubated 

for three hours at 37 ºC in 5% CO2. The culture medium was removed and centrifuged 

at 14,000 rpm for two minutes, and bacteria were resuspended in guanidium lysis 

solution.  

For analysis of mRNA expression in RAW264.7 cells during bacterial infection, 

approximately 2 x 10
6
 cells were seeded into T-75 flasks, incubated overnight, and 

infected as described above (2.2.41). Infection proceeded for 12 hours without the 
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addition of IPM-containing media. Cells were washed twice with 1x PBS to remove 

extracellular bacteria and lysed with guanidium lysis solution. For analysis of mRNA 

expression in RAW264.7 cells following RANKL treatment, cells were incubated with 

50 ng/mL rRANKL (supplier) for five days, washed with 1x PBS, and lysed with 

guanidium lysis solution.  

All samples were stored at -80 ºC immediately following lysis. RNA and c-DNA 

was prepared from samples as described (2.2.5, 6) and used as template in Q-PCRs 

(2.2.44). 

 

2.2.43 Assay for resorption of dentine 

 

The dentine assay was derived from a protocol previously described (Hodge et 

al., 2004). Briefly, bacterial cultures were prepared at 37 °C as described for adherence 

assays (2.2.38). Culture plates (96-well) containing sterile dentine slices were seeded 

with 8.0 x 10
3
 RAW264.7 cells and incubated at 37°C in 5% CO2 overnight. 

Maintenance medium was replaced with antibiotic-free medium and cells were infected 

at MOI 10:1, as described (2.2.41) and the mix incubated at 37°C in 5% CO2 for 24 

hours. Turbid culture medium (containing many bacteria) was replaced 12 hours 

post-infection. Wells were washed twice with 1x PBS and fixed as described (2.2.27). 

Bacteria and cells were removed from the dentine surface using 3:2 

methanol:chloroform solution. Dentine slices were sputter coated (2.2.32) and viewed 

by scanning electron microscopy (2.2.34). 

 

2.2.44 Quantitative real-time PCR (Q-PCR) 

 

Quantitative PCRs were performed in an i-Cycler thermal cycler (Bio-Rad 

Laboratories) using iQ SYBR Green I Supermix (Bio-Rad Laboratories) to measure 
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mRNA copies using quantitative standards, as described previously (Granfar et al., 

2005). Q-PCR reactions consisted of 5 pmol/primer, 20-100 ng template cDNA, 1x iQ 

SYBR Green Supermix (50 mM KCl, 20 mM Tris-HCl, pH 8.8, 0.2 mM of each dNTP, 

1.25 units iTaq DNA polymerase, 3 mM MgCl2, 1x SYBR Green I, 10 nM fluoresein) 

and MQ water to 20 µL. All Q-PCRs used forward and reverse primer pairs (F and R) 

corresponding the gene of interest (see Table 2.2). For all primer pairs (except 16S 

325-345 and 625-345), the PCR program was as follows: 95 °C denaturing for 30 

seconds, 55 °C annealing for 45 seconds, 72 °C extension for one minute, repeated for 

45 cycles. PCR analyses of B. pseudomallei 16S rRNA expression used the above PCR 

program but with 62 °C annealing for 45 seconds (Brett et al., 1997).   

 

2.2.45 RNA/cDNA preparation, microarray hybridisation, and analyses 

 

RNA/cDNA preparation, microarray hybridisation, and analyses were undertaken 

by collaborators at USAMRIID and their collaborating team at TIGR. Bacterial starter 

cultures were grown in LB broth overnight at 37 °C with shaking (250 rpm) Starter 

cultures were diluted 1:100 and bacteria were grown with shaking at 25 °C and 37 °C 

until an approximate OD600 0.4 (logarithmic phase) and 1.8 (stationary phase). Cells 

were mechanically lysed with glass bead tubes (BioChem) and RNA extracted using 

TRIzol (Invitrogen). Contaminating DNA was removed using a DNA-free kit 

(Ambion) and amino-allyl-dUTP (Sigma-Aldrich Co.) was incorporated during cDNA 

synthesis from RNA with random primers (Life Technologies) and reaction products 

were conjugated to the esthers of Cy3 and Cy5 fluorescent dyes 

(Amersham-Pharmacia).  

Microarray slides were prepared by amplifying target gene regions from genomic 

B. mallei DNA (since orthologues between B. pseudomallei and B. mallei share 98 to 
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100% identity at the nucleotide level). Purified PCR products were spotted at high 

density in triplicate on UltraGAPSTM amionosilane-coated microscope slides 

(Corning) using a robotic spotter (Intelligent Automatic Systems) and UV cross-linked. 

Slides were blocked in 5x SSC, 0.1% (v/v) SDS and 1% (v/v) BSA at 42 °C for 45 

minutes. Slides were washed in successive rinses of MQ water and isopropanol and 

air-dried. Cy3- and Cy5-labelled cDNA was mixed and hybridised to the slides at 42 °C 

overnight. Hybridised slides were scanned using the Axon GenePix 4000 microarray 

scanner and relative expression was calculated from independent TIFF images using 

TIGR Spotfinder software (http://www.tigr.org/software/). Data was normailsed using 

LOWESS (locally weighted scatterplot smoothing) in MIDAS software (TIGR; 

http://www.tigr.org/softlab/). Data was averaged from triplicate genes on each array 

and differential expression was determined using intensity-dependent 95% confidence 

intervals in MIDAS. 

 

2.2.46 Animal infection studies 

 

All animal infection studies were performed by collaborators at the institutions 

indicated. Four animal models were used in this study. The Caenorhabditis elegans 

infection model and the intranasal BALB/c mouse models were both undertaken by 

collaborators in the laboratory of Richard Titball, DSTL, Porton Down, U.K. The 

Syrian hamster model and BALB/c aerosolisation models were both performed by 

collaborators in the laboratory of David Deshazer, USAMRIID, Fort Detrick, U.S.A. 

All models are based on published literature and will be briefly described below.  

The C. elegans infection model is based on the protocol outlined by (Gan et al., 

2002). C. elegans in the L4 stage (Sulston and Hodgkin, 1988) were suspended in K 

medium (Smith et al., 2002) and exposed to bacterial lawns at 25 °C. Bacterial lawns 
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were prepared by spreading 10 µL of bacteria onto nematode growth medium agar and 

incubating at 37 ºC overnight. This included E. coli OP50 as a negative control. The 

survival of nematodes was recorded over three days. 

The intranasal BALB/c mouse model was derived from a previous protocol (Liu 

et al., 2002). Groups of six age-matched female BALB/c mice were anesthetised and 

infected intranasally with 10-fold dilutions (10
1
-10

6
) of bacteria grown overnight at 

37 ºC with (200 rpm) or without shaking (indicated in the text). Mice were recovered 

and survival was recorded for up to 51 days.    

The Syrian hamster model was derived from the methods used by (Brett et al., 

1997). Groups of five male Syrian gold hamsters were infected intraperitoneally with 

ten-fold dilutions (10
1
-10

3
) of bacteria grown overnight at 37 ºC with shaking 

(200 rpm). The survival of hamsters was recorded for six days and LD50 values were 

determined at day three as described by (Reed and Muench, 1938). 

Infection of BALB/c mice by aerosolisation was as described previously 

(Jeddeloh et al., 2003). Bacteria (100 µL from a 3 mL overnight culture) were 

inoculated into 10 mL of fresh LB broth and grown overnight at 37 °C with shaking 

(200 rpm). Groups of ten mice were infected by nebulising diluted aliquots of overnight 

culture, delivering approximately 2 LD50, 4 LD50, 6 LD50, and 8 LD50 (Jeddeloh et al., 

2003). LD50 values were determined at day five as described by (Reed and Muench, 

1938).  

 

2.2.47 Statistical analyses 

 

Statistical analyses of strains following in vitro assays and of mRNA expression 

from Q-PCRs were undertaken using the independent samples t-test. The 

Mann-Whitney test was applied to data that was not normally distributed under the 
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Gaussian curve and Welch’s correction was applied to data when equal variances could 

not be assumed. All t-tests were performed in GraphPad Prism 4 for Windows. Survival 

data from in vivo experiments were analysed using the Mantel-Haenszel log rank test in 

GraphPad Prism 4 or by Regression with Life Data in MINITAB v13.0. All statistical 

analyses had a significance threshold of α=0.05. 



 

   

 

 

 

 

Chapter Three: 

 

Adherence, microcolony formation, and biofilm 

development by Burkholderia pseudomallei 
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3.1 Introduction 

 

Adherence and colonisation of host surfaces are essential first steps in the 

establishment of bacterial infections (Falkow et al., 1992). Similarly, bacteria-bacteria 

interactions that result in the formation of microcolonies and biofilms are important in 

pathogenesis as they increase bacterial numbers and provide increased protection from 

host defenses and antibiotics (Costerton et al., 1999; Reisner et al., 2005; Fux et al., 

2005). It is therefore essential to characterise these bacterial interactions and 

understand the underlying biology so that, where possible, infection can be avoided or 

disease outcomes improved. 

The complete genome sequence and annotation of B. pseudomallei K96243 was 

recently published by researchers at the Sanger Research Institute (Holden et al., 2004). 

The strain K96243 was sequenced as it is a clinical isolate obtained from a 34-year-old 

female diabetic patient in Thailand (Holden et al., 2004). As this strain was only 

acquired in 1996 (Holden et al., 2004), it is completely uncharacterised in terms of 

virulence at the cellular and molecular level. Since B. pseudomallei K96243 was 

obtained for mutagenesis studies in our laboratory, we undertook comparative 

experiments with B. pseudomallei 08, another clinical isolate that has been studied in 

our laboratory (Brown and Beacham, 2000; Brown et al., 2002; Holden et al., 2004). 

The adherence of B. pseudomallei 08 was previously studied, and increased adherence 

and microcolony formation was reported for bacteria grown at 27 °C prior to assay 

compared with 37 °C (Brown et al., 2002). Similarly, adherence was increased with 

prior growth at 27 °C to stationary phase compared to logarithmic phase (Brown et al., 

2002). When the current investigation commenced, nothing was reported on the 

molecular basis for the B. pseudomallei 08 adherence or microcolony phenotypes, and 

it was not known whether this adherent strain could form biofilms. Moreover, it was 
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not known whether B. pseudomallei K96243 could adhere to human cells or establish 

microcolonies or biofilms. This chapter describes the comparative analysis of 

adherence, microcolony formation, and biofilm development by B. pseudomallei strains 

K96243 and 08 using standard methods derived from the literature. 

 

3.2 Results and discussion 

 

3.2.1 B. pseudomallei K96243 adherence: a comparative analysis with strain 08 

 

Using the viable count adherence assay described in Materials and Methods (see 

2.2.38), a comparative analysis was undertaken to determine adherence of 

B. pseudomallei K96243 relative to strain 08, using human cell lines derived from 

disparate tissues. Repeated adherence assays showed that B. pseudomallei K96243 

adhered in a cell line-dependent manner, and was highest using ME-180 cells and when 

grown at 30 °C prior to assay compared to 37 °C (7.46% of the inoculum; Figure 3.1). 

This adherence was 2.6-fold less than that of strain 08, grown at the same temperature 

(P<0.0168; Figure 3.1). Less than 1% of the K96243 inoculum adhered to cell lines 

when grown at 37 °C prior to assay, indicating that this strain adheres in a 

temperature-dependent manner, similar to strain 08 (Brown et al., 2002; Figure 3.1).  

K96243 was essentially non-adherent to HEp-2 and KB cells, irrespective of the 

growth temperature, with less than 1% of the inocula adhering (Figure 3.1). When 

grown at 30 °C, strain 08 adhered at 8.9- and 21.7-fold more than K96243 to HEp-2 

and KB cells, respectively (P<0.0001; Figure 3.1). This suggests that, unlike strain 08, 

the ability for K96243 to adhere is highly dependent on the cell line used. Interestingly,  
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Figure 3.1: Adherence of B. pseudomallei to different cell lines. Graph shows pooled data 

from duplicate experiments comparatively investigating the adherence of B. pseudomallei 

strains 08 and K96243 to different human cell lines when grown at 30 °C and 37 °C prior to 

assay. An approximately equal inoculum was delivered in each experiment. Adherence is 

expressed as the mean percentage of the inoculum ± SEM.

 

 

of the respiratory, oral, and cervical cell lines examined, both 08 and K96243 adhered 

most to the cervical ME-180 cell line (Figure 3.1; see also Brown et al., 2002).  

The ME-180 cell line is one of many used to assess virulence phenotypes of 

bacterial pathogens in vitro (St. Geme III et al., 1996). ME-180-specific molecules are 

likely to account for the apparent preference of B. pseudomallei strains 08 and K96243 

for this cell type; however, tissue tropism is not an outstanding feature of melioidosis as 

B. pseudomallei infects many host organs (Asche, 1991). In the largest study outside 

Thailand, 15% (37 cases) of infections occurred in the genito-urinary tract with three 

reports of cervical lymph node abscesses (Currie et al., 2000c). This in vivo data 
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represents instances of disease where B. pseudomallei directly interacted with human 

cervical cells. 

The difference in adherence phenotype between B. pseudomallei strains 08 and 

K96243 may be due to differential distribution, regulation, or structure of bacterial 

molecules mediating adherence between the two strains. Varying degrees of adherence 

between strains of B. pseudomallei have been previously reported (Kespichayawattana 

et al., 2004). Our data provides a phenotypic example of heterogeneity between 

B. pseudomallei 08 and K96243, which has been reported at the nucleotide level 

(Holden et al., 2004). 

   

3.2.2 B. pseudomallei adherence is enhanced by centrifugation 

 

Centrifugation of inocula apparently increased B. pseudomallei invasion of cell 

lines (Stevens et al., 2003). Therefore, centrifugation during adherence assays was 

investigated as described in Materials and Methods (2.2.38). Over repeated 

experiments, centrifugation of inocula increased adherence of K96243 by 2.1- and 

2.8-fold when grown at 30 °C and 37 °C, respectively (P<0.0060; Figure 3.2). The 

increased adherence of B. pseudomallei 08 following centrifugation was not significant 

at the 5% level (P=0.05625 for 30 °C growth; P=0.4780 for 37 °C growth; Figure 3.2). 

However, despite centrifugation, K96243 adhered 3.4-fold less than 08 when both 

strains were grown at 30 °C prior to assay (P<0.0001; Figure 3.2). 

Increased adherence of B. pseudomallei following centrifugation is attributed to 

increased interactions between bacteria and human cells. Indeed, increased adherence 

by centrifugation may also account for the increased invasion phenotype described by 

Stevens et al., (2003). Since centrifugation enhanced the adherence phenotype, 

subsequent adherence experiments included the centrifugation of inocula.  
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Figure 3.2: Centrifugation enhances B. pseudomallei adherence. Graph shows pooled data 

from duplicate experiments investigating the effects of centrifugation on B. pseudomallei 

adherence to ME-180 cells when grown at 30 °C and 37 °C prior to assay. Adherence is 

expressed as the mean percentage of the inoculum ± SEM.

 

 

3.2.3 Microscopic assessment of B. pseudomallei adherence/association: role of 

adherence, microcolonies, and temperature 

 

The microscopy adherence assay described by Rosenau et al., (1993) was 

optimised for use as a method to quantitatively and qualitatively investigate 

adherence/cell-association by B. pseudomallei, rather than the viable count method, and 

this refined microscopy assay is described in Materials and Methods (2.2.38). By 

observing adherent interactions rather than relying on viable counts on agar (Brown et 

al., 2002), a number of additional parameters were analysed, including the association 

index (the number of bacteria associated with one cell), the infection index (the number 

of cells associated with at least one bacterium), and the adherent microcolony index 
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(the number of colonies per field of view consisting of ten or more continuous 

bacteria-bacteria interactions). Bacteria were grown at 27 °C, not 30 °C, since Brown et 

al., (2002) showed maximum adherence with cultures grown at 27 °C relative to other 

(higher and lower) temperatures (Brown et al., 2002). Organisms were also grown at 

37 °C as a control for low adherence (Brown et al., 2002).   

Triplicate experiments with the microscopy method confirmed that temperature is 

a regulatory factor for B. pseudomallei 08 association with ME-180 cells: a significant 

3.4-fold increase in association index was observed with prior growth at 27 °C 

compared to 37 °C (P<0.0001; Figure 3.3A). Moreover, microscopic observations 

confirmed that, when grown at 27 °C, B. pseudomallei 08 cell-association involved the 

formation of large adherent microcolonies, containing between ten and >100 bacteria 

per microcolony, and that these colonies were much less prevalent, and contained fewer 

bacteria, when grown at 37 °C (5.5-fold difference in adherent microcolony index; 

P<0.0010; Figure 3.3C-E; see also Brown et al., 2002). To assess if adherence 

(bacteria-cell interactions) was temperature-dependent, the percentage index was 

determined following experiments with bacteria grown at 27 °C and 37 °C prior to 

assay. Remarkably, growth temperature accounted for very minor differences in the 

infection index by B. pseudomallei 08 (1.1-fold difference; P=0.0121; Figure 3.3B), 

indicating that temperature-dependent microcolony formation is largely responsible for 

the increased association index between B. pseudomallei 08 grown at 27 °C and 37 °C 

prior to assay. However, the small, yet statistically significant, difference in infection 

index when bacteria were grown at 27 °C compared with 37 °C prior to assay does 

suggest that adherence is also temperature regulated to a minor degree.  

Interestingly, the association index did not vary in experiments with 

B. pseudomallei K96243 grown at 27 °C and 37 °C prior to assay (0.98-fold difference; 
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P=0.7960; Figure 3.3A). Furthermore, adherent microcolonies were rarely observed 

following B. pseudomallei K96243 infection of ME-180 cells (4.1-fold [>99%] less 

adherent microcolony formation compared with B. pseudomallei 08, when bacteria 

were grown at 27 °C prior to assay; P<0.0001; Figure 3.3C). The absence of adherent 

microcolonies by B. pseudomallei K96243 grown at 27 °C accounts for the majority of 

the 5.9-fold decrease in association index compared with B. pseudomallei 08 grown at 

27 °C (P<0.0001; Figure 3.3A, C, D, and F) since the infection index varied only 

slightly between the two strains when grown at 27 °C (1.2-fold difference; P=0.0029; 

Figure 3.3 B). Furthermore, the infection index did not vary in experiments using 

B. pseudomallei K96243 grown at 27 °C or 37 °C prior to assay (P=0.3482; Figure 

3.3B), indicating that B. pseudomallei K96243 adherence is not regulated by 

temperature. 

The lack of adherent microcolony formation by B. pseudomallei K96243, and 

thus, temperature-regulated association with ME-180 cells, is converse to earlier 

experiments with K96243 using the viable count method (see Figures 3.1 and 3.2). 

However, the results obtained by microscopy are likely to more truly reflect bacterial 

association with cells because bacterial interactions could be visually confirmed, and 

enumeration distinguished between bacteria-bacteria interactions and bacteria-cell 

interactions, and bacteria not associated with cells could be excluded from the analysis. 

The viable count method does not exclude non cell-associated bacteria, is unable to 

enumerate the percentage index or the adherent microcolony index, and is subject to 

‘colony-fusion’ anomalies, whereby two or more adjacent bacterial colonies grow into 

a larger single colony (see section 5.2.8).  
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D                                                                      E 

   

F                                                                      G 

   

Figure 3.3: Microscopy studies of B. pseudomallei adherence/cell-association. Graphs show 

pooled data from blinded (ordered in a manner unknown to the observer) triplicate experiments 

investigating the adherence/association of B. pseudomallei strains 08 and K96243 to ME-180 

cells when grown at 27 °C and 37 °C prior to assay, determined by microscopy counts rather 

than viable counts on agar. An approximately equal inoculum was delivered in each 

experiment. A. Mean number of ME-180-associated bacteria per cell ± SEM. The five greatest 

numbers of cell-associated bacteria per field of view were included in the analysis of the 

association index (Bacteria per cell). B. Mean percentage of ME-180 cells associated with one 

or more bacteria ± SEM. All cells that were entirely visible (i.e. not partially out of view) were 

included in the analysis of the infection index (% Infected cells). C. Mean number of adherent 

microcolonies per field of view ± SEM. Adherent microcolonies were arbitrarily defined as ten 

or more continuous bacteria-bacteria interactions and these were included in the analysis of the 

microcolony index (Adherent microcolonies per field of view). D. Digital image capturing 
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B. pseudomallei 08 adherence and microcolony formation (arrows) to ME-180 cells following 

growth at 27 °C. Bar represents 10 µm. E. Digital image capturing B. pseudomallei 08 

adherence, and few microcolonies (arrow), to ME-180 cells following growth at 37 °C. F and 

G. Digital images capturing B. pseudomallei K96243 adherence to ME-180 cells without 

adherent microcolonies following growth at 27 °C and 37 °C, respectively.  

 

 

The microscopy method used in this study confirmed previous findings (see 

Figure 3.1 and 3.2) that B. pseudomallei 08 associates with ME-180 cells more than 

B. pseudomallei K96243 when grown at both 27 °C and 37 °C prior to assay (5.9- and 

1.7-fold difference in association index, respectively, P<0.0001, Figure 3.3). It is 

therefore likely that strain 08 differentially expresses or possesses the molecule(s) 

required to form adherent microcolonies, compared to B. pseudomallei K96243.  

It is apparent from this work that there is a distinction between microcolony 

formation (bacteria-bacteria interactions) and adherence (bacteria-cell interactions) by 

B. pseudomallei 08, and that both are regulated by temperature, though to different 

degrees. It is not known whether human cells are directly or indirectly required to 

initiate microcolony formation but this work now provides the basis for further 

investigations into the development, regulation, and relevance of microcolony 

formation by B. pseudomallei 08. Indeed, the formation of microcolonies by 

B. pseudomallei has been reported in the lungs of humans and animals (Vorachit et al., 

1995). The ability of B. pseudomallei 08 to form microcolonies may be relevant to 

virulence in vivo. The ability for strain K96243 to cause serious disease, despite 

forming very few microcolonies in vitro, suggests that either microcolony formation by 

K96243 occurs under conditions other than those tested in this work, or that 

microcolonies are not essential for virulence in vivo. It is likely that virulence 
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mechanisms differ between strains of B. pseudomallei, an idea supported by numerous 

animal studies (reviewed in Chapter one) and genomic heterogeneity between 

B. pseudomallei strains (Holden et al., 2004), and so microcolony formation may be 

more important for some strains than others. Alternatively, microcolonies may affect 

the rate of disease progression and hence (perhaps in association with host differences) 

affect disease outcome. Genomic subtractive hybridisation, nucleotide sequencing, and 

comparative proteomics would be ideal methods to further investigate the differential 

phenotypes identified between K96243 and 08 in this study, and, indeed, other potential 

inter-strain differences. 

 

3.2.4 B. pseudomallei forms biofilms: a temperature- and media-dependent 

phenotype 

 

Using a derivation of the crystal violet biofilm method described by Loprasert et 

al., (2002), the ability of B. pseudomallei strains K96243 and 08 to form biofilms was 

evaluated, as described in Materials and Methods (see 2.2.35). Loprasert and colleagues 

reported that a minimal growth medium (M9 medium) was required for biofilm 

formation at 37 °C (Loprasert et al., 2002). Our investigations included M9 and LB 

media and growth at both 27 °C and 37 °C during the assay. 

Repeated experiments revealed that growth at 27 °C, for both K96243 and 08, 

was sufficient to generate biofilms in LB medium that were equivalent to, or better 

than, those observed in M9 medium (Figure 3.4). As with adherence and microcolony 

formation of strain 08 (see 3.2.3), temperature played a regulatory role in the formation 

of biofilms, including for K96243, with significantly less biofilm observed in LB 

medium when bacteria were grown at 37 °C (4.5- and 2.7-fold decrease for 08 and 

K96243, respectively; P<0.0001; Figure 3.4). In M9 medium, the reverse was 
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observed; increased biofilm formation occurred at 37 °C rather than 27 °C, though only 

the K96243 data was statistically significant (1.7-fold increase, P = 0.0068; Fig 3.4).  

Comparatively, K96243 and 08 formed maximum, and statistically equivalent, 

amounts of biofilm in LB medium when grown at 27 °C. However, while K96243 also 

generated the same maximum level of biofilm in M9 medium at 37 °C and LB medium 

at 27 °C, strain 08 formed 1.8-fold less biofilm in M9 medium at 37 °C than in LB 

medium at 27 °C (P=0.0058; Figure 3.4). The absolute levels of K96243 and 08 

biofilms cannot be directly compared with those obtained by Loprasert et al., (2002) 

because their experiments measured the absorbance of crystal violet at 540 nm rather 

than 595 nm (Loprasert et al., 2002). 

Biofilms are important in bacterial pathogenesis as they generate a 

physiologically heterogeneous population of organisms and the biofilm matrix can 

protect bacteria from host defenses and antibiotics (Costerton et al., 1999; Reisner et 

al., 2005; Fux et al., 2005). Therefore, biofilms are often associated with chronic 

infection (Fux et al., 2005). Melioidosis is often a chronic disease and the ability for 

B. pseudomallei to generate biofilms both in vitro and in vivo is well documented 

(reviewed in Chapter one; see 1.2.3.7) though the molecular basis is poorly understood. 

Interestingly, a recent study could not demonstrate a role for biofilms in acute infection 

of BALB/c mice by B. pseudomallei using the intraperitoneal route of entry 

(Taweechaisupapong et al., 2005). Indeed, further studies are required to investigate the 

relevance of B. pseudomallei biofilms in vivo using other routes of entry, and in the 

C57BL/6 mouse model of chronic melioidosis. 

The relationship between adherent microcolonies and biofilms, if any, is 

unknown. It is possible that the temperature-regulated molecule(s) required for 

adherent microcolony formation (see Figure 3.3C-E) are also involved in biofilm 
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Figure 3.4: Biofilm formation by B. pseudomallei. Graph shows mean adjusted biofilm 

formation (enumerated by crystal violet staining and measuring the absorbance at 595 nm) ± 

SEM of B. pseudomallei strains 08 and K96243 using LB and M9 media and growth at 27 °C 

and 37 °C. Data is pooled from triplicate experiments.  

 

 

formation, given that temperature-regulated bacteria-bacteria interactions occur in both 

instances. However, K96243 rarely formed adherent microcolonies but was able to 

generate biofilms to the same extent as 08, or better. It is therefore unlikely that the 

same molecules are exclusively involved in the formation of both microcolonies and 

biofilms by B. pseudomallei. Exopolysaccharide (EPS) slime is present in 

B. pseudomallei biofilms (Vorachit et al., 1995; Taweechaisupapong et al., 2005) and 

may be an important difference between adherent microcolonies and biofilms. Given 

the effects of temperature and growth media on biofilm formation, it is possible that 

EPS production is regulated by culture media and/or temperature.  
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The different formation of biofilms in M9 medium by B. pseudomallei K96243 

and 08, in conjunction with the data obtained using LB medium, suggests that biofilm 

formation is regulated in a complex way. This provides another phenotypic example of 

heterogeneity between the two B. pseudomallei strains.  

It should be noted that biofilm assays were conducted at two temperatures and 

using 18 hours of static (unshaken) growth. However, the growth rate of 

B. pseudomallei K96243 is temperature-dependent under static conditions (strain 08 

was not investigated). Figure 3.5 illustrates that after 18 hours of static growth, 

B. pseudomallei K96243 cultures grown at 30 °C (mean OD600 0.847) had 35% less 

bacteria than cultures grown at 37 °C (mean OD600 1.313). Therefore, since 

B. pseudomallei strains 08 and K96243 formed more biofilms at 27 °C than at 37 °C 

after 18 hours in LB medium, it is possible that biofilm formation occurs independently 

of the total number of cells in the population. This is different to the adherence 

(association) of B. pseudomallei 08 to ME-180 cells, where >25-fold more adherence 

occurred with stationary-phase bacteria compared to logarithmic-phase bacteria (Brown 

et al., 2002). 
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Figure 3.5: Static growth of B. pseudomallei K96243. Graph shows pooled data from 

duplicate cultures measuring the static (unshaken) growth of B. pseudomallei K96243 in LB 

broth. 

 

 

3.2.5 Temperature and culture media are important regulatory signals for 

B. pseudomallei 

 

Investigations into bacterial association with human cells and the formation of 

adherent microcolonies and biofilms by B. pseudomallei contribute additional evidence 

to that described by Brown et al., (2002), that temperature and culture media are 

important regulatory stimuli to B. pseudomallei. It is noteworthy that B. pseudomallei is 

an environmental organism found in soil and water; reservoirs that are likely to be 

lower in temperature than mammalian hosts. Since B. pseudomallei can exist at varying 

temperatures (ranging from 4 °C to 45 °C; Chen et al., 2003), it is not surprising that 

temperature is an important signal for this organism; it would be one of the first 
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indications of a transition from soil to a mammalian host, for example. Since the 

majority of B. pseudomallei infections are acquired from soil or water, and not via 

human-to-human or animal-to-animal transmission, it is likely that temperature is an 

important factor, perhaps for initial interactions that lead to infection and disease. 

The importance of temperature as a modulator of bacterial gene expression and 

virulence is not without precedent. Listeria monocytogenes differentially expresses the 

Listeria Adhesion Protein (LAP) at temperatures ranging from 25 °C to 42 °C; 

however, enhanced expression did not result in increased adherence, presumably 

because only few LAP molecules are required to mediate adherence (Santiago et al., 

1999). Also, Bordetella bronchiseptica has been shown to adhere to swine ciliated 

nasal epithelial cells in significantly higher numbers when grown at 23 °C compared to 

37 °C (Register and Ackermann, 1997) and this was reflected by higher levels of 

bacteria in vivo (Brockmeier, 1999). Finally, the Vibrio cholera ToxR regulon, which is 

involved in colonisation, toxin production, and bacterial survival within the host, 

responds to temperature, in addition to other stimuli, such that optimal in vitro 

expression of the regulon was observed at 30 °C relative to other temperatures 

(Skorupski and Taylor, 1997).  

Interestingly, the effects of temperature on biofilms in LB medium were reversed 

in M9 medium, and strain 08 had a reduced ability to form biofilms in M9 medium, 

relative to LB medium. These data provide auxiliary evidence that growth media, in 

addition to temperature, is an important regulatory signal for B. pseudomallei. In a 

previous study, 30 °C-grown bacteria, resuspended in McCoy’s 5a medium with 10% 

foetal calf serum, adhered greater than bacteria resuspended in LB medium, when 

assays were conducted at 37 °C (Brown et al., 2002). Given that increased adherence 

occurred in McCoy’s 5a medium at 37 °C (Brown et al., 2002) and that increased 
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biofilm formation occurred in M9 media at 37 °C, it is possible that these media 

simulate mammalian environments and that the data is reflective of B. pseudomallei 

responses in vivo.  

It is apparent that adherence, microcolony formation, and biofilm development by 

B. pseudomallei is regulated in a complex manner. Indeed other, as yet unidentified 

environmental stimuli are likely to also be involved. Experiments investigating 

differential protein expression under different conditions may assist in identifying the 

molecules that mediate and regulate the above mentioned phenotypes.  

 

3.3 Conclusions 

 

This work has identified differences in the ability of B. pseudomallei strains 08 

and K96243 to adhere to cultured human cells, to form adherent microcolonies, and to 

form biofilms in vitro. Both B. pseudomallei K96243 and 08 adhered most to ME-180 

cells, but only strain 08 formed adherent microcolonies. Thus, strain 08 

adherence/cell-association was greater than that observed for K96243. Biofilm 

formation occurred in both LB and M9 media (at different temperatures) and 

B. pseudomallei 08 formed equivalent biofilms to K96243 in LB medium, but less than 

K96243 in M9 medium. It is apparent that signals such as temperature and culture 

media are important in the regulation of adherence/cell-association and biofilm 

development by B. pseudomallei. This work indicates that B. pseudomallei is a 

heterogeneous species that may have evolved different mechanisms permissive for 

survival in the environment and in mammalian hosts. 
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4.1 Introduction 

 

Pili are surface exposed hair-like structures that mediate diverse functions in 

Gram-negative bacteria. Recently, the production of pili, including type IV pili (TFP), 

by Gram-positive bacteria was reported (reviewed by Ton-That and Schneewind, 

2004). TFP are produced primarily by Gram-negative bacteria and mediate surface 

motility, microcolony formation, biofilm development, adherence to surfaces, DNA 

uptake, cell signaling, phage attachment, as well as contributing to virulence (reviewed 

by Craig et al., 2004). TFP are produced by the cleavage of a pre-pilin leader peptide 

from pilin subunits and the subsequent polymerisation of 500-1,000 mature pilins by 

the assembly machinery, followed by export to the bacterial cell surface (Strom and 

Lory, 1993).  

TFP are distinguished from other pili based on amino acid sequence features of 

the main structural pilin subunit. These include invariably conserved amino acid 

residues; a glycine (G) residue just preceding the putative cleavage site of the leader 

peptide and a glutamate (E) residue at position five of the mature pilin (Strom and 

Lory, 1993), an N-methylated N-terminus of the mature pilin, a conserved hydrophobic 

residue at position 25 in the N-terminus, and a C-terminal disulphide bond (Craig et al., 

2004). In addition to pilins, many components of the TFP assembly machinery and 

regulatory proteins/mechanisms are also conserved in prokaryotes (Strom and Lory, 

1993).   

TFP subunits are divided into two subclasses, IVA and IVB. Type IVA pilins 

have short leader sequences, usually five to six amino acids in length, compared to 

15-30 amino acids for IVB pilins (Craig et al., 2004). Type IVA pilins have an average 

mature peptide length of approximately 150 amino acids compared to approximately 

190 amino acids for type IVB pilins (Craig et al., 2004). The first amino acid of mature 
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type IV pilins is N-methylated and is invariantly a phenylalanine (F) residue for IVA 

pilins, but is variable for IVB pilins (Strom and Lory, 1993). Finally, within the 

hydrophobic domain, tyrosine (Y) residues invariantly occur at residues 24 and 27 in 

IVA pilins but are absent in IVB pilins (Strom and Lory, 1993). 

The flp subgroup of type IVB pre-pilins are relatively small, at less than 90 amino 

acids in length, and have a shorter C-terminal region than other type IV pilins and 

possess an invariant tyrosine (Y) residue immediately following the conserved glutamic 

acid (E) residue at position five of the mature peptide (Kachlany et al., 2001a).  

TFP mediate adherence to eukaryotic cell surfaces, other bacteria, and inert 

surfaces (Mattick, 2002). Adherence to other bacteria, causing aggregation and 

microcolonies, can occur along the length of the pilus, including the pilus tip (Craig et 

al., 2004) whereas adherence to eukaryotic cells and other surfaces occurs only at the 

pilus tip and sometimes requires a pilus tip adhesin (Mattick, 2002). The PilV protein is 

reported to function as a TFP tip-adhesin in E. coli (Sakai and Komano, 2002). In 

E. coli, the PilV adhesin, which is located at the tip of PilS-containing pili, recognises 

the GlcNAc(β1-3)Glc moiety of lipopolysaccharides on the surface of other bacteria 

(Ishiwa and Komano, 2004; see 4.2.3.2). In Pseudomonas aeruginosa, the C-terminal 

disulfide-bonded region of PilA-containing pili is exposed at the pilus tip and interacts 

with asialo-GM1 and asialo-GM2 moieties on eukaryotic cells (Hazes et al., 2000; Lee 

et al., 1994).  

Type IVA pilins are synthesised by bacteria that infect plants, mammals, fungi, 

and other bacteria (Craig et al., 2004). However, type IVB pilins (excluding the flp 

subgroup) are associated exclusively with enteric pathogens that target the intestine 

(Craig et al., 2004). Genes encoding Flp pili are present in a wide variety of bacterial 

and archaeal species, including mammalian pathogens and environmental organisms, 

and are often located within genomic islands (Kachlany et al., 2000; Kachlany et al.,  
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2001a; Planet et al., 2003). 

It is possible that B. pseudomallei uses TFP to mediate one or more of the above 

mentioned phenotypes; however, there has been no comprehensive study reporting the 

presence or function of pili in B. pseudomallei. In this chapter, a thorough investigation 

of the B. pseudomallei K96243 genome is described, as is molecular evidence of 

multiple TFP loci comprising three independent TFP systems.  

 

4.2 Results and discussion 

 

4.2.1 B. pseudomallei K96243 harbors nine type IV pilus (TFP) loci  

 

At the commencement of this project, preliminary contigs of B. pseudomallei 

K96243 genome sequence were obtained from the Sanger Research Institute 

(http://www.sanger.ac.uk/B_pseudomallei/). All in silico analyses were conducted as 

described in Materials and Methods (see 2.2.1). B. pseudomallei K96243 sequence data 

was searched for homologues of type IV pilus (TFP) subunit proteins, and accessory 

proteins required for the assembly, mechanical function, and regulation of TFP in other 

bacteria, using TBLASTN (Madden et al., 1996) in Artemis release 4 (Rutherford et 

al., 2000). In total, nine loci (designated TFP1 to TFP9) containing homologues of 53 

TFP-associated genes, and four genes of unknown function, were identified in 

B. pseudomallei K96243 (summarised in Table 4.1). TFP loci contain between one and 

14 genes, range from 486 to 12,901 bp in length, and, except for TFP1, have a %GC 

greater than the genomic average (Table 4.1). TFP genes are often located within 

genomic islands (Planet et al., 2003); however, no TFP loci are located within any of 

the sixteen genomic islands recently identified in B. pseudomallei K96243 (Holden et 

al., 2004).  



 

   

Table 4.1: Summary of predicted TFP loci identified in the B. pseudomallei K96243 genome 

 

 

 

 

 

 

 

 

 

 

 

aLocation uses gene numbers assigned by (Holden et al., 2004). 

bNumber of genes in the locus. 

cMean GC percentage for the locus. The genomic average is 68.05% (Holden et al., 2004). 

dGenes in the locus are homologous to TFP genes identified, characterised, and published from these paradigm organisms.

Locus Locationa Genesb Size (bp) %GCc Paradigm organismd 

Chromosome 1      

  TFP1 BPSL0006 1 486 61.72 R64-bearing E. coli 

  TFP2 BPSL0782 1 624 71.95 P. aeruginosa 

  TFP3 BPSL1813 – 1821 9 8,496 73.25 Actinobacillus actinomycetemcomitans, Caulobacter crescentus 

  TFP4 BPSL1890 – 1899 10 9,668 70.98 Actinobacillus actinomycetemcomitans, Caulobacter crescentus 

  TFP5 BPSL2752 – 2756 5 2,818 70.29 P. aeruginosa 

  TFP6 BPSL3008 – 3010 3 3,438 71.68 P. aeruginosa 

  TFP7 BPSL3171 – 3174 4 4,303 73.76 P. aeruginosa 

Chromosome 2      

  TFP8 BPSS1593 – 1602 10 11,047 70.32 P. aeruginosa, R64-bearing E. coli 

  TFP9 BPSS2185 – 2198 14 12,896 70.11 Actinobacillus actinomycetemcomitans, Caulobacter crescentus 

9
6
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4.2.2 B. pseudomallei K96243 TFP loci contain twelve subunit genes 

 

Sequence analyses identified six B. pseudomallei K96243 TFP loci containing 12 

major or minor TFP subunit genes. These are predicted to encode homologues of pilin 

subunits from P. aeruginosa (type IVA pili), R64-bearing E. coli (type IVB pili), and 

A. actinomycetemcomitans (type IVB Flp pili; Table 4.2). Comparisons of the predicted 

amino acid sequence indicate that B. pseudomallei K96243 contains homologues of 

pilins from each TFP subfamily (Figure 4.1). 

 

 

 

 

Figure 4.1: ClustalW alignments of the N-terminal amino acids of representative 

B. pseudomallei K96243 pilins to other type IVA and IVB pilins. Species abbreviations: Bp: 

B. pseudomallei (PilA, BPSL0782; PilS, BPSS1595; Flp1, BPSS2185), Pa: P. aeruginosa 

(PilA, PO2973), Ng: Neisseria gonorrhoeae (PilE, CAA47307), Ec: E. coli (PilS, BAA77979; 

BfpA, P33553), Aa: A. actinomycetemcomitans (Flp1, AAF40189), Cc: C. crescentus (PilA, 

AAF40189). Dark and light shading indicates sequence identity and similarity, respectively. 

Conserved glycine (G), phenylalanine (F; conserved in type IVA pilins), glutamic acid (E), and 

tyrosine (Y; conserved in IVB Flp pilins) residues are indicated below each alignment. The 

endoproteolytic cleavage site of type IV pilins (predicted for Bp) is located immediately after 
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the conserved glycine residue (Strom and Lory, 1993; Zhang et al., 2000) and is indicated by 

an arrow. The characteristic Flp motif (Kachlany et al., 2001b) is underlined. 

 

 



  

   

 

Table 4.2: Summary of TFP subunits identified in the B. pseudomallei K96243 genome 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aGene number as indicated by Holden et al., (2004). 

bNumber of amino acids in the predicted protein. 

cSubunit homologues are from paradigm organisms where TFP have been extensively studied and reported on. 

dNumber of amino acids, including gaps, in the full-length protein alignment. 

Gene numbera Designation Amino acidsb Subunit homologuec  

(organism; GenBank accession) 

% Similarity / % identity 

(amino acidsd) 

Chromosome 1     

   BPSL0782 pilA 207 Type IVA major pilin PilA (P. aeruginosa; AAL12242)  49/32 (217) 

   BPSL1821 flp-1a 63 Type IVB Flp major pilin Flp1 (A. actinomycetemcomitans; AAN75204)  42/24 (76) 

   BPSL1899 flp-1b 56 Type IVB Flp major pilin Flp1 (A. actinomycetemcomitans; AAN75204) 46/28 (75) 

   BPSL2752 pilE 150 Type IVA minor pilin PilE (P. aeruginosa; AAA79363) 41/29 (155) 

   BPSL2753 pilX 198 Type IVA minor pilin PilX (P. aeruginosa; AAA93501) 36/20 (211) 

   BPSL2754 pilW 261 Type IVA minor pilin PilW (P. aeruginosa; AAA93500) 34/17 (282) 

   BPSL2755 pilV 136 Type IVA minor pilin PilV (P. aeruginosa; AAA93499) 32/20 (185) 

   BPSL2756 fimT 186 Type IVA minor pilin FimT (P. aeruginosa; AAB39270) 40/25 (187) 

Chromosome 2     

   BPSS1593 pilV 557 Type IVB minor pilin PilV (R64-bearing E. coli; BAA77982) 34/21 (565) 

   BPSS1595 pilS 184 Type IVB major pilin PilS ( R64-bearing E coli; BAA77979)  43/24 (206) 

   BPSS2185 flp-1c 56 Type IVB Flp major pilin Flp1 (A. actinomycetemcomitans; AAN75204) 43/22 (75) 

   BPSS2186 flp-2 72 Type IVB Flp major pilin Flp2 (A. actinomycetemcomitans; AAN75205) 33/15 (84) 

9
9
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The B. pseudomallei K96243 gene BPSL0782 was designated pilA as it encodes a 

homologue of the P. aeruginosa main structural subunit, PilA (Table 4.2). BPSL0782 

encodes the only type IVA major pilin in B. pseudomallei K96243; the predicted 

protein possesses the conserved glycine (G), phenylalanine (F), and glutamic acid (E) 

residues of type IVA pilins (Figure 4.1) and has conserved tyrosine residues at 

positions 24 and 27 of the mature peptide. The predicted PilA leader sequence is 40 

amino acids long, based on an upstream Shine-Dalgarno sequence (A. Essex-Lopresti, 

personal communication; Figure 4.2), which is considerably longer than other type IVA 

pilin leader sequences (Figure 4.1). However, alternative start codons are not associated 

with Shine-Dalgarno sequences (Figure 4.2) and unusually long leader peptides may be 

a feature of the Burkholderiaceae type IVA pilins, since Ralstonia solanacearum also 

has a long PilA leader sequence, which is predicted to be 15 amino acids long (Kang et 

al., 2002).  

A number of consecutive arginine residues occur in the putative B. pseudomallei 

PilA signal sequence, reminiscent of a sec-independent twin-arginine translocation 

(TAT) secretion signal (Berks, 1996). However, a TAT consensus motif (SRRxFLK; 

Berks, 1996) could not be identified. 

 

 

 

Figure 4.2: Predicted leader peptide of PilA from B. pseudomallei K96243. Nucleotide 

sequence of the pilA 5’ region and the predicted N-terminal residues of PilA are provided. The 

predicted Shine-Dalgarno sequence (Shine and Dalgarno, 1974) is underlined. The predicted 

start codon and bases encoding the last amino acid of the predicted leader peptide are shaded. 
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B. pseudomallei K96243 also contains homologues of five out of six 

P. aeruginosa type IVA minor pilins (Table 4.2). In P. aeruginosa, the minor pilins, 

which contain pre-pilin-like leader sequences (contain some/all of the conserved 

residues of type IVA pilins), provide a base structure, through the periplasm, for the 

polymerisation of the major pilin, PilA, which forms the main pilus fiber through the 

outer membrane (Mattick, 2002). Minor pilins may also be incorporated elsewhere in 

the pilus and play a role in initiation or stabilisation of the assembly process (Mattick, 

2002). All of the minor pilins, except FimT (which can substitute for FimU in 

P. aeruginosa), are required for pili assembly, twitching motility and phage-specificity 

in P. aeruginosa (Mattick, 2002). The B. pseudomallei K96243 type IVA minor pilins 

have pre-pilin-like leader sequences similar to their P. aeruginosa homologues 

(Mattick, 2002) and are likely to be important for the biogenesis and function of type 

IVA pili in B. pseudomallei. 

Two genes identified in B. pseudomallei K96243 encode homologues of the 

R64-encoded E. coli major and minor type IVB pilins, PilS and PilV, respectively 

(Table 4.2). PilS is a type IV pre-pilin that forms the major component of thin pili 

(Yoshida et al., 1998; Komano et al., 1994) and PilV is a minor pilin adhesin that can 

have a variable C-terminus, which is dependent on shufflon multiple inversions, and is 

located at the pilus tip (Komano et al., 1994; Yoshida et al., 1998; Sakai and Komano, 

2002). B. pseudomallei K96243 PilS shares similar pre-pilin-like features of 

R64-encoded PilS and other type IVB pilins: the predicted protein possesses conserved 

glycine (G) and glutamic acid (E) residues and the first residue of the mature peptide is 

not a phenylalanine (F), as it is for type IVA pilins (Figure 4.1). Furthermore, 

B. pseudomallei K96243 PilV shares similarities with other homologues, including a 

putative signal peptide and a partial Shufflon N domain. It is likely, therefore, that 
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B. pseudomallei produces type IVB pili with a composite architecture, similar to those 

described for R64-bearing E. coli.  

Recently, a novel subclass of type IVB pilus (Flp pili) was identified in 

C. crescentus (Skerker and Shapiro, 2000) and A. actinomycetemcomitans (Kachlany et 

al., 2000). Four genes encoding homologues of the major and minor type IVB Flp 

pilins, Flp1 and Flp2, respectively, were identified in B. pseudomallei K96243: three 

flp-1 genes (flp-1a to flp-1c) and one flp-2 gene (Table 4.2). Like all type IVB pili, each 

predicted B. pseudomallei Flp protein contains conserved glycine (G) and glutamic acid 

(E) residues, and the first residue of the mature peptide is not a phenylalanine (F). 

Moreover, an Flp motif is also present in each protein, which includes an invariably 

conserved tyrosine (Y) residue immediately following the conserved glutamic acid (E) 

residue of the mature peptide (Figure 4.1; Kachlany et al., 2001b). 

The presence of twelve genes whose predicted products comprise three TFP 

subunit classes strongly suggests that B. pseudomallei may produce different types of 

TFP.  

  

4.2.3 B. pseudomallei K96243 TFP loci comprise three TFP systems  

 

Since genes encoding pilins from three distinct TFP subfamilies were identified 

in B. pseudomallei K96243, a detailed analysis of predicted proteins from other genes 

in the B. pseudomallei TFP loci was undertaken. Remarkably, this identified most of 

the proteins, used by other bacteria, to assemble and mechanically control each pilin 

subclass. This includes components from the P. aeruginosa type IVA pil system, the 

R64-encoded type IVB pil system, and the type IVB flp and cpa systems from 

A. actinomycetemcomitans and C. crescentus, respectively. 

 



Chapter Four: Type IV Pili in B. pseudomallei  

   

  103 

 

4.2.3.1 The P. aeruginosa-like type IVA pil system in B. pseudomallei 

 

Five B. pseudomallei K96243 TFP loci encode homologues of the P. aeruginosa 

pil system, which produces type IVA pili (Figure 4.3). Type IVA pili of P. aeruginosa 

mediate adherence to mucosal surfaces (Woods et al., 1980; Doig, 1988), twitching 

motility (reviewed by Mattick, 2002) and biofilm formation (O'Toole and Kolter, 1998; 

Klausen et al., 2003a; Klausen et al., 2003b). Type IVA pili are also produced by many 

other bacteria, and these mediate adherence, aggregation, microcolony formation, 

biofilm development, immune escape, surface motility, horizontal gene transfer, 

multi-cellular development, twitching motility, apoptosis, and pathogenesis in vivo (see 

reviews by Strom and Lory, 1993; Mattick, 2002; Craig et al., 2004).    

In P. aeruginosa PAO1, 28 pil genes are distributed over eight loci and encode 

the major and minor pilins, the pilus assembly machinery, and proteins required for 

twitching motility and transcriptional regulation of pilus expression (Figure 4.3). 

Compared to P. aeruginosa, the five B. pseudomallei K96243 type IVA-associated pil 

loci comprise 21 genes predicted to encode the major pilin (PilA), five out of six minor 

pilins (FimT, PilV, W, X, and E, but not FimU; however, FimT can substitute for FimU 

in P. aeruginosa [Mattick, 2002]), six out of 11 assembly proteins (PilB, C, D, M, N, 

and Q, but not PilO, P, Y1, Y2, or Z), one out of three twitching motility proteins (PilT, 

but not PilU, or L), none of the eight regulatory proteins, and one hypothetical protein 

(Figure 4.3).  

PilB from P. aeruginosa is thought to be a cytoplasmic nucleotide-binding 

protein that may function as an ATPase, providing energy for the transport and/or 

assembly of pilin proteins (Nunn et al., 1990; Strom and Lory, 1993). BPSL3008 from 

B. pseudomallei K96243 encodes a predicted protein with 47% similarity and 34% 

identity (over 569 residues) to P. aeruginosa PilB (accession AAA25732). Using the 



Chapter Four: Type IV Pili in B. pseudomallei  

   

  104 

 

ScanProsite database (Gattiker et al., 2002), an ATP/GTP-binding motif A (P-loop) 

was identified in the protein encoded by BPSL3008, suggesting that it may also bind 

DNA. Furthermore, no signal peptide was predicted by SIGNALP 3.0 using both neural 

networks and hidden Markov models trained on Gram-negative bacteria (Bendtsen et 

al., 2004), and no putative transmembrane helices were identified using the 

transmembrane hidden Markov model (TMHMM) server V.2.0 (Krogh et al., 2001), 

suggesting that the protein encoded by BPSL3008 is probably cytoplasmically located. 

Owing to these similarities, the BPSL3008-encoded protein was considered to be a 

homologue of P. aeruginosa PilB and BPSL3008 was designated pilB (see Figure 4.3). 

PilC in P. aeruginosa is thought to be located in the inner membrane, due to the 

absence of a signal peptide and the presence of four membrane spanning domains 

(Strom and Lory, 1993), and may facilitate the transport of pilins across the 

cytoplasmic membrane. BPSL3009 in B. pseudomallei K96243 encodes a predicted 

protein with 58% similarity and 36% identity (over 409 residues) to P. aeruginosa PilC 

(AAA25733). The protein encoded by BPSL3009 also lacks a predicted signal 

sequence, contains four putative transmembrane helices, and contains a bacterial type II 

secretion system protein F signature, which is found in hydrophobic, integral 

membrane proteins (Salmond and Reeves, 1993). The BPSL3009-encoded protein was 

considered to be a homologue of P. aeruginosa PilC and BPSL3009 was designated 

pilC (see Figure 4.3). 

PilD from P. aeruginosa lacks a leader sequence, contains five to six 

transmembrane domains, and is a cytoplasmic membrane-located pre-pilin leader 

peptidase and N-methyltransferase (Nunn et al., 1990; Strom et al., 1993b). 

B. pseudomallei K96243 BPSL3010 encodes a predicted product sharing 57%  
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Figure 4.3: Genetic organization of the type IVA-associated pil loci in P. aeruginosa PAO1 

(Pa) and B. pseudomallei K96243 (Bp). P. aeruginosa pil loci information was acquired from 

the genome sequence of strain PAO1 (Stover et al., 2000). Function was assigned based on the 

extensive review of the P. aeruginosa pil system by (Mattick, 2002). TFP8 encodes ten genes; 

only the P. aeruginosa-like gene, pilT, is shown in this figure. Remaining TFP8 genes are 

shown in Figure 4.4.  
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similarity, and 45% identity (over 314 amino acids) to P. aeruginosa PilD 

(AAA25734). The protein encoded by BPSL3010 also lacks a predicted signal peptide, 

and contains seven putative transmembrane helices, suggesting that it is probably 

located in the cytoplasmic membrane. Similarly, the BPSL3010-encoded protein 

contains a partial peptidase A24 motif, associated with type IV pre-pilin peptidases 

(LaPointe and Taylor, 1993), and a DiS-P-DiS domain, which is associated with 

N-methylation activity (Strom et al., 1993a), and was considered to be a P. aeruginosa 

PilD homologue. Thus, BPSL3010 was designated pilD (see Figure 4.3). 

PilM from P. aeruginosa contains an ATP-binding domain and may function as 

an ATPase associated with assembly of pili at cell poles (Martin et al., 1995). 

P. aeruginosa PilM lacks a predicted signal peptide and has no predicted 

transmembrane helices (this work). B. pseudomallei K96243 BPSL3173 encodes a 

predicted protein sharing 35% similarity and 22% identity (over 362 residues) with 

PilM from P. aeruginosa (AAA87402). The protein encoded by BPSL3173 lacks a 

predicted signal peptide and has no putative transmembrane helices, but does contain a 

partial P. aeruginosa PilM domain. The BPSL3173-encoded protein was considered to 

be a PilM homologue and BPSL3173 was designated pilM (see Figure 4.3). 

PilN and PilP from P. aeruginosa contain hydrophobic domains that may 

function as inner membrane-anchoring motifs (Mattick, 2002). B. pseudomallei 

K96243 lacks a PilP homologue, but BPSL3172 encodes a predicted protein with 30% 

similarity, and 17% identity (over 227 residues) to P. aeruginosa PilN (AAA87403). 

The protein encoded by BPSL3172 lacks a predicted signal peptide but contains one 

putative transmembrane helix and may therefore localise to the cytoplasmic membrane. 

Given these similarities, and the location of the gene with respect to flanking pil gene 

homologues, the BPSL3172-encoded protein was considered to be a homologue of 

P. aeruginosa PilN and BPSL3172 was designated pilN (see Figure 4.3). 
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P. aeruginosa PilQ is a member of the secretin protein family, which assemble 

into multimeric secretion channels in the outer membrane, allowing the assembly of 

pilins through the outer membrane, which then protrude from the bacterial cell surface 

(Mattick, 2002). BPSL3170 in B. pseudomallei K96243 encodes a predicted protein 

sharing 40% similarity and 26% identity (over 714 residues) with P. aeruginosa PilQ 

(S37345). The protein encoded by BPSL3170 contains a putative Secretin N domain 

and is homologous to other members of the secretin family; however, has 207 less 

residues than PilQ from P. aeruginosa PAO1. The BPSL3170-encoded protein was 

considered to be a PilQ homologue, and BPSL3170 was designated pilQ (see Figure 

4.3). 

BPSL3171 in TFP7 of B. pseudomallei K96243 encodes a hypothetical protein. 

The predicted peptide is not similar to any proteins of known function in the 

non-redundant database and does not contain any recognisable motifs, or a predicted 

signal peptide. A role associated with TFP is likely given the location of the gene. 

P. aeruginosa PilT is thought to be a cytoplasmic nucleotide-binding protein 

required for the retraction of pili and twitching motility (Whitchurch et al., 1991; 

Mattick, 2002). BPSS1602 encodes a predicted protein sharing 49% similarity and 28% 

identity (over 371 residues) with PilT from P. aeruginosa (AAA25963). The protein 

encoded by BPSS1602 lacks a predicted signal peptide and has no apparent 

membrane-spanning helices, suggesting a cytoplasmic location. A putative 

ATP/GTP-binding motif A (P-loop) was identified in the BPSS1602-encoded protein, 

suggesting the ability to bind DNA, and it was considered to be a P. aeruginosa PilT 

homologue. Therefore, BPSS1602 was designated pilT (see Figure 4.3). 

The P. aeruginosa assembly proteins absent from B. pseudomallei K96243 (PilO, 

P, Y1, Y2, and Z) appear to play a role in stabilising pili (Mattick, 2002) and may not 

be essential for type IVA pilus biogenesis by B. pseudomallei K96243.  
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Despite the absence of particular P. aeruginosa pil gene homologues in 

B. pseudomallei K96243, the genetic organisation of pil loci is very similar between the 

two species. While pilA is located in a separate locus in B. pseudomallei K96243, pilB, 

C, and D are co-located, as they are in P. aeruginosa. Homologues present in TFP5 and 

TFP7 also follow the same gene order as in P. aeruginosa. TFP8 contains a pilT 

homologue but no pilU gene. Interestingly, B. pseudomallei K96243 lacks both pilU 

and pilF, and other regulatory genes associated with twitching motility in 

P. aeruginosa, suggesting that the organism uses other proteins for surface motility, or 

does not twitch (twitching motility experiments are described in 5.2.8). Similarly, none 

of the genes used by P. aeruginosa to regulate TFP expression are present in 

B. pseudomallei K96243, implying that other genes are responsible. As such, it is 

possible that the mechanism of type IVA pilus regulation in B. pseudomallei K96243 

differs from that described for P. aeruginosa (reviewed by Strom and Lory, [1993]). 

Given that B. pseudomallei K96243 harbors five loci encoding homologues of the 

P. aeruginosa major and minor type IVA pilins, and most of the assembly proteins, it is 

likely that type IVA pili are produced by this organism, similar to those synthesised by 

P. aeruginosa.  

 

4.2.3.2 The R64-like type IVB pil system in B. pseudomallei 

 

R64-bearing E. coli produce type IVB pili composed of the main structural pilin 

PilS (Kim and Komano, 1997) and the minor tip adhesin PilV (Sakai and Komano, 

2002). These TFP mediate adherence to lipopolysaccharides of other bacteria (Ishiwa 

and Komano, 2004), which may explain their importance in bacterial cell aggregation 

(Yoshida et al., 1998) and liquid mating (Komano et al., 1994; Srimanote et al., 2002). 

To date, homologues of PilS and PilV have been identified exclusively in pathogens 
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that target the human gastrointestinal tract. In Shiga-toxigenic E. coli (STEC), the pil 

locus mediates haemagglutination of erythrocytes but is not required for adherence to 

certain cell lines (Srimanote et al., 2002). In Salmonella enterica serovars Typhi and 

Dublin, pilS is essential for optimal adherence to, and invasion of, human intestinal 

epithelial cells, and for bacterial self-association (Zhang et al., 2000; Morris et al., 

2003a; Morris et al., 2003b). In Yersinia pseudotuberculosis, deletion of the pil operon 

significantly reduced the virulence of the organism in BALB/c mice when given via the 

oral route of infection (Collyn et al., 2002). Type IVB pili are also essential for the 

virulence of enteropathogenic E. coli (EPEC; bundle forming pili; Bieber et al., 1998), 

and Vibrio cholerae (toxin co-regulated pili; Manning, 1997; Kirn et al., 2000). 

Two B. pseudomallei K96243 TFP loci encode homologues of the E. coli 

R64-encoded type IVB pilus system (Figure 4.4). Fourteen genes are present in the 

E. coli R64 pil locus, which encodes the major and minor pilins, the pilus assembly 

machinery, and proteins of unknown function (Figure 4.4). The two B. pseudomallei 

K96243 type IVB-associated pil loci comprise ten genes predicted to encode 

homologues of the major pilin (PilS), the minor pilin (PilV), and eight of nine putative 

biogenesis proteins (PilL, M, N, O, P, Q, R, and T, but not PilU; Figure 4.4).  

PilL (accession BAA77972) from R64-bearing E. coli is thought to be a 

membrane-bound lipoprotein (Kim and Komano, 1997); however, its role in pilus 

biogenesis is unknown. PilL has a predicted signal peptide and contains a prokaryotic 

membrane lipoprotein lipid attachment site (this work). BPSS1601 in B. pseudomallei 

K96243 encodes a predicted protein sharing 27% similarity and 18% identity (over 355 

residues) to PilL, but is 165 residues smaller. The protein encoded by BPSS1601 

contains a predicted signal peptide but a predicted lipid attachment site was not  
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Figure 4.4: Genetic organization of the type IVB-associated pil loci from E. coli plasmid 

R64 (R64) and B. pseudomallei K96243 (Bp). Function or predicted cellular location was 

assigned based on the publication of (Kim and Komano, 1997) and by conducting additional 

bioinformatic analyses, as referenced in the text. TFP8 contains a P. aeruginosa pilT 

homologue immediately upstream of pilL, on the opposite strand (not shown; see Figure 4.3).  

 

 

identified. However, since lipoproteins contain signal peptides (Hayashi and Wu, 

1990), the BPSS1601-encoded protein may be a lipoprotein. Given these similarities, 

and the position of BPSS1601 in TFP8, the BPSS1601-encoded protein was considered 

to be an R64-encoded PilL homologue and BPSS1601 was designated pilL (see Figure 

4.4). 

PilM from R64-bearing E. coli (BAA77973) has been suggested to localise to the 

periplasm or outer membrane with unknown function (Kim and Komano, 1997). PilM 

has a predicted signal peptide and lacks predicted transmembrane helices (this work). 
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BPSL1594 in B. pseudomallei K96243 encodes a predicted protein sharing 39% 

similarity and 22% identity (over 162 residues) to PilM. The protein encoded by 

BPSL1594 contains a predicted signal peptide and lacks predicted transmembrane 

helices, suggesting a periplasmic or outer membrane location. The BPSL1594-encoded 

protein was considered to be an R64-encoded PilM homologue and BPSS1594 was 

designated pilM (see Figure 4.4). 

PilN from R64-bearing E. coli (BAA77974) is a lipoprotein that may localise to 

the inner or outer membrane (Kim and Komano, 1997), and has a predicted signal 

peptide and a putative prokaryotic membrane lipoprotein lipid attachment site (this 

work). PilN is also homologous to the lipoprotein BfpB, from EPEC, and TcpC from V. 

cholerae, which are required for TFP biogenesis (Kim and Komano, 1997). BPSS1600 

in B. pseudomallei K96243 encodes a predicted protein sharing 50% similarity and 

30% identity (over 602 residues) with PilN. The protein encoded by BPSS1600 has a 

predicted signal peptide and a putative prokaryotic membrane lipoprotein lipid 

attachment site, and is a likely membrane-bound lipoprotein. The BPSS1600-encoded 

protein was considered to be a homologue of R64-encoded PilN and BPSS1600 was 

designated pilN (see Figure 4.4). 

PilO from R64-bearing E. coli (BAA77975) is predicted to be an inner membrane 

protein of unknown function (Kim and Komano, 1997); however, it has no predicted 

signal peptide or transmembrane helices (this work). BPSS1599 in B. pseudomallei 

K96243 encodes a predicted protein sharing 34% similarity and 21% identity (over 460 

residues) with PilO. The protein encoded by BPSS1599 lacks a predicted signal 

peptide, and predicted transmembrane helices, possibly suggesting a cytoplasmic 

location. However, the protein may localise to the inner membrane, based on the 

predicted location of PilO, which is yet to be proven (Kim and Komano, 1997; Figure 



Chapter Four: Type IV Pili in B. pseudomallei  

   

  112 

 

4.4). The BPSL1599-encoded protein was considered to be a homologue of 

R64-encoded PilO and BPSL1599 was designated pilO (see Figure 4.4). 

PilP from R64-bearing E. coli (BAA77976) is predicted to be an inner membrane 

protein of unknown function (Kim and Komano, 1997) and has a predicted signal 

peptide but no predicted transmembrane helices (this work). BPSS1598 in 

B. pseudomallei K96243 encodes a predicted product sharing 36% similarity and 17% 

identity (over 172 amino acids) with PilP. The protein encoded by BPSS1598 has a 

predicted signal peptide and lacks predicted transmembrane helices. Owing to these 

similarities, and the position of BPSS1598 in TFP8, the BPSS1598-encoded protein 

was considered to be an R64-encoded PilP homologue and BPSS1598 was designated 

pilP (see Figure 4.4).       

PilQ from R64-bearing E. coli is thought to be a cytoplasmic nucleotide-binding 

protein that may provide energy for the biogenesis and/or function of TFP (Kim and 

Komano, 1997) similar to the ATPases, PilB and PilT, from P. aeruginosa. BPSS1597 

from B. pseudomallei K96243 encodes a predicted protein sharing 49% similarity and 

32% identity (over 557 residues) with R64-encoded PilQ (BAA77977). The protein 

encoded by BPSS1597 lacks a predicted signal peptide and transmembrane helices, but 

contains an ATP/GTP-binding site motif A (P-loop), suggesting it may be a 

cytoplasmic protein that can bind DNA. The BPSS1597-encoded protein was 

considered to be a homologue of R64-encoded PilQ and BPSS1597 was designated 

pilQ (see Figure 4.4). 

R64-encoded PilR is a putative integral membrane protein, owing to the presence 

of three predicted transmembrane domains (Kim and Komano, 1997). PilR 

(BAA77978) lacks a predicted signal peptide and shares domains present in other TFP 

biogenesis proteins, such as the PulF and GSPII-F domains (this work). BPSS1596 in 

B. pseudomallei K96243 encodes a predicted protein sharing 49% similarity and 29% 
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identity (over 368 residues) with PilR. The protein encoded by BPSS1596 lacks a 

predicted signal peptide but contains three putative transmembrane helices, and has 

PulF- and GSPII F-like domains. Owing to these similarities, the BPSS1596-encoded 

protein was considered to be an R64-encoded PilR homologue and BPSS1596 was 

designated pilR (see Figure 4.4). 

PilT (AAA25963) from R64-bearing E. coli is thought to have 

peptidoglycan-lytic activity, owing to its similarity to Slt protein from E. coli (Kim and 

Komano, 1997). PilT is homologous to BfpH (from EPEC), IpgF (from Shigella 

flexneri), and IagB (from S. enterica serovar Typhi; Kim and Komano, 1997), and has a 

predicted signal peptide, and lytic transglycosylase (LT) and transglycosylase SLT 

domains (this work). BPSL0006 in B. pseudomallei K96243 encodes a predicted 

protein sharing 45% similarity and 30% identity (over 189 residues) with PilT. The 

protein encoded by BPSS0006 has a predicted signal peptide and contains lytic 

transglycosylase and transglycosylase SLT domains. Furthermore, the 

BPSS0006-encoded protein is homologous to IpgF from S. flexneri, which is involved 

in eukaryotic cell entry (Allaoui et al., 1993). The BPSS0006-encoded protein was 

considered to be a homologue of R64-encoded PilT and BPSL0006 was designated pilT 

(Figure 4.4). Interestingly, B. pseudomallei K96243 pilT is located in a different locus, 

on a different chromosome, to the other R64-like pil locus, TFP8 (see Figure 4.4).       

PilU from R64-bearing E. coli is a pre-pilin peptidase (Kim and Komano, 1997). 

No PilU homologue was identified in the B. pseudomallei TFP8 locus (Figure 4.4). The 

B. pseudomallei K96243 protein showing closest similarity to R64-encoded PilU was 

PilD (encoded by BPSL3010; see 4.2.2.1 above), which is a homologue of the 

P. aeruginosa pre-pilin peptidase, PilD. The protein encoded by BPSL3010 is more 

similar to PilD from P. aeruginosa than to R64-encoded PilU, and hence the 

designation PilD. It is probable that, in the absence of a TFP8-located R64 PilU 
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homologue, the B. pseudomallei K96243 type IVB pilins are processed by the 

TFP6-located type IVA peptidase, PilD, or other putative pre-pilin peptidases located in 

other TFP loci (see 4.2.2.3 below). 

Homologues of R64-encoded PilI, J, and K could not be found in the 

B. pseudomallei K96243 genome. These proteins have unknown function in E. coli 

(Kim and Komano, 1997), have no homology to other proteins in the database (except 

PilK to TraD from E. coli), and no study has yet reported a requirement for these 

proteins for pilus biogenesis. Moreover, other organisms that require the R64-like pil 

locus for adherence, invasion, bacterial self association, and virulence in vivo, also lack 

the pilI, J, and K genes, having a locus that starts with pilL (Zhang et al., 2000; Morris 

et al., 2003a; Collyn et al., 2002). The R64-encoded PilI, J, and K proteins may be 

important for conjugation. 

The genetic organisation of the B. pseudomallei K96243 R64-like loci is very 

similar to the R64 locus; however, in K96243, pilM is found between pilS and pilV, 

pilT is not co-located, and pilU is absent. 

The presence of all but one of the R64-encoded pil genes in B. pseudomallei 

K96243 suggests that this organism may synthesise type IVB pili with a composite 

architecture that includes a tip-adhesin. The processing of these pili may be dependent 

on a peptidase encoded in other TFP loci. The role of type IVB pili in B. pseudomallei 

is of particular interest since, to our knowledge, there are no reports of conjugation 

involving a B. pseudomallei donor, but ingestion of B. pseudomallei involving 

intestinal infection has been reported for humans and animals (reviewed in Chapter 

one; see 1.1.1.3). 
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4.2.3.3 The A. actinomycetemcomitans/C. crescentus-like type IVB flp/cpa 

pilus system in B. pseudomallei 

 

Flp pili represent a novel subclass of type IVB pili and were identified in 

C. crescentus and A. actinomycetemcomitans. The function of Flp pili in C. crescentus 

is unknown but they serve as receptor sites for bacteriophage φCbK (Skerker and 

Shapiro, 2000) and may facilitate colonisation of surfaces (Sommer and Newton, 

1989). In A. actinomycetemcomitans, Flp pili are required for tight, nonspecific 

adherence to many surfaces (biofilms; Kachlany et al., 2000; Kachlany et al., 2001b), 

bacterial aggregation (Kachlany et al., 2000), rough colony morphology (Inouye et al., 

1990; Kachlany et al., 2001b; Wang et al., 2005), production of extracellular matrix 

material (Wang and Chen, 2005), and virulence in a rat model (Schreiner et al., 2003). 

Flp pili genes are present in many Gram-positive and Gram-negative bacteria, and 

Archaea, including mammalian pathogens and environmental organisms, and multiple 

copies of Flp pilus genes often occur (Planet et al., 2003; Kachlany et al., 2001b), 

similar to B. pseudomallei K96243 (see Figure 4.5).  

Flp pili are required for the virulence of Pasteurella multocida in a septicaemic 

mouse model (Fuller et al., 2000) and for microcolony formation and adherence by 

Haemophilus ducreyi (Nika et al., 2002). 

Fourteen genes are present in the A. actinomycetemcomitans flp operon and these 

encode the major and minor pilins, the pilus assembly machinery, and proteins of 

unknown function (Kachlany et al., 2001b; Figure 4.5). Twelve of the 14 genes are 

required for adherence (Planet et al., 2003). The C. crescentus system comprises only 

seven genes: a major subunit gene (pilA) and six cpa (Caulobacter pilus assembly) 

genes required for pilus assembly (hereafter referred to as the cpa locus; Skerker and 

Shapiro, 2000). The A. actinomycetemcomitans flp operon and the C. crescentus cpa 
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locus share remarkable similarity in gene order and predicted function and are thought 

to be homologous (Skerker and Shapiro, 2000; Kachlany et al., 2001a; Figure 4.5); 

however, the nomenclature for each locus remains distinct.  

The three B. pseudomallei K96243 type IVB Flp loci comprise 33 genes 

predicted to encode homologues of the major pilin (Flp1), the minor pilin (Flp2), and 

11 out of 12 putative biogenesis proteins (TadV/CpaA, RcpC/CpaB, RcpA/CpaC, 

RcpB/CpaD, TadZ/CpaE, TadA/CpaF, TadB, C, D, E, and F, but not TadG; 

Figure 4.5).  

A. actinomycetemcomitans TadV (accession AAN75204) contains five putative 

transmembrane helices (Krogh et al., 2001), and is thought to be a membrane-bound 

pre-pilin peptidase (Planet et al., 2003). C. crescentus CpaA (accession AAF40190) is 

a TadV homologue required for pilus assembly (Skerker and Shapiro, 2000), which 

also contains five putative transmembrane helices (this work), and shares similarity 

with the C-terminal region of pre-pilin peptidases (Skerker and Shapiro, 2000). 

BPSL1820, BPSL1898, and BPSS2187 in B. pseudomallei K96243 each encode 

proteins sharing between 34 to 43% similarity (22 to 33% identity) with CpaA and 29 

to 32% similarity (15 to 17% identity) with TadV, and each contain five putative 

transmembrane helices and show homology to other type IV pre-pilin peptidases. Each 

B. pseudomallei protein is more similar to CpaA than TadV and so BPSL1820, 

BPSL1898, and BPSS2187 were each designated cpaA (cpaA-1 to cpaA-3, 

respectively; see Figure 4.5).  

RcpC from A. actinomycetemcomitans (accession AAF61268) has unknown 

function (Planet et al., 2003) but is thought to be an inner membrane protein (Wang and 

Chen, 2005). RcpC lacks a predicted signal peptide but contains a putative 

transmembrane helix (this work). C. crescentus CpaB (accession AAF40191) is an 

RcpC homologue that is required for pilus assembly (Skerker and Shapiro, 2000), and  



 

   

 

Figure 4.5: Genetic organization of the flp/cpa loci in A. actinomycetemcomitans (Aa), C. Crescentus (Cc), and  

B. pseudomallei (Bp). Function or predicted cellular location was assigned based on reviewing the literature and by undertaking  

additional bioinformatic analyses, as referenced in the text. (H) hypothetical protein of unknown function.  
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contains a predicted signal peptide and a putative transmembrane helix (this work). 

BPSL1819, BPSL1896, and BPSS2189 in B. pseudomallei K96243 each encode 

proteins sharing between 37 to 42% similarity (24 to 27% identity) with CpaB and 27 

to 31% similarity (15 to 16% identity) with RcpC, and each contains a predicted 

transmembrane helix and a CpaB domain. Furthermore, BPSL1819 and BPSS2189, but 

not BPSL1896, encode proteins with a predicted signal peptide. Each B. pseudomallei 

protein is more similar to CpaB than RcpC and so BPSL1819, BPSL1896, and 

BPSS2189 were each designated cpaB (cpaB-1 to cpaB-3, respectively; see Figure 4.5). 

RcpA from A. actinomycetemcomitans (accession AAD29695) contains the 

secretin motif present in PilQ (from P. aeruginosa and N. gonorrhoeae) and is 

expressed only in adherent strains having a rough colony morphology (Haase et al., 

1999). RcpA contains a predicted signal peptide and a putative transmembrane helix 

(this work). C. crescentus CpaC (accession AAF40192) is an RcpA homologue that is 

required for pilus assembly (Skerker and Shapiro, 2000) and, like RcpA, is a member 

of the PulD/pIV family of outer membrane secretins (Skerker and Shapiro, 2000). 

CpaC contains a predicted signal peptide and a putative transmembrane helix (this 

work). BPSL1818, BPSL1895, and BPSS2190 in B. pseudomallei K96243 each encode 

proteins sharing between 33 to 48% similarity (20 to 30% identity) with CpaC and 21 

to 42% similarity (10 to 23% identity) with RcpA, and each contain a predicted signal 

peptide, a putative transmembrane helix, and Secretin C-, CpaC-, and PulD-like 

domains. Each B. pseudomallei protein is more similar to CpaC than RcpA and so 

BPSL1818, BPSL1895, and BPSS2190 were each designated cpaC (cpaC-1 to cpaC-3, 

respectively; see Figure 4.5). 

RcpB from A. actinomycetemcomitans (accession AAD29696) is predicted to be 

an outer membrane protein (Wang and Chen, 2005) of unknown function (Haase et al., 

1999), and contains a predicted signal peptide (this work). C. crescentus CpaD is an 



Chapter Four: Type IV Pili in B. pseudomallei 

  119 

 

RcpB homologue that is required for pilus assembly (Skerker and Shapiro, 2000). 

CpaD (accession AAF40193) contains a predicted signal peptide and a putative 

prokaryotic membrane lipoprotein lipid attachment site, and is a likely 

membrane-bound lipoprotein (this work). The presence of a signal peptide in RcpB 

suggests that it may also be lipoprotein (this work). BPSL1817 in B. pseudomallei 

K96243 encodes a predicted protein sharing 27% similarity and 19% identity (over 232 

residues) with CpaD and 28% similarity and 11% identity (over 172 residues) with 

RcpB. The protein encoded by BPSL1817 contains a predicted signal peptide and a 

putative prokaryotic membrane lipoprotein lipid attachment site, and was therefore 

considered to be a CpaD homologue. Thus, BPSL1817 was designated cpaD-1 (see 

Figure 4.5). 

TadZ from A. actinomycetemcomitans (accession AAN75210) lacks a predicted 

signal sequence and has no putative transmembrane helices (this work). C. crescentus 

CpaE (accession AAF40194) is a TadZ homologue that is essential for the assembly of 

CpaC into the outer membrane (Viollier et al., 2002). CpaE lacks a signal peptide and 

contains no transmembrane domains (this work) and is thought to associate peripherally 

with the cytoplasmic side of the inner membrane (Skerker and Shapiro, 2000). 

BPSL1816, BPSL1894, and BPSS2195 in B. pseudomallei K96243 each encode 

proteins sharing between 32 to 37% similarity (20 to 24% identity) with CpaE and 28 

to 34% similarity (11 to 16% identity) with TadZ. Each B. pseudomallei K96243 

protein lacks a predicted signal peptide and putative transmembrane helices, suggesting 

a cytoplasmic location, and contains a CpaE-like domain. Each B. pseudomallei protein 

is more similar to CpaE than TadZ and so BPSL1816, BPSL1894, and BPSS2195 were 

each designated cpaE (cpaE-1 to cpaE-3, respectively; see Figure 4.5).  

TadA from A. actinomycetemcomitans is an ATPase that can localise to the 

cytoplasm and inner membrane (Bhattacharjee et al., 2001) suggesting that, like other 
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ATPases, TadA is a peripheral inner membrane protein (Kachlany et al., 2001a; 

Christie, 1997). TadA (accession AAD38172) shares similarity with VirB11 from 

A. tumefaciens (Kachlany et al., 2000), and lacks a predicted signal sequence and 

transmembrane helices (this work). C. crescentus CpaF is a TadA homologue that is 

essential for the assembly of pili and, based on homology to other proteins, including 

VirB11, is thought to be an ATPase (Skerker and Shapiro, 2000). CpaF (accession 

AAF40195) lacks a predicted signal peptide and transmembrane helices (this work). 

BPSL1815, BPSL1893, and BPSS2196 in B. pseudomallei K96243 each encode 

proteins sharing between 52 to 63% similarity (34 to 44% identity) with CpaF and 54 to 

61% similarity (36 to 40% identity) with TadA. Each B. pseudomallei protein lacks a 

predicted signal peptide and transmembrane helices, but contains VirB11- and 

CpaF-like domains. Each B. pseudomallei protein was considered to be a CpaF 

homologue and so BPSL1815, BPSL1893, and BPSS2196 were each designated cpaF 

(cpaF-1 to cpaF-3, respectively; see Figure 4.5).  

TadB from A. actinomycetemcomitans (accession AAD38173) is required for 

tight adherence and, given the presence of six predicted membrane-spanning regions 

(including five putative transmembrane helices; this work), is thought to be located in 

the inner membrane (Kachlany et al., 2000). BPSL1814, BPSL1892, and BPSS2197 in 

B. pseudomallei K96243 each encode predicted proteins sharing between 34 to 37% 

similarity (17% identity) with TadB. Each B. pseudomallei protein contains five 

predicted transmembrane helices and whole or partial TadB domains. Each 

B. pseudomallei protein was considered to be a TadB homologue and so BPSL1814, 

BPSL1892, and BPSS2197 were each designated tadB (tadB-1 to tadB-3, respectively; 

see Figure 4.5).  

TadC from A. actinomycetemcomitans (accession AAD38174) is required for 

tight adherence and, given the presence of five predicted membrane-spanning regions 
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(including four putative transmembrane helices; this work), is thought to be located in 

the inner membrane (Kachlany et al., 2000). Additionally, TadC contains a predicted 

signal peptide (this work). BPSL1813, BPSL1891, and BPSS2198 in B. pseudomallei 

K96243 each encode predicted proteins sharing between 38 to 43% similarity (17 to 

21% identity) with TadC. Each B. pseudomallei protein contains four predicted 

transmembrane helices, a predicted signal peptide, and partial TadC domains. Each 

B. pseudomallei K96243 protein was considered to be a TadC homologue and so 

BPSL1813, BPSL1891, and BPSS2198 were each designated tadC (tadC-1 to tadC-3, 

respectively; see Figure 4.5).  

TadD from A. actinomycetemcomitans is required for tight adherence and, given 

the presence of a predicted membrane-spanning region, is thought to be located in the 

inner membrane (Kachlany et al., 2000). TadA (accession AAD38175) contains a 

predicted signal peptide, a tetratrico peptide repeat (TPR) region, a putative prokaryotic 

membrane lipoprotein lipid attachment site, and may therefore be a lipoprotein (this 

work). BPSL1890 in B. pseudomallei K96243 encodes a predicted protein sharing 30% 

similarity and 19% identity (over 322 residues) with TadD. The protein encoded by 

BPSL1890 contains a putative transmembrane helix, a predicted signal peptide, three 

TPR domains, and a TadD-like domain; however, does not contain a predicted 

prokaryotic membrane lipoprotein lipid attachment site. The BPSL1890-encoded 

protein was considered to be a TadD homologue and BPSL1890 was designated tadD-1 

(see Figure 4.5). 

TadE from A. actinomycetemcomitans (accession AAD38176) is required for 

tight adherence and, given the presence of a predicted membrane-spanning region, is 

thought to be located in the inner membrane (Kachlany et al., 2000). BPSL1897 and 

BPSS2193 in B. pseudomallei K96243 encode predicted proteins sharing 31 and 32% 

similarity (17 and 20% identity), respectively, with TadE. Both B. pseudomallei 
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proteins contain a putative transmembrane helix and partial TadG domains; however, 

they share greater similarity to TadE than TadG (17 and 16% similarity, 12 and 11% 

identity, respectively, to TadG). Both B. pseudomallei proteins were considered to be 

TadE homologues and so BPSL1897 and BPSS2193 were both designated tadE 

(tadE-1 and tadE-2, respectively; see Figure 4.5). 

TadF from A. actinomycetemcomitans (accession AAD38177) is required for 

tight adherence and, given the presence of a predicted membrane-spanning region, is 

thought to be located in the inner membrane (Kachlany et al., 2000). BPSS2194 in 

B. pseudomallei K96243 encodes a predicted protein sharing 34% similarity and 16% 

identity (over 200 residues) with TadF. The protein encoded by BPSS2194 contains a 

putative transmembrane helix and a partial TadG domain; however, it shares greater 

similarity to TadF than TadG (12% similarity and 7% identity with TadG). The 

BPSS2194-encoded protein was considered to be a TadF homologue and BPSS2194 

was designated tadF-1 (see Figure 4.5). 

Despite the presence of three predicted B. pseudomallei K96243 proteins 

containing partial A. actinomycetemcomitans TadG domains (TadE1, TadE2, and TadF; 

see above), no TadG homologue could be identified from the B. pseudomallei K96243 

genome. TadG, also known as Fup (Inoue et al., 1998; Wang and Chen, 2005), was 

identified as a minor component of pili, or a protein associated with the major pilin 

subunit, Flp1, on the cell surface of A. actinomycetemcomitans (Inoue et al., 1998). 

Mutagenesis of TadG showed that it was required for tight adherence (Kachlany et al., 

2000); however, mutagenesis by another group showed that TadG mutants produced 

many pili (although the pili were mostly dissociated from bacterial cells; Wang et al., 

1993). The absence of a TadG homologue in B. pseudomallei K96243 may suggest that 

it is not essential for pili production. 
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BPSL3171 in TFP7 of B. pseudomallei K96243 encodes a hypothetical protein. 

The predicted peptide is not similar to any proteins of known function in the 

non-redundant database and does not contain any recognizable motifs, or a predicted 

signal peptide. A role involving TFP is probable given the location of the gene. 

Despite the absence of a tadG homologue, the genetic organisation of flp/cpa loci 

in B. pseudomallei K96243 is similar to those of A. actinomycetemcomitans and 

C. crescentus. TFP3 genes follow the same order as those present in the cpa locus, but 

with the addition of tadB-1 and tadC-1 downstream of cpaF-1. TFP4 is similar to 

TFP3; however, tadE-1 is present between cpaA-2 and cpaB-2, cpaD is absent, and 

tadD-1 is present downstream of tadC-2. TFP9 contains both flp-1 and flp-2, as in A. 

actinomycetemcomitans, but lacks rcpB/cpaD, tadD, and tadG homologues. 

Additionally, cpaA-3 and cpaB-3 are separated by a gene of unknown function, and 

cpaC-3 and cpaE-2 are separated by four genes, two of which are of unknown function 

plus tadE-2 and tadF-1. Genomic rearrangements by homologous recombination may 

explain the varying gene order and absence of genes between B. pseudomallei K96243 

flp/cpa loci and A. actinomycetemcomitans flp and C. crescentus cpa loci.  

The presence of three loci encoding homologues of all Cpa proteins from 

C. crescentus, and all but one of the proteins encoded by the A. actinomycetemcomitans 

flp operon, suggests that B. pseudomallei K96243 produces Flp pili, and that the 

synthesis of these structures is likely to be specific to these loci, and not proteins 

encoded by other TFP loci. 

 

4.2.4 Presence and organisation of TFP loci in B. mallei and B. thailandensis  

 

The presence of TFP loci in the closely related species B. mallei ATCC23344 

(obligate mammalian pathogen) and B. thailandensis E264 (nonpathogenic) was 
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investigated by in silico genomic analyses using sequence data obtained from TIGR 

(http://www.tigr.org/) and using Artemis release 4 (Rutherford et al., 2000).  

B. mallei ATCC23344 contains B. pseudomallei TFP1, 2, 6, 7, and 8 in entirety, 

and all but one of the TFP5 genes (pilX is absent from the B. mallei TFP5 locus; Table 

4.3). This suggests that B. mallei may synthesise type IVA and type IVB pili. The 

genome also contains TFP4, which encodes homologues of the type IVB Flp system; 

however, BMA1288 in TFP4, which encodes a putative CpaF homologue, contains an 

authentic frame shift and may not function correctly (Table 4.3). The two other type 

IVB Flp pili loci present in B. pseudomallei K96243; TFP3 and TFP9, are absent from 

B. mallei ATCC23344 (Table 4.3).  

B. thailandensis E264 contains TFP1-9 suggesting that it may produce all three 

classes of TFP; however, the type IVA minor pilin genes pilX and pilV are absent from 

TFP5 (Table 4.3). Additionally, TFP2 pilA shares 92% identity to pilA from 

B. pseudomallei K96243 at the nucleotide level (464/504 identical nucleotides). These 

differences may influence the production and/or function of type IVA pili by this 

organism.  

Apart from the deletion of particular genes, the genetic organisation of TFP loci 

is identical across B. pseudomallei K96243, B. mallei ATCC23344, and 

B. thailandensis E264; including the order for which TFP loci appear in the genome. 

Analysis of preliminary genome sequences of other strains of B. pseudomallei 

and B. mallei, obtained from TIGR (http://www.tigr.org/), suggests that pilA is an 

important gene, with 100% identity at the nucleotide level observed in B. pseudomallei 

strains 1710a, 1710b, and Pasteur 62B, and B. mallei strains ATCC23344, GB8 horse 4 

357, 10399 97, SAVPI 1238, NTCT 10247 392, and 10229 478 compared to 

B. pseudomallei K96243. The putative presence of other TFP loci in these strains, their 
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genetic organisation, and similarities at the nucleotide level will be sought when 

sequencing is complete. 

B. mallei is an obligate mammalian pathogen that does not survive well in the 

environment (Sanford, 1990). Given the absence of TFP3 and TFP9, and probably a 

functional TFP4 from B. mallei, and the presence of such type IVB Flp pili-encoding 

loci in B. pseudomallei K96243 and B. thailandensis E264, which are routinely isolated 

from environmental sources, in addition to mammals, it is plausible that Flp pili are 

utilised by B. pseudomallei and B. thailandensis in environmental niches. Studies 

characterising the role of TFP loci in B. pseudomallei, B. mallei, and B. thailandensis 

are required to delineate the functional relevance of TFP loci in their genomes. 

  

 

Table 4.3: Genetic organisation of B. pseudomallei TFP loci present in B. mallei 

ATCC23344 and B. thailandensis E264  

B. pseudomallei K96243 B. mallei ATCC23344 B. thailandensis E264 

TFP1   

  BPSL0006 pilT BMA2787 pilT BTH pilT 

TFP2   

  BPSL0782 pilA BMA0278 pilA BTH pilA 

TFP3    

  BPSL1813 tadC Absent BTH tadC 

  BPSL1814 tadB Absent BTH tadB 

  BPSL1815 cpaF Absent BTH cpaF 

  BPSL1816 cpaE Absent BTH cpaE 

  BPSL1817 cpaD Absent BTH cpaD 

  BPSL1818 cpaC Absent BTH cpaC 

  BPSL1819 cpaB Absent BTH cpaB 
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  BPSL1820 cpaA Absent BTH cpaA 

  BPSL1821 flp-1 Absent BTH flp-1 

  TFP4   

  BPSL1890 tadD BMA1285 tadD BTH tad 

  BPSL1891 tadC BMA1286 tadC BTH tadC 

  BPSL1892 tadB BMA1287 tadB BTH tadB 

  BPSL1893 cpaF BMA1288 cpaFa BTH cpaF 

  BPSL1894 cpaE BMA1289 cpaE BTH cpaE 

  BPSL1895 cpaC BMA1290 cpaC BTH cpaC 

  BPSL1896 cpaB BMA1291 cpaB BTH cpaB 

  BPSL1897 tadE BMA1292 tadE BTH tadE 

  BPSL1898 cpaA BMA1293 cpaA BTH cpaA 

  BPSL1899 flp-1 BMA1294 flp-1 BTH flp-1 

TFP5   

  BPSL2752 pilE BMA2070 pilE BTH pilE 

  BPSL2753 pilX Absent Absent 

  BPSL2754 pilW BMA2071 pilW BTH pilW 

  BPSL2755 pilV BMA2071.1 pilV Absent 

  BPSL2756 fimT BMA2073 fimT BTH fimT 

TFP6   

  BPSL3008 pilB BMA2531 pilB BTH pilB 

  BPSL3009 pilC BMA2532 pilC BTH pilC 

  BPSL3010 pilD BMA2533 pilD BTH pilD 

TFP7   

BPSL3170 pilQ BMA2748 pilQ BTH pilQ 

BPSL3171 Hypothetical BMA2749 Hypothetical BTH Hypothetical 

BPSL3172 pilN BMA2750 pilN BTH pilN 

BPSL3173 pilM BMA2751 pilM BTH pilM 

TFP8   

  BPSS1593 pilV BMAA1603 pilV BTH pilV 
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  BPSS1594 pilM BMAA1604 pilM BTH pilM 

  BPSS1595 pilS BMAA1605 pilS BTH pilS 

  BPSS1596 pilR BMAA1606 pilR BTH pilR 

  BPSS1597 pilQ BMAA1607 pilQ BTH pilQ 

  BPSS1598 pilP BMAA1608 pilP BTH pilP 

  BPSS1599 pilO BMAA1609 pilO BTH pilO 

  BPSS1600 pilN BMAA1610 pilN BTH pilN 

  BPSS1601 pilL BMAA1611 pilL BTH pill 

  BPSS1602 pilT BMAA1612 pilT BTH pilT 

TFP9   

  BPSS2185 flp-1 Absent BTH flp-1 

  BPSS2186 flp-2 Absent BTH flp-2 

  BPSS2187 cpaA Absent BTH cpaA 

  BPSS2188 Hypothetical Absent BTH Hypothetical 

  BPSS2189 cpaB Absent BTH cpaB 

  BPSS2190 cpaC Absent BTH cpaC 

  BPSS2191 Hypothetical Absent BTH Hypothetical 

  BPSS2192 Hypothetical Absent BTH Hypothetical 

  BPSS2193 tadE Absent BTH tadE 

  BPSS2194 tadF Absent BTH tadF 

  BPSS2195 cpaE Absent BTH cpaE 

  BPSS2196 cpaF Absent BTH cpaF 

  BPSS2197 tadB Absent BTH tadB 

  BPSS2198 tadC Absent BTH tadC 

aORF contains an authentic frame-shift. 
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4.3 Conclusions 

 

This work has identified nine loci in B. pseudomallei K96243 that comprise most  

of the components from three independent TFP systems. This includes the 

P. aeruginosa-like type IVA pil system, the R64-like type IVB pil system, and the 

A. actinomycetemcomitans/C. crescentus-like type IVB flp/cpa system. This suggests 

that B. pseudomallei may produce different types of pili. Other than the TFP loci 

identified in B. mallei and B. thailandensis in this study, no other organism has been 

reported that contains loci encoding three different TFP, indicating the novelty of the 

closely related species B. pseudomallei, B. mallei, and B. thailandensis, and the 

possible importance of pili to their survival. Given the specialised role of each TFP 

class in other bacteria, it is likely that each TFP system has a different function and that 

not all pili are produced concurrently. Indeed, the expression of three TFP systems is 

likely to be regulated in a complex manner. It is possible that the production of 

different pili by B. pseudomallei is related to the capacity for it to exist and replicate in 

the environment and to infect diverse mammalian and non-mammalian hosts and 

tissues. The presence of three different pilus systems in the one organism affords 

remarkable and unprecedented opportunities to investigate the relevance of multiple 

TFP systems in the one organism, potential subunit and assembly protein specificities, 

and the effects of genomic redundancies on pili production.  
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5.1 Introduction 

 

Many studies have investigated the virulence of B. pseudomallei in vivo; 

however, the role of TFP in virulence has not been reported. Similarly, numerous 

studies have investigated B. pseudomallei adherence to human cells. While there is 

evidence that asialo-GM1, asialo-GM2, and other host cell oligosaccharides serve as 

receptors for B. pseudomallei in adherence (Kanai et al., 1997; Gori et al., 1999; 

Thomas and Brooks, 2004), the bacterial adhesins responsible for these, or other, 

interactions are unknown. Furthermore, while B. pseudomallei is known to form 

microcolonies and biofilms, both in vitro and in vivo (Vorachit et al., 1993; Vorachit et 

al., 1995; Brown et al., 2002; Loprasert et al., 2002; see also Chapter three), the 

molecular basis for these phenotypes are also unknown. Given the fundamental role of 

TFP in virulence, adherence, microcolony formation, and biofilm development by other 

bacteria (reviewed in Chapter four), and given the presence of nine TFP loci 

comprising three TFP systems in B. pseudomallei K96243, it was our intention to 

investigate whether TFP were responsible for mediating one or more of the above 

mentioned phenotypes by B. pseudomallei. This was undertaken by, firstly, using 

unmarked deletion mutagenesis to inactivate each TFP system, and, secondly, to 

functionally characterise mutant and parent strains using assays reported in the 

literature and/or optimised in our laboratory, or those of our collaborators. This chapter 

addresses each of these objectives. 
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5.2 Results and discussion 

 

5.2.1 Unmarked deletion of B. pseudomallei TFP loci 

 

To investigate the function of each TFP system in B. pseudomallei, a series of 

isogenic mutant strains were generated (summarised in Table 5.1). As B. pseudomallei 

K96243 contains nine loci comprising 57 TFP-associated genes, a multigenic deletion 

approach was employed to remove an entire TFP locus in a single mutation. Given the 

primary importance of pilin subunits in the pilus structure, TFP loci containing 

subunit-encoding genes were chosen for mutagenesis.  

  

 

Table 5.1: Summary of TFP loci mutations generated in B. pseudomallei 
 

aPosition refers to nucleotide position (ntp) in the B. pseudomallei K96243 genome annotation, as 

assigned by (Holden et al., 2004). The B. pseudomallei 08 genome has not been sequenced and, 

therefore, the ntp is unknown. 

bDeletion does not include the last gene in TFP5 (BPSL2756 fimT), but includes 3 genes upstream of 

TFP5 (BPSL2749-51). These three genes have unknown function but were included as part of the 

preliminary TFP5 locus at the time of construct design. 

 

 

Locus Position (ntp)a Genes in 

locus 

Mutant 

name 

Deletion position 

(ntp)a 

Deletion 

size (bp) 

Genes 

deleted 

Strain K96243       

  Chromosome 1       

   TFP2 (IVA) 909544-910167 1 JAB16 909610-910155 546 1 

   TFP5 (IVA) 3293420-3296237 5 JAB26 3291889-3295643 3,755 7b 

  Chromosome 2       

   TFP8 (IVB) 2167547-2178593 10 JAB28 2167595-2178509 10,915 10 

   TFP9 (IVB 

Flp) 

2953340-2966235 14 JAB23 2953361-2966311 12,951 14 

Strain 08       

   pilA unknown 1 JAB1608 unknown 546 1 
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In B. pseudomallei K96243, the type IVA pil system was investigated by deleting 

TFP2 (encoding the major IVA pilin) and TFP5 (encoding the minor IVA pilins); the 

type IVB pil system was examined by deleting TFP8 (encoding the major and minor 

IVB pilins and most accessory proteins); and the type IVB flp/cpa system was 

investigated by deleting TFP9 (encoding the major and minor Flp pilins and most 

accessory proteins; see Figure 5.1). Type IVA-IVB pili double mutants were generated 

by deleting TFP2 from strains with a ∆TFP8 or ∆TFP9 mutant background. 

 

 

 

 

Figure 5.1: B. pseudomallei K96243 TFP loci targeted for individual deletion mutagenesis. 

C1, chromosome 1; C2, chromosome 2. Loci encode homologues associated with either type 

IVA, IVB, or IVB Flp pili, as shown in colours. Loci targeted for deletion are crossed (X) and 

loci containing subunit-encoding genes are underlined. TFP3 and TFP4 contain the major 

subunit-encoding genes flp-1a and flp-1b, respectively; however, TFP9 contains both flp-1c and 

flp-2. Both flp-1 and flp-2 are present in the flp operon in A. actinomycetemcomitans, and so 

TFP9, but not TFP3 and TFP4, was targeted for deletion mutagenesis. Chromosome lengths 

and TFP loci positions are approximately to scale; however, TFP loci lengths are not to scale. 
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Unmarked isogenic deletion mutants were generated by a two-step process 

involving allelic exchange and sacB counter-selection on sucrose media as described in 

Materials and Methods (see 2.2.23). Deletion loci for allelic exchange were generated 

by PCR (refer to Figure 5.2 for example) using the oligonucleotide primers described in 

Materials and Methods (see Table 2.2). The ∆TFP5 locus was generated with primer 

pairs BPL6USF/USR (64 ºC annealing) and BPL6DSF/DSR (59 ºC annealing), which 

were digested with Stu I, ligated, and PCR amplified using primer pairs 

BPL6USF/DSR (64 ºC annealing). The amplicon was digested with Bgl II-Xba I and 

cloned into pDM4 to generate pJAB26. The ∆TFP8 locus was generated with primer 

pairs BPL8USF/USR (64 ºC annealing) and BPL8DSF/DSR (64 ºC annealing), which 

were digested with BamH I, ligated, and PCR amplified using primer pairs 

BPL8USF/DSR (64 ºC annealing). The amplicon was digested with Bgl II-Xba I and 

cloned into pDM4 to generate pJAB28. The ∆TFP9 locus was generated with primer 

pairs BPL3USF/USR (60 ºC annealing) and BPL3DSF/DSR (60 ºC annealing) which 

were digested with Stu I, ligated, and PCR amplified using primer pairs 

BPL3USF/DSR (60 ºC annealing). The amplicon was digested with Bgl II-Xba I and 

cloned into pDM4 to generate pJAB23. The pilA (TFP2) deletion construct, pAEH16, 

was generated by A. Essex-Lopresti. The ∆pilA locus was generated with primer pairs 

AH4/AH3 (60 ºC annealing) and AH5/AH6 (61 ºC annealing). Amplicons were 

digested with Bgl II, ligated, digested with Xba I, and cloned into pDM4, generating 

pAEH16. 

The four deletion constructs (pJAB23, pJAB26, pJAB28, and pAEH16) were 

conjugatively mobilised from E. coli S17.1 (λpir) into B. pseudomallei K96243 and 

integration of each plasmid by homologous recombination followed (refer to Figure 5.2 

for example). Excision of the plasmid by a second homologous recombination event, 
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resulting in either a wild-type or deleted locus, was selected on agar containing 10% 

sucrose, but lacking NaCl, and confirmed by chloramphenicol sensitivity (see Figure 

5.2 for example). Deletions of TFP2, 5, 8, and 9 were identified by PCR (USF/DSR 

primers for each locus; not shown) and confirmed by Southern blot analyses (Figure 

5.3A-D).  

In the case of B. pseudomallei 08, pilA was identified by PCR (results not shown) 

and a ∆pilA deletion mutant was generated using pAEH16 (see Table 5.1), as described 

for K96243 above, and confirmed by Southern blot analysis (Figure 5.3E). 

Type IVA-IVB pili double mutants were generated in B. pseudomallei K96243 

by deleting TFP2 in strains with a ∆TFP8 or ∆TFP9 mutant background, as described 

above, and mutations confirmed by Southern blot analyses (Figure 5.4). 
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Figure 5.2: Schematic overview of unmarked deletion mutagenesis in B. pseudomallei. The 

TFP2 (pilA) locus in B. pseudomallei K96243 is used as an example to illustrate the genotypes 

of strains acquired during two-step allelic exchange mutagenesis. A. DNA flanking the pilA 

deletion (approximately 1 Kbp per side) is PCR amplified and cloned into pDM4 to generate 

pAEH16. B. Possible merodiploid strains generated by integration of pAEH16 by homologous 
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recombination upstream of the pilA deletion (merodiploid 1), and downstream of the pilA 

deletion (merodiploid 2). The strain obtained during pilA mutagenesis in K96243 is shown 

(JAB16.1x). C. The deletion mutant strain (JAB16 for ∆pilA in K96243) isolated using sacB 

counter-selection after a second homologous recombination event downstream of the pilA 

deletion in strain JAB16.1x. A deletion mutant would also be derived from merodiploid 2 

following homologous recombination upstream of the pilA deletion. To simplify this diagram, 

genes flanking pilA are not shown. Cla I restriction sites are indicated as this enzyme was used 

for Southern blot analyses of the pilA locus (see Figure 5.3A, E, and 5.4 below). Size of Cla I 

fragment in pAEH16 and upstream of sacB in (B) are approximate only, and based on the 

fragments obtained after pAEH16 digestion with Cla I (approximately 6.6 and 2.0 Kbp; results 

not shown).  
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Figure 5.3: Southern blot analyses of B. pseudomallei strains acquired during mutagenesis 

of TFP loci. Lanes: 1, Kbp ladder; 2, parental strain; 3, single cross-over merodiploid strain; 4, 

double cross-over deletion mutant strain; 5-7, corresponding Southern blot hybridisation 

signals for lanes 2-4. A. Mutagenesis of TFP2 in B. pseudomallei K96243. Genomic DNA was 

digested with Cla I. The hybridisation pattern indicates integration of pAEH16 upstream of the 
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TFP2 deletion. A DNA probe flanking the TFP2 deletion was used (primers AEHUS/AEHDS). 

B. Mutagenesis of TFP5 in B. pseudomallei K96243. Genomic DNA was digested with Xho 

I-Dra III. The hybridisation pattern indicates integration of pJAB26 upstream of the TFP5 

deletion. A probe specific for DNA immediately downstream of the TFP5 deletion was used 

(primers BPL6DSF/BPL6DSR). C. Mutagenesis of TFP8 in B. pseudomallei K96243. Genomic 

DNA was digested with Sal I. The hybridisation pattern indicates integration of pJAB28 

downstream of the TFP8 deletion. A probe specific for DNA immediately upstream of the 

TFP8 deletion was used (primers BPL8USF/BPL8USR). D. Mutagenesis of TFP9 in 

B. pseudomallei K96243. Genomic DNA was digested with Eco RV-Stu I. The hybridisation 

pattern indicates integration of pJAB23 upstream of the TFP9 deletion. A probe specific for 

DNA immediately downstream of the TFP9 deletion was used (primers BPL3DSF/BPL3DSR). 

E. Mutagenesis of pilA in B. pseudomallei 08. Genomic DNA was digested with Cla I. The 

hybridisation pattern indicates integration of pAEH16 upstream of the pilA deletion. A DNA 

probe flanking the pilA deletion was used (primers AEHUS/AEHDS). The hybridisation signal 

pattern of each blot corresponds to the predicted pattern deciphered using the B. pseudomallei 

K96243 genome sequence (see Figure 5.2 for example). Band sizes of DNA in the Kbp ladder 

are indicated. 
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Figure 5.4: Southern blot analyses of B. pseudomallei K96243 strains acquired during 

double deletion mutagenesis of TFP loci. Lanes: 1, Kbp ladder; 2, parental strain; 3, single 

cross-over merodiploid strain; 4, double cross-over deletion mutant strain; 5-7, corresponding 

Southern blot hybridisation signals for lanes 2-4. A. Mutagenesis of TFP2 in B. pseudomallei 

JAB28 (∆TFP8). The hybridisation pattern indicates integration of pAEH16 downstream of the 

TFP2 deletion. B. Mutagenesis of TFP2 in B. pseudomallei JAB23 (∆TFP9). The hybridisation 

pattern indicates integration of pAEH16 upstream of the TFP2 deletion. All genomic DNA was 

digested with Cla I and a DNA probe flanking the TFP2 deletion was used in both blots 

(primers AEHUS/AEHDS). The hybridisation signal pattern of each blot corresponds to the 

predicted pattern deciphered using the B. pseudomallei K96243 genome sequence. The band 

sizes of DNA in the Kbp ladder are indicated. 

 

 

5.2.2 Transmission electron microscopy (TEM) studies on B. pseudomallei 

 

TEM was employed in an attempt to visualise pili on the surface of 

B. pseudomallei strains as described in Materials and Methods (see 2.2.31 and 2.2.34). 

Bacteria were grown under a number of conditions (see Table 5.2 for summary). In 

addition to flagella, surface pili were observed on B. pseudomallei K96243 following 
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overnight growth on LB agar at 27 ºC and 37 ºC (Figure 5.5A). Fibers of two different 

diameters were observed coming from the bacterial surface, and ten measurements of 

each fiber type were made; the larger of the two fibers averaged 17.5 ± 0.7 nm in 

diameter, consistent with the width of flagella (Bardy et al., 2003; Figure 5.5). The 

smaller of the two fiber types averaged 7.8 ± 0.4 nm in diameter (2.24-fold smaller in 

width than flagella; P<0.0001), consistent with the width of pili (Bardy et al., 2003; 

Figure 5.5). Importantly, however, only few bacterial-associated pili were observed on 

the B. pseudomallei K96243 samples and, except for JAB28, no pili were observed on 

other strains (see below); this may be due to mechanical shearing off of the pili during 

sample preparation, as small detached fibers were also randomly observed, or low pili 

expression under the conditions tested (Table 5.2). Cell-associated surface pili were not 

observed for B. pseudomallei 08 under the conditions tested, and except for JAB28, no 

pili were observed on TFP mutant strains; whether this is a reflection of mutagenesis, 

mechanical shearing, or few bacteria expressing pili (as with wild-type strains) is 

unclear. When JAB28 (∆TFP8) was grown on LB agar at 37 ºC and viewed under 

TEM, the sporadic presence of small helical structures were noted around certain 

bacteria, in addition to flagella. It is not known whether these are pili, but it is possible 

that one or more genes in TFP8 encode a protein that has a regulatory effect on the 

expression of other pili by B. pseudomallei K96243. Indeed, a number of these genes 

have unknown function in E. coli (Kim and Komano, 1997), in addition to 

B. pseudomallei.  

It is apparent from this work that B. pseudomallei expresses pili but that antisera 

specific to each pilin subunit is essential to conduct a more rigorous study of pilus 

expression and regulation by B. pseudomallei. 
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Figure 5.5: Electron microscopy of B. pseudomallei K96243 producing pili.  60,000x 

magnification of a B. pseudomallei K96243 bacterium (B) producing flagella (F) and pili (P), 

following overnight growth on agar at 37º C. Bar represents 200 nm. 

 

 

Table 5.2: Summary of investigations into pili production by B. pseudomallei 

Strain Condition Description 

K96243 27 ºC or 37 ºC on LB agar Many flagella, some pili 

 27 ºC or 37 ºC in LB broth Many flagella, no pili 

 Adherence assaya Many flagella, no pili 

JAB23 37 ºC on LB agar Many flagella, no pili 

JAB26 37 ºC on LB agar Many flagella, no pili 

JAB28 37 ºC on LB agar Many flagella, some pili? 

08 27 ºC or 37 ºC on LB agar Many flagella, no pili 

 27 ºC or 37 ºC on LB agar Many flagella, no pili 

 Adherence assaya Many flagella, no pili 

JAB1608 37 ºC on LB agar Many flagella, no pili 

aAdherence assays were conducted with ME-180 cells as described in Materials and  

B 

F 

P 
P 
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Methods (see 2.2.38). Thereafter, the culture media was removed and the cells were  

washed twice with 1x PBS. The second PBS wash was collected and bacterial samples  

were observed by TEM as described above.  

 

 

5.2.3 Role of B. pseudomallei TFP loci in adherence to human cells and adherent 

microcolony formation   

 

We investigated the role of B. pseudomallei TFP in adherence to cultured cells in 

vitro, and the formation of adherent microcolonies (by strain 08), by comparing 

isogenic strains lacking particular TFP loci to parental strains using the microscopy 

adherence assay described in materials and methods (see 2.2.38). As discussed in 

Chapter three, temperature appears to be an important regulatory signal for 

B. pseudomallei, and so adherence assays were conducted with bacteria grown at 27 °C 

and 37 °C prior to assay.  

 

5.2.3.1: Characterising TFP systems in B. pseudomallei K96243 

 

Over repeated experiments with ME-180 cells, only small decreases in the 

association index were observed for B. pseudomallei K96243-derived mutant strains 

relative to the wild-type strain. When grown at 27 °C prior to assay, only JAB26 

(∆TFP5) had a significantly reduced association index relative the wild-type strain 

(P=0.0290; Figure 5.6A). All other strains had equivalent association indexes to 

K96243 (P≥0.0660; Figure 5.6A). Following growth at 37 °C, reduced association was 

observed for the type IVB pili knockout strain JAB28 (∆TFP8; P=0.0003 compared to 

K96243) and the type IVB Flp pili knockout strains JAB23 (∆TFP9; P=0.0160 

compared to K96243) and JAB2316 (∆TFP9-∆TFP2; P<0.0001 compared to K96243 
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and P=0.0050 compared to JAB23) when grown at 37 °C prior to assay (Figure 5.6A). 

It is not known why the association index of the type IVB-IVA double knockout strain 

JAB2816 (∆TFP8-∆TFP2) was not reduced relevant to K96243 (P=0.7150) given that 

significantly reduced association to ME-180 cells occurred for JAB28 relative to 

K96243 (Figure5.6A). While the above mentioned TFP mutants were significantly 

reduced for association with ME-180 cells, the association index was still between 

70-86% of that observed for wild-type, suggesting that other adhesins are largely 

responsible for adherence by B. pseudomallei K96243 to this cell line. Indeed other loci 

putatively associated with type I pili and non-pilus adhesins are present in the 

B. pseudomallei K96243 genome (Holden et al., 2004). No significant decrease in the 

infection index was observed for any K96243-derived TFP mutant compared to the 

wild-type strain (Figure 5.6B), confirming the minor role of TFP in B. pseudomallei 

K96243 adherence to this cell line.   
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                 Growth at 27 °C                                             Growth at 37 °C 

A 

   
 

B                  

   

Figure 5.6: Role of TFP in B. pseudomallei K96243 adherence/cell association. Graphs 

show pooled data from blinded (ordered in a manner unknown to the observer) triplicate 

experiments investigating the adherence/association of B. pseudomallei K96243 and TFP 

mutant strains to ME-180 cells. An approximately equal inoculum was delivered in each 

experiment. A. Mean number of ME-180-associated bacteria per cell ± SEM following growth 

at 27 °C and 37 °C. B. Mean percentage of ME-180 cells associated with one or more bacteria 

± SEM following growth at 27 °C and 37 °C. * indicates P<0.0500 compared to 

B. pseudomallei K96243 (wt). 
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These data reflect interactions with only a single cell line (though K96243 

adhered poorly to other cell lines; see 3.2.1) and using particular growth and 

experimental conditions, as outlined in Material and Methods. Adherence studies with 

the K96243 ∆TFP2 strain, JAB16, by our collaborators at DSTL, Porton Down, U.K., 

observed a significant reduction in adherence to respiratory cell lines compared to 

K96243 (Essex-Lopresti et al., 2005). However, those experiments were conducted 

using different experimental conditions, including unshaken growth at 37 ºC for 18 

hours (to log-phase), bacteria-cell interaction for one hour without centrifugation, and 

using viable counts on agar to enumerate adherent bacteria. Experiments with other 

TFP mutants under these conditions are planned. 

 

5.2.3.2: Characterising pilA in B. pseudomallei 08 

 

Repeated adherence experiments with B. pseudomallei 08 and the ∆pilA strain, 

JAB1608, revealed that pilA is required for microcolony formation and optimal 

cell-association. The association index of JAB1608 was reduced by 85.3% and 22.9% 

compared to 08, when grown at 27 °C and 37 °C prior to assay, respectively (P≤0.0040; 

Figure 5.7A). Similarly, the formation of adherent microcolonies by JAB1608 was 

reduced by 98.4% compared to 08, when grown at 27 °C (P<0.0001; Figure 5.7B and 

D; adherent microcolonies were rarely observed when B. pseudomallei 08 was grown at 

37 °C prior to assay; see Figure 5.7B). These data indicate that pilA is critical for the 

formation of large adherent microcolonies, which enhance the association of 

B. pseudomallei 08 with ME-180 cells. Interestingly, the infection index of 08 and 

JAB1608 were approximately equal over triplicate assays (P≥0.1940; Figure 5.7C), 

indicating that, while pilA enhances B. pseudomallei 08 association to epithelial cells in 

the form of adherent microcolonies, the gene is not essential for interactions with 
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eukaryotic cells. Other adhesins obviously mediate this interaction. Interestingly, since 

the infection index did not change despite considerable variation in the association 

index, and adherent microcolony index, microcolony formation clearly has no major 

affect on the number of cells associated with B. pseudomallei (Figure 5.7B and C).  

It is apparent from these experiments that B. pseudomallei K96243 and 08 differ 

in the way that pilA is utilised or regulated. Comparative experiments further 

investigating the function, regulation, and relevance of pilA and microcolony formation 

by B. pseudomallei K96243 and 08 needs to be undertaken.    
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                         D 

 

                         E 

 

 

Figure 5.7: Role of pilA in B. pseudomallei 08 adherence/cell association. Graphs show 

pooled data from blinded (ordered in a manner unknown to the observer) triplicate experiments 

investigating the adherence/association of B. pseudomallei 08 and JAB1608 (∆pilA) to ME-180 

cells. An approximately equal inoculum was delivered in each experiment. A. Mean number of 

ME-180-associated bacteria per cell ± SEM following growth at 27 °C and 37 °C. B. Mean 

number of adherent microcolonies per field of view ± SEM following growth at 27 °C and 



                                           Chapter Five: Characterisation of TFP in B. pseudomallei 

  149 

 

37 °C. C. Mean percentage of ME-180 cells associated with one or more bacteria ± SEM 

following growth at 27 °C and 37 °C. D. Digital image capturing B. pseudomallei 08 adherence 

and microcolony formation (arrows) to ME-180 cells following growth 27 °C. Bar represents 

10 µm. E. Digital image capturing JAB1608 adherence without microcolony formation to 

ME-180 cells following growth 27 °C.  * indicates P<0.0500 compared to B. pseudomallei 08 

(wt). 

 

 

5.2.4 Microcolony formation by B. pseudomallei 08 in the absence of cultured cells 

requires pilA 

 

To further investigate the dynamics of microcolony formation by B. pseudomallei 

08, an assay was devised which investigated microcolony formation in the absence of 

human cells but in the presence of tween-80 (see 2.2.39 in Materials and Methods). 

Following overnight growth, resuspension in 0.1% tween-80, and vortexing for one 

minute, no obvious microcolonies were observed for B. pseudomallei 08 or JAB1608 

(Figure 5.8A and B). However, after 90 minutes at room temperature, large 

microcolonies were observed for B. pseudomallei 08 but none were observed for 

JAB1608 (Figure 5.8C and D). This confirms the findings above (see 5.2.3.2), which 

indicate that pilA is critical for microcolony formation. Furthermore, this tween-80 

assay indicates that microcolony development is an active process that can occur during 

experiments, and is not simply an artifact of growth prior to assay or due to cell 

division. Interestingly, in the absence of tween-80, B. pseudomallei 08 did not form 

microcolonies after 90 minutes. Tween-80 has been shown to enhance protein secretion 

in bacteria (Stutzenberger, 1992), and this also likely occurs for B. pseudomallei. 
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Quantitative molecular analysis of pilA expression under different conditions is 

required to ascertain the effects of tween-80 on B. pseudomallei. 

                     A                                                                     

 

                   B  
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C 

 

                   D  

 

Figure 5.8: Role of pilA in B. pseudomallei 08 microcolony formation in the absence of 

human cells. A. B. pseudomallei 08 immediately following vortexing for one minute. No 

microcolonies are present. B. JAB1608 immediately following vortexing for one minute. No 

microcolonies are present C. B. pseudomallei 08, 90 minutes after vortexing for one minute. 

Many large microcolonies (arrows) can be observed. D. JAB1608 90 minutes after vortexing 

for one minute. No microcolonies are present. 

 



                                           Chapter Five: Characterisation of TFP in B. pseudomallei 

  152 

 

5.2.5 B. pseudomallei 08 pilA mRNA expression is modulated by temperature, 

media, and association with eukaryotic cells 

 

Given that B. pseudomallei 08 forms large adherent microcolonies during an 

adherence assay at 37 ºC, only with prior growth at 27 ºC and not 37 ºC, and that pilA is 

required for microcolony formation by B. pseudomallei 08, the possibility that pilA 

expression is regulated by temperature was investigated by quantitative real-time PCR 

(Q-PCR). Additionally, pilA mRNA expression was studied using different media and 

in the presence of eukaryotic cells. Remarkably, over triplicate experiments, pilA 

mRNA expression varied greatly depending on media, temperature, and the presence of 

eukaryotic cells (see Figure 5.9 and sections 5.2.5.1 and 5.2.5.2 below). 

The B. pseudomallei 08 ∆pilA strain was also investigated as a control; no 

product was detected at either temperature by Q-PCR, consistent with successful 

mutagenesis (Figure 5.9). 

 

5.2.5.1 Effects of temperature and agar 

 

B. pseudomallei 08 pilA mRNA expression was observed maximally after 

overnight growth on LB agar at 27 ºC, which was 1,205-fold more than growth on LB 

agar at 37 ºC (P=0.0069; Figure 5.9), indicating that lower temperature is a potent 

regulatory stimulus for pilA expression. When bacteria were grown overnight in LB 

broth at 27 ºC and 37 ºC, no significant temperature regulation was observed 

(P=0.6224); however, 90.5-fold less pilA mRNA expression was observed in bacteria 

grown at 27 ºC in LB broth compared to bacteria grown at 27 ºC on LB agar 

(P=0.0145; Figure 5.9), suggesting that contact with a solid medium is also an effective 

regulatory signal for pilA expression.  
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Collectively, these data suggest that B. pseudomallei 08 may express type IVA 

pili on solid surfaces only at lower temperatures. This condition may represent an 

environmental reservoir rather than a mammalian host, since the soil is likely to be 

cooler than a mammalian host. Given that the majority of B. pseudomallei infections 

are acquired from inhabited soil and/or water, and not from animal-to-human or 

human-to human transmission (reviewed in Chapter one), lower temperature may be a 

key factor for transmission of B. pseudomallei. Furthermore, microcolony formation at 

lower temperatures (or following growth at a lower temperature) may provide a 

mechanism that increases the number of bacteria entering the mammalian host 

following inoculation from the environment. 

 

5.2.5.2 Effects of temperature, tissue culture media, and eukaryotic cells 

 

Following overnight growth in LB broth at either 27 ºC or 37 ºC, B. pseudomallei 

08 was grown for three hours at 37 ºC in McCoy’s 5a tissue culture medium, containing 

10% FCS, with and without ME-180 cells. Bacteria grown without ME-180 cells were 

pelleted by centrifugation. Samples containing bacteria and ME-180 cells were washed 

four times to remove non cell-associated bacteria so that only ME-180-associated 

bacteria were collected (representative of adherent bacteria, including those forming 

adherent microcolonies, in adherence assays). pilA mRNA expression in bacteria grown 

at 37 ºC in LB medium varied little following growth at 37 ºC in McCoy’s 5a medium 

with or without ME-180 cells (P≥0.2820; Figure 5.9). However, while pilA mRNA 

expression in bacteria grown at 27 ºC in LB medium varied little following growth at 

37 ºC in McCoy’s 5a medium without ME-180 cells (P=0.2828), the presence of 

ME-180 cells increased pilA mRNA expression by 32.5-fold compared to levels 

observed in bacteria grown in LB broth (P=0.0230; Figure 5.9). Collectively, these data 
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comprise two important findings: 1, that association with ME-180 cells, or media 

surrounding ME-180 cells, is an important signal for B. pseudomallei 08 pilA mRNA 

expression; and 2, temperature pre-conditioning is essential for a pilA response. These 

data strongly support the conditions under which adherent microcolonies by 

B. pseudomallei 08 were observed: on eukaryotic cells at 37 ºC only when bacteria 

were pre-grown at 27 ºC, and not 37 ºC. 

The fact that no significant increase in pilA mRNA expression was observed 

following a shift from 27 ºC in LB broth to 37 ºC in McCoy’s 5a medium, indicates 

that a temperature-shift alone is insufficient to enhance pilA expression, and that 

association with ME-180 cells is required. Expression in the presence of tween-80 

needs to be investigated to see if the detergent is sufficient to induce pilA expression.  

These Q-PCR data indicate that B. pseudomallei 08 is a dynamic organism that 

rapidly adapts to the surrounding environment. B. pseudomallei 08 pilA mRNA 

expression, which presumably affects microcolony formation, appears to be active at 

lower temperatures when the organism is in contact with solid surfaces. pilA mRNA 

expression is increased or maintained at 37 ºC only in the presence of eukaryotic cells, 

and only following prior growth at 27 ºC. These data indicate that the production of 

type IVA pili by B. pseudomallei may increase bacterial numbers in vivo, by means of 

adherent microcolonies, following initial acquisition from an environmental reservoir 

with a temperature at or near 27 ºC, or at least, below 37 ºC. Further experiments are 

required to quantitatively investigate the temperature boundaries for pilA 

expression/pre-conditioning, and to investigate the role of pilA in virulence in vivo (see 

section 5.2.9 below). 
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Figure 5.9: Expression of pilA mRNA in B. pseudomallei 08. Graph shows pooled data from 

triplicate experiments measuring the expression of pilA mRNA in B. pseudomallei 08 by 

Q-PCR from bacteria grown at 27 ºC and 37 ºC using different media and under different 

conditions. Expression is reported as copy of pilA per copy of 16S ribosomal RNA (rRNA) ± 

S.E.M. McCoy’s 5a experiments were conducted at 37 ºC with bacteria pre-grown at 27 ºC or 

37 ºC, as shown, and in the presence or absence of ME-180 cells.  

 

 

5.2.6 Role of B. pseudomallei TFP loci in biofilm formation 

 

There is evidence implicating TFP in the development of biofilms by many 

bacteria, including P. aeruginosa (Costerton et al., 1999; O'Toole et al., 2000). Given 

this, we investigated the role of B. pseudomallei TFP loci in biofilm formation using a 

standard microtitre plate assay, as described in Materials and Methods (see 2.2.35).   

Over triplicate experiments, no significant differences in the quantity of biofilms 

were observed for B. pseudomallei K96243-derived TFP mutants compared to 
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wild-type, irrespective of growth temperature or medium (P≥0.1230; Figure 5.10). This 

indicates that TFP are not required for the biofilms generated using this method, under 

the tested conditions. Maximum biofilms were observed after growth in M9 medium at 

37 °C; under these conditions, strain 08 formed significantly less biofilms than K96243 

(P=0.0090) and the deletion of pilA in strain 08 increased the formation of biofilms by 

72.8% (P=0.0280), to a similar level to that observed for K96243 (Figure 5.10). The 

inhibitory effect of pilA on B. pseudomallei 08 biofilm formation in M9 medium was 

not statistically significant when cultures were grown at 27 °C (P=0.0630; Figure 5.10).  

Taken together, these data indicate that PilA somehow inhibits the formation of 

biofilms by strain 08, possibly by interfering with or obstructing the interactions of 

other biofilm-specific molecules, or by increasing bacteria-bacteria adherence 

(microcolonies) rather than bacteria-plastic adherence; these microcolonies could be 

removed during the wash steps of the assay, resulting in a lower OD reading. 
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Figure 5.10: Role of TFP in B. pseudomallei biofilm formation. Graph shows mean adjusted 

biofilm formation (enumerated by crystal violet staining and measuring the absorbance at 595 

nm) ± SEM of B. pseudomallei K96243, 08, and TFP mutants when grown at 27 °C and 37 °C 

in A. LB medium; and B. M9 medium.  * indicates P<0.0500 compared to B. pseudomallei 08 

(wt).

 

 

It is noteworthy that JAB1608 (08 ∆pilA strain) formed biofilms equivalent to, or 

better than, strain 08, but could not form microcolonies like the parent strain. This 
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indicates that the formation of biofilms and microcolonies by B. pseudomallei 08 are 

two separate processes and that different molecules mediate each phenotype. 

Additionally, while pilA is essential for the temperature-dependent formation of 

adherent microcolonies, presumably due to the temperature-regulated expression of 

pilA mRNA (see 5.2.5 above), B. pseudomallei TFP loci are not required for the 

temperature- or media-dependent formation of biofilms observed in these studies, as 

each mutant strain demonstrated the same regulation as the respective wild-type strain 

(Figure 5.10). 

Interestingly, a recent study investigating the role of TFP in the formation of 

biofilms by P. aeruginosa found that TFP were important in determining biofilm 

structure, but were not required for biofilm formation (Klausen et al., 2003b). 

Moreover, these researchers identified that initial microcolony formation in biofilms 

occurred by clonal growth, and not by aggregation of bacteria (Klausen et al., 2003b). 

These findings are in agreement with our data, which suggests that TFP are not 

required for B. pseudomallei biofilm formation, and that B. pseudomallei 

microcolonies, which involve bacteria-bacteria interactions rather than dividing 

bacteria (5.2.4), are not associated with biofilm formation using the methods and 

conditions of this study. 

 

5.2.7 Role of B. pseudomallei TFP loci in cell aggregation 

 

 Given the role of pilA in microcolony formation by B. pseudomallei 08 (see 

above), the role of TFP loci in B. pseudomallei cell aggregation was investigated as 

described in Materials and Methods (see 2.2.36). After 18 hours of unshaken growth in 

LB broth or M9 medium at both 27 ºC and 37 ºC, no cell aggregates were observed for 

B. pseudomallei K96243 or 08 (results not shown). Therefore, the potential role of TFP 
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loci in cell aggregation could not be investigated. It is noteworthy that the cell 

aggregation assay was derived from the publication by Loprasert et al., (2002), which 

described cell aggregation only by an oxyR mutant and not the wild-type strain. 

 

 5.2.8 Role of B. pseudomallei TFP loci in twitching motility 

 

Type IVA pili are essential for P. aeruginosa twitching motility (reviewed by 

Mattick, [2002]) and type IVB pili may mediate a restricted form of twitching motility 

(Bieber et al., 1998). Given the presence of genes putatively encoding type IVA and 

IVB pili in B. pseudomallei K96243, including pilT (Mattick, 2002), attempts to 

investigate the role of B. pseudomallei TFP loci in twitching motility were undertaken. 

Using both a sub-surface stab assay and a time-course microscopy assay (see 2.2.37 in 

Materials and Methods), no twitching zones were observed for B. pseudomallei 

K96243 or 08 when grown at 27 ºC or 37 ºC (Figure 5.11; sub-surface stab assay 

results not shown). As such, the potential role of TFP loci in twitching motility could 

not be investigated. A lack of twitching motility was also observed for strain K96243 

by collaborating researchers (A. Essex-Lopresti, personal communication) and for 

strain 08 by a previous member of our laboratory (N. Brown, personal communication). 

Interestingly, time-course microscopy revealed a phenomenon involving 

microscopic colonies of B. pseudomallei K96243 fusing into a single larger colony with 

growth over time (Figure 5.11). This fusion would result in a gross underestimation of 

colony forming units after 24-48 hours growth (a review of the literature reveals that 

this is a routine incubation period for B. pseudomallei). This finding has implications 

for all experiments that rely on viable agar counts to enumerate bacteria, and was 

central to the development of the microscopy adherence assay for the quantitation of 

adherent/cell-associated bacteria, which replaced the viable count on agar method.       
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      A                                                               B 

   

      C                                                               D 

   

      E                                                                

         

Figure 5.11: Assessment of B. pseudomallei K96243 twitching motility. Colony growth on  

LB agar at 37 ºC was assessed by microscopy. Digital images were captured at A. 6 hours,  
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B. 8 hours, C. 9 hours, D. 10 hours, and E. 11 hours. No twitching motility was observed for  

B. pseudomallei but merging colonies were observed over time. Images of twitching motility 

by Ralstonia solanacearum can be seen in the publication by Liu et al., (2001) and colony 

fusion is also evident from their published pictures. 

 

 

5.2.9 Role of B. pseudomallei TFP loci in virulence in vivo 

 

TFP are necessary for the pathogenesis of many bacteria (reviewed in Chapter 

four). The role of TFP loci in the virulence of B. pseudomallei was investigated using 

two in vivo models: virulence in the soil nematode Caenorhabditis elegans and the 

BALB/c murine model of acute melioidosis. This work was undertaken by 

collaborators at DSTL, Porton Down, U.K. 

 

5.2.9.1 Virulence in nematode worms 

 

B. pseudomallei is capable of infecting and killing C. elegans (Gan et al., 2002) 

and pathogenesis involves endotoxin-mediated paralysis (O'Quinn et al., 2001). To 

investigate the potential role of TFP in nematode virulence, triplicate groups of 

C. elegans strain N2 nematodes were infected with TFP mutant strains and the parent 

strain, as outlined in Materials and Methods (see 2.2.46). In the first series of 

experiments, which investigated the ∆TFP2 (pilA) strain, JAB16, nematodes exposed to 

the wild-type strain K96243 had a median survival of 32 hours; this was significantly 

lengthened to a median of 40 hours (25% increase) for worms exposed to the type IVA 

TFP mutant JAB16 (P=0.0006; Figure 5.12). As expected, E. coli OP50 did not kill any 

nematodes (Figure 5.12). In the second series of experiments, which investigated the 

remaining TFP mutants, including ∆pilA in 08, no significant difference was identified 
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in median survival between the wild-type strain and any other TFP mutants (results not 

shown). These data indicate that B. pseudomallei K96243 uses the type IVA pilin PilA 

during the process of C. elegans infection, but not other pili.  

It is important to note that animal studies with TFP mutants were conducted prior 

to obtaining the adherence/cell association results described in 5.2.3. Therefore, all 

infection studies with TFP mutants were conducted with 37 ºC-grown bacteria. Given 

that the B. pseudomallei 08 pilA phenotype (microcolony formation) was observed with 

27 ºC-grown bacteria prior to experimental analysis, and not 37 ºC, nematode studies 

(and mouse studies; see below) using 27 ºC-grown bacteria are currently planned. 

These will be essential to identify if microcolony formation by B. pseudomallei 08 is 

relevant to virulence in vivo. 

 

 

  

Figure 5.12: Role of TFP2 in B. pseudomallei K96243 virulence in C. elegans. Between ten 

and 20 C. elegans L4-stage worms were seeded onto nematode growth medium agar containing 

a lawn of B. pseudomallei or E. coli. Each data point is the mean number of surviving worms 
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from six repeated experiments. Survival data was plotted using the Kaplan-Meier method and, 

using the Mantel-Haenszel log rank test, the ∆TFP2 strain (JAB16) is significantly less virulent 

than K96243 (P=0.0006).   

 

 

Given the similarity of proteins from the type IVA pilus system to proteins from 

the general secretion pathway (type II secretion; see reviews by Strom and Lory, 1993; 

Mattick, 2002) it is possible that type IVA pili mutants are unable to effectively secrete 

proteins via the general secretion pathway. Indeed, this was the case for a 

P. aeruginosa pilA mutant (Lu et al., 1997). However, previous work has shown that a 

B. pseudomallei general secretion pathway mutant was unable to delay the time to 

death of C. elegans (O'Quinn et al., 2001) suggesting that the significant delay to death 

of C. elegans following JAB16 infection is not related to a deficiency in type II 

secretion. Given that our collaborators observed a significant decrease in the adherence 

of JAB16 to cultured human cells (using a different adherence assay to those described 

herein; see Essex-Lopresti et al., 2005) we hypothesise that the delay in time to death 

of JAB16 compared to K96243 is related to a decreased ability of these organisms to 

colonise nematodes. Indeed, further work is required to confirm this. 

 

5.2.9.2 Virulence in BALB/c mice 

 

The acute form of human melioidosis has been successfully replicated in BALB/c 

mice (Leakey et al., 1998). To investigate the potential role of B. pseudomallei TFP in 

virulence in mice, groups of five or six BALB/c mice were infected with TFP mutant 

strains and the parent strain, as outlined in Materials and Methods (see 2.2.46). This 

work was undertaken by collaborators at DSTL, Porton Down, U.K. 
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In the first series of experiments, which investigated the ∆TFP2 (pilA) strain, 

JAB16, mice were infected by either the intraperitoneal route or the intranasal route 

(Liu et al., 2002). No difference was observed between mutant and wild-type using the 

intraperitoneal route of infection (results not shown). However, the ∆TFP2 strain was 

less virulent than the parent strain using the intranasal route of infection at low 

challenge doses (P=0.0120; Figure 5.13) indicating a role for type IVA pili in 

virulence.  

Differences in the attenuation of pilus mutants depending on the challenge route 

have been reported previously with Y. pseudotuberculosis (Collyn et al., 2002). The 

intraperitoneal route bypasses many initial interactions and host defenses, particularly 

adherence. Bacterial adhesins interact with specific host-cell molecules (Finlay and 

Falkow, 1997); it is likely, therefore, that interactions involving receptors 

complementary to B. pseudomallei type IVA pili are more common via the intranasal 

route.  

 

 

 

Figure 5.13: Role of TFP2 in B. pseudomallei K96243 virulence in BALB/c mice. Graphs  

show survival curves of BALB/c mice following intranasal challenge with varying doses of 

B. pseudomallei. Groups of six mice were infected and monitored for 18 days. Regression with 

life data indicates that the ∆TFP2 strain is significantly less virulent than K96243 (P=0.0120). 

Units are CFU. 
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In the second series of experiments, which investigated the remaining TFP 

mutants via the intranasal route, significant reductions in virulence compared to 

wild-type were observed for the ∆TFP5 strain (Mantel-Haenszel log rank test; 

P=0.0483; Figure 5.14) and the ∆TFP9 strain (regression with life data; P=0.0260), 

indicating that type IVA pili and type IVB Flp pili contribute to virulence in mice. The 

∆TFP8 strain was not attenuated in the intranasal model (regression with life data; 

P=0.4550; Figure 5.14); however, type IVB pili are found almost exclusively in enteric 

pathogens (Craig et al., 2004), and a pil locus mutant in Y. pseudotuberculosis was only 

attenuated for virulence in BALB/c mice following the oral route of challenge, and not 

via the intravenous route (Collyn et al., 2002). Experiments to determine whether type 

IVB pili are important for interactions with intestinal cells, and for virulence via the 

oral route of infection, are planned. When TFP2 was deleted in the ∆TFP8 strain, 

mouse survival was greatly enhanced (regression with life data; P<0.05; Figure 5.14), 

confirming the role of type IVA pili in virulence in mice.  

Deleting TFP2 from the ∆TFP9 strain increased virulence such that no significant 

difference was observed compared to K96243 (Mantel-Haenszel log rank test 

P=0.8574; Figure 5.14). This surprising observation is inconsistent with single ∆TFP2 

and ∆TFP9 mutations, and hence, a feasible hypothesis explaining this result is difficult 

to conceive. This result clearly needs to be confirmed.  

It is important to note that the wild-type strain K96243 appears less virulent in the 

second series of mouse infections, compared to the first (see Figures 5.13 and 5.14). All 

mice treated with K96243 were dead by day six (excluding the 10
1
 dose) in the first series 

(Figure 5.13) whereas some mice had not died by 51 days post-infection following doses 

of 10
1
, 10

2
, and 10

4
 CFU in the second series (Figure 5.14). These differences can only be 

explained by variation in mice or by technical error during infection. The fact that 
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significant differences were still observed for ∆TFP5 and ∆TFP9 despite the reduced 

virulence of the parent strain is indicative of the importance of these loci for virulence in 

vivo. These are the first data identifying TFP as B. pseudomallei virulence determinants.   

Similar to the C. elegans data (5.2.9.1 above), B. pseudomallei 08 and the ∆pilA 

strain (JAB1608) were equally virulent in the intranasal BALB/c mouse model when 

grown at 37 ºC prior to infection (regression with life data; P=0.7370; Figure 5.14). 

BALB/c mouse studies with 27 ºC-grown bacteria are planned.  
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Figure 5.14: Role of TFP loci in B. pseudomallei virulence in BALB/c mice. Graphs show 

survival curves of BALB/c mice following intranasal challenge with varying doses of 

B. pseudomallei. Groups of five mice were infected and monitored for 51 days. The 

Mantel-Haenszel log rank test indicates that the ∆TFP5 strain (JAB26) is significantly less 

virulent than K96243 (P=0.0483). Regression with life data indicates that the ∆TFP9 strain 

(JAB23) is significantly less virulent than K96243 (P=0.0260). Units are CFU. 

 

 

5.2.10 Micro-array analysis of B. pseudomallei TFP expression 

 

Given the importance of growth phase and growth temperature in the adherence 

of B. pseudomallei to human cell lines (Brown et al., 2002; Chapter three) our 

collaborators at USAMRIID, Fort Detrick, U.S.A., investigated the expression of TFP 

loci at different temperatures and growth-phases in LB broth using DNA micro-arrays.  
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Using differential expression of 1.5-fold as an arbitrary cut-off for significance, 

only three TFP genes at logarithmic-phase and one TFP gene at stationary-phase was 

temperature-regulated in LB media. These included TFP4 flp-1b (encoding a type IVB 

Flp major pilus subunit), TFP7 pilQ (encoding a type IVA pili outer membrane protein 

from the secretin family), and TFP8 pilV (encoding a type IVB minor pilin subunit) at 

logarithmic phase (see Table 5.3). TFP4 flp-1b and TFP7 pilQ were expressed 

2.91-fold and 1.50-fold more at 25 ºC than at 37 ºC, respectively (Table 5.3). TFP8 pilV 

was expressed 2.33-fold more at 37 ºC than at 25 ºC. At stationary-phase, TFP4 flp-1b 

was expressed 1.85-fold more at 37 ºC than at 25 ºC.   

Importantly, these data provide evidence that TFP loci are expressed by 

B. pseudomallei and confirms that both temperature and growth-phase are regulatory 

signals for this organism. Micro-array data for pilA, suggesting no significant 

temperature regulation in LB broth at either growth-phase, confirms Q-PCR findings 

for pilA mRNA expression in LB broth (see section 5.2.5 above); however, significant 

temperature differences in pilA expression were observed by Q-PCR when bacteria 

were grown on LB agar and in McCoy’s 5a media with ME180 cells. Growth media 

and the presence of eukaryotic cells may also be important variables for the expression 

of other TFP genes; however, these conditions have not yet been investigated using 

micro-arrays.    
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Table 5.3: Micro-array analyses of B. pseudomallei 1026b TFP loci expression at 

25 ºC and 37 ºC at logarithmic- and stationary-phase of growth in LB medium 

Gene Logarithmic-phase expression  

25 ºC and 37 ºC 

Stationary-phase expression 

25 ºC and 37 ºC 

TFP1   

BPSL0006 pilT 1.38-fold more at 37 ºC 1.44-fold more at 25 ºC 

TFP2   

BPSL0782 pilA 1.15-fold more at 37 ºC 1.03-fold more at 37 ºC 

TFP3    

BPSL1813-1821 N.O. N.O. 

TFP4   

BPSL1890 tadD-1 1.08-fold more at 37 ºC 1.19-fold more at 37 ºC 

BPSL1891 tadC-2 1.30-fold more at 25 ºC 1.03-fold more at 37 ºC 

BPSL1892 tadB-2 1.03-fold more at 37 ºC 1.16-fold more at 37 ºC 

BPSL1893 cpaF-2 1.05-fold more at 25 ºC 1.41-fold more at 37 ºC 

BPSL1894 cpaE-2 1.06-fold more at 37 ºC 1.17-fold more at 37 ºC 

BPSL1895 cpaC-2 1.22-fold more at 25 ºC 1.14-fold more at 37 ºC 

BPSL1896 cpaB-2 1.11-fold more at 37 ºC 1.08-fold more at 37 ºC 

BPSL1897 tadE-1 1.15-fold more at 37 ºC 1.16-fold more at 37 ºC 

BPSL1898 cpaA-2 1.07-fold more at 37 ºC 1.17-fold more at 37 ºC 

BPSL1899 flp-1b 2.91-fold more at 25 ºC 1.85-fold more at 37 ºC 

TFP5   

BPSL2752 pilE 1.17-fold more at 25 ºC 1.07-fold more at 37 ºC 

BPSL2753 pilX N.O. N.O. 

BPSL2754 pilW 1.17-fold more at 25 ºC 1.0-fold 

BPSL2755 pilV N.D. N.D. 

BPSL2756 fimT N.D. N.D. 

TFP6   

BPSL3008 pilB 1.14-fold more at 25 ºC 1.04-fold more at 25 ºC 

BPSL3009 pilC 1.14-fold more at 25 ºC 1.03-fold more at 25 ºC 

BPSL3010 pilD 1.05-fold more at 37 ºC 1.01-fold more at 37 ºC 

TFP7   

BPSL3170 pilQ 1.50-fold more at 25 ºC 1.05-fold more at 25 ºC 
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BPSL3171 Hypothetical 1.18-fold more at 25 ºC 1.20-fold more at 37 ºC 

BPSL3172 pilN 1.13-fold more at 25 ºC 1.10-fold more at 37 ºC 

BPSL3173 pilM 1.10-fold more at 25 ºC 1.18-fold more at 37 ºC 

TFP8   

BPSS1593 pilV 2.33-fold more at 37 ºC 1.04-fold more at 25 ºC 

BPSS1594 pilM 1.05-fold more at 25 ºC 1.03-fold more at 25 ºC 

BPSS1595 pilS 1.05-fold more at 25 ºC 1.02-fold more at 25 ºC 

BPSS1596 pilR 1.16-fold more at 25 ºC 1.06-fold more at 37 ºC 

BPSS1597 pilQ 1.05-fold more at 37 ºC 1.01-fold more at 25 ºC 

BPSS1598 pilP 1.10-fold more at 25 ºC 1.0-fold 

BPSS1599 pilO 1.19-fold more at 37 ºC 1.10-fold more at 37 ºC 

BPSS1600 pilN 1.08-fold more at 25 ºC Not detected 

BPSS1601 pilL 1.15-fold more at 37 ºC 1.01-fold more at 37 ºC 

BPSS1602 pilT 1.41-fold more at 25 ºC 1.07-fold more at 25 ºC 

TFP9   

BPSS2185-2198 N.O. N.O. 

Micro-array analysis of B. pseudomallei 1026b RNA was performed at TIGR using a B. mallei chip, not 

a B. pseudomallei chip (see 2.2.45 in Materials and Methods). As TFP3, TFP9 and BPSL2753 (pilX) are 

absent from B. mallei ATCC23344 (see Table 4.3 in Chapter four), expression analysis of genes within 

these loci was not obtained (N.O.). Expression of certain genes could not be detected (N.D.). 

 

  

5.3 Conclusions 

 

This work has begun characterising TFP loci in B. pseudomallei K96243 and 08. 

Multiple unmarked TFP deletion mutants, including two double mutants, were 

successfully generated using sacB counter-selection on sucrose. Characterisation of 

TFP loci revealed that B. pseudomallei K96243 and 08 use TFP differently. In 

B. pseudomallei K96243, type IVB and IVB Flp pili play a minor role in 

adherence/cell-association to ME-180 using the assays described. However, our 
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collaborators at DSTL observed that the type IVA pilin, PilA, is required for optimal 

adherence to a range of cell lines using a different adherence assay. This indicates that 

the choice of assay is important. Work described in this chapter also identified that 

B. pseudomallei K96243 TFP have no role in biofilm formation, and that cell 

aggregation and twitching motility do not occur under the conditions tested. However, 

during microscopy of growing colonies during twitching motility assays, colony-fusion 

events were observed, and these may have implications to assays using viable counts 

on agar to enumerate B. pseudomallei. 

This work identified that B. pseudomallei 08 uses type IVA pili to form 

microcolonies at 27 ºC, but not 37 ºC, in the presence human cells, and in tween-80. 

This finding explains the apparent temperature-regulated adherence phenotype 

described previously by our laboratory (Brown et al., 2002). Furthermore, quantitative 

analysis of pilA mRNA expression in B. pseudomallei 08 confirmed that pilA is 

expressed in association with ME-180 cells, but only following growth at 27 ºC and not 

37 ºC. Additionally, pilA mRNA expression was potently increased when bacteria were 

grown on a solid LB medium compared to a liquid LB medium at 27 ºC, not 37 ºC,  

indicating that pilA expression is regulated in a complex manner.     

Animal studies revealed that TFP are important for virulence of B. pseudomallei 

K96243. Specifically, B. pseudomallei K96243 used type IVA pili for virulence in the 

nematode, C. elegans, and type IVA and IVB Flp pili for virulence in BALB/c mice. 

The type IVB pilus system was not required for virulence in either model, and 

experiments involving the oral route of infection are planned, to investigate the role of 

type IVB pili in interactions with the gastrointestinal tract. 

A role for pilA in B. pseudomallei 08 virulence was not observed in this study. 

However, given that pilA mediates microcolony formation with growth at 27 ºC, and 

not 37 ºC, animal studies involving 08 grown at 27 ºC prior to infection are planned.   
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Finally, micro-array analyses identified that B. pseudomallei TFP loci are expressed, 

and that temperature and growth-phase are important regulatory signals for this 

organism.  
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Identification and characterisation of lfp-1 in 

Burkholderia pseudomallei which encodes a homologue 

of the eukaryotic protein SMP-30 
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6.1 Introduction 

 

It is the goal of a number of laboratories, including our own, to characterise 

B. pseudomallei virulence at the molecular level. To date, a number of B. pseudomallei 

factors that contribute to pathogenesis in vivo have been identified, including 

lipopolysaccharide (DeShazer et al., 1998), capsular polysaccharide (Reckseidler et al., 

2001), endotoxin (O'Quinn et al., 2001), type III secretion systems (Stevens et al., 

2004), and quorum sensing networks (Ulrich et al., 2004). There is conflicting evidence 

as to whether flagella are required for virulence in vivo (DeShazer et al., 1997; O'Quinn 

et al., 2001; Chua et al., 2003). Each of these studies have replicated acute melioidosis 

in one or more animal models, including guinea pigs, diabetic rats, hamsters, and mice; 

or they have established infections in nematodes. The assessment of virulence was 

undertaken by measuring the LD50 and/or time to death of animals infected with 

wild-type and mutant strains of B. pseudomallei. Most mutants were attenuated in the 

animal(s) of choice indicating a clear role for each virulence factor in pathogenesis. 

Despite these recent advances, our understanding of B. pseudomallei virulence and the 

pathogenesis of mammalian disease resulting from B. pseudomallei infection is far 

from complete. 

In an attempt to identify as yet unidentified virulence determinants in 

B. pseudomallei, subtractive hybridisation was recently undertaken in our laboratory 

using pathogenic B. pseudomallei 08 and nonpathogenic B. thailandensis E264 (Brown 

and Beacham, 2000). This procedure successfully acquired 84 subtracted DNA 

fragments that were unique to B. pseudomallei 08 (Brown and Beacham, 2000). 

Subtracted DNA fragments were sequenced and this revealed a number of putative 

virulence factors and proteins of unknown function (Brown and Beacham, 2000). This 
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chapter follows the mutagenesis and characterisation of a gene identified by this 

method and investigates a potential role for the gene in virulence.  

 

6.2 Results and discussion 

 

6.2.1 Identification of lfp-1 in B. pseudomallei 

 

The full-length gene corresponding to one subtracted clone (pSC-A36), identified 

previously by subtractive hybridisation (Brown and Beacham, 2000), was identified 

(BPSS2074) using the genome sequence of B. pseudomallei K96243 

(http://www.sanger.ac.uk/B_pseudomallei/). A conserved domains database RPSBLAST 

search (Marchler-Bauer and Bryant, 2004) using the predicted full-length primary 

amino acid sequence derived in silico from BPSS2074 identified SMP-30 and 

COG3386 domains, with >91% of each domain aligning along the length of the 

B. pseudomallei protein. SMP-30 domains are present in senescence marker protein-30 

(SMP-30), also known as regucalcin (see below), and COG3386 domains are present in 

gluconolactonases. Importantly, SMP-30/regucalcin also contains a COG3386 domain 

(J. Boddey, personal observations). 

The most similar protein identified by BLASTP (Altschul et al., 1997) to the 

protein encoded by BPSS2074 was a “regucalcin homologue” from Mesorhizobium loti 

(Expect value 2E-47; GenBank accession NP_107711). Similarly, the B. pseudomallei 

protein shared considerable homology with SMP-30/regucalcin from Oryctolagus 

caniculus (Expect value 2E-25; accession BAA88079) and other eukaryotes (see Table 

6.1). Since the BPSS2074-encoded protein is similar to SMP-30/regucalcin, and both 

proteins contain COG3386 domains, the B. pseudomallei protein was designated Lfp1 

(for lactonase family protein).  



                                                         Chapter Six: Characterising lfp-1 in B. pseudomallei 

  176  

 

Though there is currently no functional data on SMP-30/regucalcin homologues 

in prokaryotes; eukaryotic SMP-30/regucalcin was identified over 25 years ago and has 

been well-studied using rats. A novel eukaryotic calcium-binding protein, to be later 

named regucalcin (Yamaguchi, 1992), was first identified by Yamaguchi and 

Yamamoto in experiments with rat liver (Yamaguchi and Yamamoto, 1978). The 

protein was also later identified by Fujita and colleagues and termed senescence marker 

protein-30 (SMP-30; Fujita et al., 1992). Regucalcin is reported to be a unique 

calcium-binding protein that lacks the EF-hand motif (Shimokawa and Yamaguchi, 

1993); however, a recent report could not demonstrate calcium-binding by SMP-30 but 

did provide evidence of organophosphatase activity associated with detoxification in 

the liver (Kondo et al., 2004). Furthermore, SMP-30 knockout mice demonstrated 

neutral lipid and phospholipid accumulation that reduced the life span of mice 

(Ishigami et al., 2004).  

SMP-30 is also a gluconolactonase associated with the pentose phosphate 

pathway and the biosynthesis of ascorbic acid (Maruyama et al., 2005). Regucalcin also 

has numerous effects on eukaryotic cells, including the enhancement of 

calcium-pumping activity (Fujita et al., 1998; Takahashi and Yamaguchi, 2000), the 

rescue of cells from apoptosis (Fujita et al., 1998), the induction of osteoclast-like cell 

formation (Yamaguchi and Uchiyama, 2005), and microvili and bile canaliculi 

development in HEp G2 cells (Ishigami et al., 2005). Regucalcin also has an inhibitory 

action on cell proliferation (Misawa et al., 2001), the synthesis of DNA (Yamaguchi 

and Kanayama, 1996; Misawa et al., 2001), and RNA (Yamaguchi and Ueoka, 1997), 

and other key molecules within the cell (Katsumata and Yamaguchi, 1998; Omura and 

Yamaguchi, 1999). 

As late as 1999, regucalcin was reported to be evolutionary conserved only in 

higher eukaryotes (Fujita et al., 1999) as the gene is absent from yeast (Misawa and 
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Yamaguchi, 2000). This study on B. pseudomallei Lfp1 is, to our knowledge, the first 

investigation of a prokaryotic homologue of SMP-30/regucalcin.  

 

6.2.2 Sequence analysis of B. pseudomallei lfp-1 and Lfp1  

 

Sequence analyses were undertaken as described in Materials and Methods (see 

2.2.1). B. pseudomallei K96243 lfp-1 is an 891 bp gene predicted to encode a protein of 

296 amino acids with a calculated molecular mass of 32,260 Da and a projected pI of 

4.90. lfp-1 is located on chromosome two and has a %GC of 59.48 (chromosome 2 

mean %GC is 68.50 [Holden et al., 2004]) and is located within GI16, a 61.8 Kbp 

genomic island (Holden et al., 2004).  

No signal peptide was predicted for Lfp1 by SIGNALP 3.0 and no putative 

transmembrane helices were identified using the TMHMM server V.2.0. A prokaryotic 

membrane lipoprotein lipid attachment site was identified in the N-terminus of Lfp1, 

based on the consensus sequence {DERK}(6) - [LIVMFWSTAG](2) - 

[LIVMFYSTAGCQ] - [AGS] - C (C is the lipid attachment site) using the ScanProsite 

database (Gattiker et al., 2002; Figure 6.1). Prokaryotic membrane lipoproteins often 

contain a signal peptide, which is recognised by signal peptidase II, and the leader 

sequence is cleaved upstream of a cysteine residue, to which a glyceride-fatty acid is 

attached for membrane anchoring (Hayashi and Wu, 1990). This indicates that Lfp1 

may be a membrane-associated lipoprotein that is post-translationally processed. 
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Figure 6.1: B. pseudomallei Lfp1 may be a lipoprotein. The lfp-1 5’ nucleotide region and 

the 20 predicted N-terminal residues of Lfp1 are shown. The predicted Shine-Dalgarno 

sequence (Shine and Dalgarno, 1974) is underlined and the predicted start codon is shaded. The 

consensus primary amino acid sequence indicating a prokaryotic membrane lipoprotein lipid 

attachment site is indicated in bold and the putative cleavage site is indicated by an arrow. The 

predicted lipid attachment site of the mature protein is shaded (cysteine residue).  

 

   

6.2.3 B. pseudomallei K96243 contains a second SMP-30 homologue 

 

Analysis of the B. pseudomallei K96243 genome identified a second gene on 

chromosome two (BPSS0776) predicted to encode an SMP-30 family protein. A 

conserved domains RPSBLAST search (Marchler-Bauer and Bryant, 2004) of the full 

length predicted protein identified SMP-30 and COG3386 domains, with >96% of each 

domain aligning along the length of the B. pseudomallei protein. The protein shares 

between 35% similarity (22%identity; 330 residues) to 44% similarity (26% identity; 

318 residues) with regucalcin from Drosophila melanogaster (GenBank accession 

AAN09306) and Fugu rubripes (GenBank accession ), respectively. However, the two 

B. pseudomallei proteins share only 43% similarity and 30% identity over 319 residues 

(Figure 6.2). The protein encoded by BPSS0776 was considered to be a homologue of 

SMP-30/regucalcin and BPSS0776 was designated lfp-2. It is noteworthy that most 

eukaryotic SMP-30/regucalcin homologues are more similar to Lfp1 than Lfp2 (for 

example, Mus musculus regucalcin [GenBank accession BAA13046] shares 48% 
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similarity and 27% identity over 305 residues with Lfp1, but only 40% similarity and 

23% identity over 318 residues with Lfp2). 

B. pseudomallei K96243 lfp-2 is a 936 bp gene predicted to encode a protein of 

311 amino acids with a calculated molecular mass of 33,142 Da and a projected pI of 

5.78. lfp-2 is located on chromosome two and has a %GC of 73.07 and is not located 

within any genomic islands. As with Lfp1, no signal peptide was predicted for Lfp2 by 

SIGNALP 3.0 and no putative transmembrane helices were identified using the TMHMM 

server V.2.0. However, unlike Lfp1, a putative prokaryotic membrane lipoprotein lipid 

attachment site was not identified for Lfp2. Given the variation in primary amino acid 

sequence between Lfp1 and Lfp2, it is possible that the two proteins have different 

functions. 

 

 

 

Figure 6.2: B. pseudomallei K96243 Lfp1 and Lfp2 are divergent. CLUSTAL W alignment 

(Thompson et al., 1994) of the predicted amino acid sequences of Lfp1 and Lfp2 from 

B. pseudomallei K96243 illustrating regions of sequence identity/similarity and divergence 

between the two proteins. Amino acid sequence identity is indicated in bold type and dark grey 

shading. Sequence similarity is indicated in light grey shading. 
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6.2.4 Distribution of lfp-1 and Lfp1 in B. pseudomallei strains and Burkholderia 

species  

 

To investigate the presence of lfp-1 in other B. pseudomallei strains and  

Burkholderia species, Southern blot analysis of eight B. pseudomallei strains, 

consisting of four clinical and four environmental isolates, and of B. cepacia and 

B. thailandensis, was undertaken using an lfp-1-specific probe. lfp-1 was identified in 

five B. pseudomallei strains including K96243 (clinical isolate), 08 (clinical isolate), 06 

(environmental isolate), GF1 (environmental isolate) and GF2 (environmental isolate); 

however, lfp-1 could not be detected in B. pseudomallei strains GCH (clinical isolate), 

THP385 (clinical isolate) and THP375 (environmental isolate) or in B. cepacia strain 

ATCC17765 (clinical isolate; Figure 6.3). As expected, lfp-1 could not be detected 

from B. thailandensis strain E264 (environmental isolate; Figure 6.3) confirming that 

the DNA in pSC-A36 is truly a subtracted fragment (Brown and Beacham, 2000).  

Homologues of Lfp1 were also identified in B. fungorum LB400 (accession 

ZP_00283124) and B. cepacia R18194 (ZP_00212210). These proteins shared 48% 

similarity (30% identity; 311 residues) and 45% similarity (33% identity; 316 residues) 

with Lfp1, respectively.   

These results indicate that lfp-1 is widespread across Burkholderia species and in 

strains of B. pseudomallei. lfp-1 was variably present in both clinical and 

environmental isolates and so an exclusive role for lfp-1 in pathogenesis is considered 

unlikely. However, experimental data is obviously required to ascertain whether lfp-1 is 

involved in virulence and to determine the function of the protein in B. pseudomallei. 
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Figure 6.3: Southern blot analysis of lfp-1 distribution in B. pseudomallei strains and 

other Burkholderia species. Lanes: 1 and 12, Kbp ladder; 2 and 13, B. pseudomallei 08; 3 and 

14, B. pseudomallei K96243; 4 and 15, B. thailandensis E264; 5, B. pseudomallei 06; 6, 

B. pseudomallei GF1; 7, B. pseudomallei GF2; 8, B. pseudomallei GCH; 9, B. pseudomallei 

THP385; 10, B. pseudomallei THP375; 11, B. cepacia ATCC17765; 16-30, corresponding 

Southern blot hybridisation signals for lanes 1-15. Genomic DNA was digested with Xho I 

(lanes 2-11) and Sph I (lanes 13-15). Band sizes of DNA in the Kbp ladder are indicated. lfp-1 

plus flanking DNA was used as a probe. 

 

 

6.2.5 Lfp1 homologues are wide-spread in prokaryotes and are highly conserved 

amongst prokaryotes and eukaryotes 

 

To date, SMP-30/regucalcin has been functionally characterised only in higher 

eukaryotes. Using TBLASN (Altschul et al., 1997), over 35 prokaryotic homologues 

were identified from diverse bacteria including extremophiles, other environmental 

organisms, and plant and mammalian pathogens. Homologues from 13 eukaryotic 

species were also identified. The full-length amino acid sequences of prokaryotic and 

eukaryotic homologues were obtained from the non-redundant database and 

individually compared to B. pseudomallei Lfp1 using CLUSTAL W (Thompson et al., 

1994). The most similar protein from prokaryotes was from Mesorhizobium loti, which 
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shared 52% similarity and 37% identity, over 305 residues, with Lfp1 (Table 6.1). The 

most similar protein from eukaryotes was from Xenopus laevis, which shared 48% 

similarity and 29% identity, over 305 residues, with Lfp1 (Table 6.1). 

Multiple alignments using CLUTAL W (Thompson et al., 1994) indicate that many 

residues along the entire protein are completely conserved in both prokaryotic and 

eukaryotic Lfp1 homologues. This order of conservation is indicative of the essential 

role of these amino acids in protein function and indicates that the proteins may share 

similar functions in different organisms (Figure 6.4).  

 

 

Table 6.1: Ten most similar prokaryotic and eukaryotic homologues of 

B. pseudomallei Lfp1 

Organism Homologue name GenBank 

Accession 

% Similarity 

(% Identity) 

Alignment 

length
a
 

Prokaryotes     

Mesorhizobium loti Regucalcin homologue NP_107711 52 (37) 305 

Pseudomonas fluorescens SMP-30 YP_349871 52 (36) 300 

Pseudomonas syringae SMP-30 AAY37409 51 (37) 298 

Nostoc punctiforme Gluconolactonase ZP_00110023 49 (31) 305 

Sinorhizobium meliloti Putative regucalcin NP_435274 48 (33) 316 

Burkholderia fungorum Gluconolactonase ZP_00283124 48 (32) 306 

Coxiella burnetti Hypothetical protein NP_820769 48 (31) 302 

Bacillus clausii Gluconolactonase YP_176297 48 (30) 305 

Burkholderia cepacia Gluconolactonase ZP_00212210 46 (35) 315 

Microbulbifer degradens Gluconolactonase ZP_00317728 45 (31) 302 

Eukaryotes     

Xenopus laevis Regucalcin BAA90694 48 (29) 305 

Mus musculus Regucalcin BAA13046 48 (27) 305 
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Oryctolagus caniculus Regucalcin BAA88079 47 (29) 305 

Aspergillus fumigatus Regucalcin homologue EAL89928 47 (28) 305 

Gallus gallus Regucalcin BAA90693 46 (29) 305 

Homo sapiens Regucalcin NP_004674 46 (27) 305 

Rattus norvegicus  Regucalcin NP_113734 46 (26) 305 

Bos taurus Regucalcin BAA88080 45 (27) 305 

Fugu rubripes SINFRUP00000140211b Not applicable 42 (27) 304 

Anopheles gambiae ENSANGP00000010332 EAA12326 42 (27) 312 

aNumber of amino acids in the full length protein alignment, including gaps. 

bEnsembl Peptide ID 

 

 

Despite sharing considerable homology, phylogenetic analysis indicates that 

prokaryotic and eukaryotic Lfp1 homologues are sufficiently diverse that they may be 

grouped according to lineage (Figure 6.5). Eukaryotic homologues of Lfp1 derive from 

a single tree node indicating a single common ancestry that is distinct from that of the 

prokaryotes (Figure 6.5). Furthermore, prokaryotic Lfp1 homologues form two obvious 

and disparate groups. Members of the extremophiles (Thermoplasma volcanium and 

Sulfolobus tokodaii) and the genus Bacillus have a unique ancestry compared to the 

other prokaryotic proteins included in the analysis (Figure 6.5). 



 

       

 

 

Figure 6.4: Prokaryotic and eukaryotic homologues of Lfp1 are highly conserved. CLUSTAL W alignment (Thompson et al., 1994) of Lfp1 homologues from 

diverse prokaryotic and eukaryotic species indicating high levels of conservation across lineages. Amino acid sequence identity is  

indicated in bold type and dark grey shading. Sequence similarity is indicated in light grey shading. Accession numbers are provided in Table 6.1 or are as  

follows: M. smegmatis, incomplete genome contig 3563; S. typhi, NP_806334; S. coelicolor, NP_626682.

1
8
4
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Figure 6.5: Phylogenetic relationships between prokaryotic and eukaryotic Lfp1 

homologues. The multi-species rectangular cladogram was generated by the unweighted pair 

group method with arithmetic mean (UPGMA) using random tie breaking and uncorrected 

pairwise distances in MacVector 7.0 (Oxford Molecular). Numbers on branches denote the 

UPGMA bootstrap percentage using a highly stringent number (1,000) of replications 

(Felsenstein, 1985). All bootstrap values are ≥50%, as shown. Eukaryotic organisms are 

shaded. Accession numbers for many proteins in the tree are provided in Table 6.1 or in the 

legend of Figure 6.4. Others are as follows: Bacillus cereus, AAU17919; T. volcanium, 

NP_111448; S. tokodaii, BAB67667; D. melanogaster, AAN09306; A. tumefaciens, 

NP_396398; C. neoformans, AAW44932; X. campestris, NP_637112; C. crescentus, 

NP_420613. 
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6.2.6 Unmarked and in-frame deletion of lfp-1 in B. pseudomallei 08  

 

To investigate the function of lfp-1 in B. pseudomallei 08 an unmarked and 

in-frame lfp-1 deletion mutant was generated by allelic exchange, as described for TFP 

loci in Chapter five. The ∆lfp-1 allele was generated by PCR using the oligonucleotide 

primer pairs 136USF/USR (61 ºC annealing) and 136DSF/DSR (61 ºC annealing). PCR 

amplicons were digested with Bam HI, ligated, and the 1,764 bp fragment (representing 

the ∆lfp-1 allele) was sub-cloned into pGEM-T Easy, generating pJAB136easy. The 

∆lfp-1 allele was digested from pJAB136easy with Spe I and Sph I and cloned into 

pDM4, generating the deletion construct pJAB136. The deletion construct was 

conjugatively mobilised from E. coli S17.1 (λpir) into B. pseudomallei 08 and 

integration of pJAB136 by homologous recombination followed. Excision of pJAB136 

by a second homologous recombination event, resulting in either a wild-type, or deleted 

lfp-1 allele, was selected on agar containing 10% sucrose, but lacking NaCl, and 

confirmed by chloramphenicol sensitivity. The ∆lfp-1 strain was identified by PCR 

using RgcUSF/DSR primers (59 ºC annealing; results not shown) and confirmed by 

Southern blot analyses (Figure 6.6), and Q-PCR (Figure 6.7). The unmarked and 

in-frame ∆lfp-1 strain was designated JAB136.  

 



Chapter Six: Characterising lfp-1 in B. pseudomallei  

  187  

 

 

Figure 6.6: Southern blot analyses of B. pseudomallei strains acquired during mutagenesis 

of lfp-1. Lanes: 1, λ-Hin dIII molecular weight standards; 2, parental strain; 3, single cross-over 

merodiploid strain; 4, double cross-over deletion mutant strain; 5-7, corresponding Southern 

blot hybridisation signals for lanes 2-4. Genomic DNA was digested with Nco I-Hin dIII. lfp-1 

plus flanking DNA was used as a probe. The hybridisation signal pattern of the blot 

corresponds to the predicted pattern deciphered using the B. pseudomallei K96243 genome 

sequence (see Figure 5.2 for example), and indicates integration of pJAB136 upstream of the 

lfp-1 deletion.. Band sizes of DNA in the λ-Hin dIII molecular weight standards are indicated. 

 

 

6.2.7 Complementation of B. pseudomallei lfp-1 

 

The complementation construct, pJAB136C, was generated by firstly; PCR 

amplifying lfp-1 and upstream DNA using DNA pfuTaq polymerase with the 

oligonucleotide primer pair RgcExpF/R (57 ºC annealing) and cloning this into 

pGEM-T Easy, generating pJAB136Ceasy. The cloned fragment was digested with Xba 

I and ligated into pBBR1MCS-3, generating pJAB136C. The complementation 

construct was conjugatively mobilised into JAB136, generating JAB136C. 
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Complementation in trans was confirmed by PCR of miniprepped JAB136C plasmid 

DNA (results not shown) and Q-PCR (Figure 6.7). 

Using Q-PCR, the expression of lfp-1 mRNA per 16S rRNA in JAB136C was 

only 40.1% of that observed for B. pseudomallei 08, following growth under the 

appropriate conditions for lfp-1 mRNA expression (see 6.2.9 below). Reasons for low 

lfp-1 mRNA expression in JAB136C relative to 08 are unclear, but may involve poor 

ectopic expression of lfp-1 from the lacZα promoter in pBBR1MCS-3. Furthermore, 

pJAB136C was observed to be unstable in JAB136C, with approximately 30% loss 

following overnight growth at 37 ºC on LB agar lacking antibiotic selection. 

 

 

 

Figure 6.7: Assessment of lfp-1 expression in the lfp-1 complemented strain JAB136C. 

Graph shows pooled data from duplicate experiments measuring the expression of lfp-1 mRNA 

in B. pseudomallei 08, JAB136, and JAB136C by Q-PCR from bacteria grown at 37 ºC 

overnight and following incubation with RAW264.7 cells for three hours (required for lfp-1 

expression; see also 6.2.9 below). Expression is reported as copy of lfp-1 per copy of 16S 

rRNA ± S.E.M.  
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6.2.8 Examining the role of lfp-1 in B. pseudomallei growth in calcium-limiting 

media 

 

Regucalcin has been reported to be a calcium-binding protein in eukaryotes 

(Shimokawa and Yamaguchi, 1993). Therefore, the role of lfp-1 in B. pseudomallei 

growth in calcium-limiting media was investigated. A 1:100 dilution of overnight 

culture was inoculated into LB broth with or without the divalent cation chelator EGTA 

and growth was measured (OD 600 nm) at intervals between one and 16 hours. No 

significant difference was observed in growth rate for strain 08 when grown with or 

without EGTA, indicating that the organism readily survives and replicates in a 

low-cation environment (Figure 6.8). Moreover, no significant difference was observed 

between strains 08 and JAB136 in LB media with or without EGTA, indicating that 

lfp-1 is not necessary for B. pseudomallei growth under these conditions (Figure 6.8). 

 

 

 

Figure 6.8: Growth of B. pseudomallei strains in calcium-limiting media. Graph shows  

pooled data from triplicate cultures measuring the growth of B. pseudomallei strains 08 and 

JAB136 in LB media with and without EGTA (5 mM). 
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6.2.9 lfp-1 is expressed in association with macrophage-like cells 

 

The expression of lfp-1 mRNA in B. pseudomallei 08, both in the presence and 

absence of RAW264.7 cells, was investigated using Q-PCR, as described in Materials 

and Methods (see 2.2.42 and 2.2.43). Remarkably, B. pseudomallei 08 incubated for 

three hours in MEM without RAW264.7 cells expressed 6.5 x 10
6
-fold less lfp-1 

mRNA per 16S rRNA than B. pseudomallei 08 incubated under the same conditions 

with RAW264.7 cells (P=0.0134; Figure 6.9). This indicates that lfp-1 is potently 

up-regulated in B. pseudomallei 08 either in contact with RAW264.7 cells or in 

association with MEM surrounding RAW264.7 cells. This finding suggests that lfp-1 

may be utilised in association with eukaryotic cells, and experiments investigating the 

role of lfp-1 in B. pseudomallei interactions with eukaryotic cells are described below 

(and in Chapter seven).  

 

 

 

Figure 6.9: lfp-1 is expressed in association with RAW264.7 cells. Graph shows pooled data 

from duplicate experiments measuring the expression of lfp-1 mRNA in B. pseudomallei 08 

grown at 37 ºC overnight followed by incubation with RAW264.7 cells for three hours. 
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Expression is reported as copy of lfp-1 per copy of 16S rRNA ± S.E.M.

 

 

 

6.2.10 Examining the role of lfp-1 in B. pseudomallei interactions with host cells 

 

B. pseudomallei interacts specifically with host cells; this involves adherence, 

invasion, intracellular proliferation and actin-based motility (reviewed in Chapter one). 

As lfp-1 was up-regulated in association with macrophage-like cells, its potential 

involvement in B. pseudomallei interactions with host cells was studied. This included 

investigating B. pseudomallei 08 and JAB136 for their ability to adhere to ME-180 

cells, invade ME-180 cells, replicate inside RAW264.7 cells, and to mediate polarised 

actin polymerisation within RAW264.7 cells. 

Over triplicate experiments no significant reduction in adherence to ME-180 cells 

(P=0.8620; Figure 6.10A), invasion of ME-180 cells (P=1.0000; Figure 6.10B), or 

intracellular proliferation inside RAW 264.7 cells (P=0.7220; Figure 6.10C) was 

observed for JAB136 relative to 08. Furthermore, like B. pseudomallei 08, JAB136 was 

observed producing actin tails both within, and protruding from, infected cells (Figure 

6.10D). Collectively, these data indicate that lfp-1 is not essential for the specific 

interactions with host cells that have been investigated in this work. However, as lfp-1 

is up-regulated in contact with macrophage-like cells, a role involving host cells 

remains likely.  
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Figure 6.10: Adherence, invasion, intracellular proliferation, and actin-based motility of 

B. pseudomallei 08 and JAB136. A. Mean % adherence of B. pseudomallei 08 and JAB136 to 

ME-180 cells ± S.E.M. Adherence is quantified two hours post-inoculation and is expressed as 

a percentage of the inoculum B. Mean % invasion of ME-180 cells ± S.E.M by B. pseudomallei 

08 and JAB136. Intracellular bacteria are protected from antibiotic killing and are enumerated 

five hours post-infection. Invasion is expressed as a percentage of adherent bacteria. C. Mean 

fold replication inside RAW264.7 cells ± S.E.M by B. pseudomallei 08 and JAB136. 

Intracellular bacteria are protected from antibiotic killing and are enumerated four hours and 12 

hours post-infection. Fold proliferation is a ratio of intracellular bacteria at 12 hours and four 

hours post-infection. All data in this figure is pooled from triplicate experiments using bacteria 

grown at 30 °C prior to assay (Brown et al., 2002). D. Confocal scanning laser micrographs of 

RAW264.7 cells infected with B. pseudomallei 08 and JAB136 showing many intracellular 

bacteria and the formation of actin-tails both within, and protruding from, infected cells. 600x 

08 

JAB136 
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magnification. Bar represents 10 µm. Bacteria (green) were labeled with rabbit 

anti-B. pseudomallei (anti-Bp) and goat anti-rabbit IgG-Alexa Fluor488. Filamentous actin (red) 

was labeled with tetramethyl rhodamine isothiocynate-conjugated phalloidin. 

 

        

6.2.11 Examining the role of lfp-1 in virulence in vivo 

 

Q-PCR analysis indicated that lfp-1 is up-regulated in contact with 

macrophage-like cells (see 6.2.9). To address the possibility that lfp-1 is utilised by 

B. pseudomallei in vivo, virulence in two animal models of acute melioidosis was 

assessed: a Syrian hamster model of infection (Brett et al., 1997) and an inhalation 

BALB/c mouse model (Jeddeloh et al., 2003). This work was conducted by Dr. Ricky 

Ulrich and his colleagues at USAMRIID, Fort Detrick, U.S.A.  

 

6.2.11.1 Insertional inactivation of lfp-1 

 

To expediate experiments at USAMRIID, lfp-1 was disrupted in B. pseudomallei 

strain DD503 (by Ricky Ulrich) using a π-dependent suicide plasposon, as described in 

Materials and Methods (see 2.2.23). Briefly, an 803 bp fragment, internal to lfp-1, was 

amplified from DD503 using the primer pair RU136F/R (60 ºC annealing). The 

amplicon was subcloned into pCR2.1-TOPO, digested with Eco RI, and cloned into the 

suicide vector pGSV3. The integration cassette was mobilised into DD503 by 

conjugation, merodiploids selected on gentamicin, 10 µg/mL, and site-specific 

integration was confirmed by long range PCR  

(results not shown). The lfp-1::pGSV3 strain was designated RU136. 
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This method of mutagenesis can be susceptible to polarity; however, it was 

considered ideal for lfp-1 as the gene is clearly not located within an operon in strain 

K96243 (lfp-1 is encoded on the opposite strand to that encoding flanking genes;  

J. Boddey, personal observations). 

  

6.2.11.2 Virulence in Syrian hamsters 

 

Syrian golden hamsters are very susceptible to B. pseudomallei (Brett et al., 

1997; DeShazer et al., 1997; Jones et al., 1997; DeShazer et al., 1998; DeShazer et al., 

1999; Reckseidler et al., 2001; Ulrich et al., 2004). As described in Materials and 

Methods (see 2.2.46), male Syrian golden hamsters were infected intraperitonealy with 

approximately 1.0 x 10
1
 – 1.0 x 10

3
 CFU of B. pseudomallei DD503 and RU136. 

Groups of five hamsters were used for each dilution and the LD50 was determined at 

day three as described previously (Reed and Muench, 1938). The relative LD50 for 

B. pseudomallei DD503 was <21 CFU compared to 95 CFU for RU136, representing a 

>4.5-fold increase in LD50. Survival data was plotted using the Kaplan-Meier method 

and the median survival was observed to be 25% greater for RU136-infected hamsters 

relative to DD503-infected hamsters (Mantel-Haenszel log rank test; P=0.0133; Figure 

6.11). Furthermore, the survival plot illustrates that on day three, 80% (four out of five) 

of hamsters infected with DD503 were dead; however, 100% of hamsters infected with 

RU136 were still alive, requiring six days for full mortality (Figure 6.11). This 

indicates that lfp-1 is utilised in the initial stages of infection for optimal virulence in 

hamsters.  
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Figure 6.11: lfp-1 is necessary for optimal virulence in Syrian hamsters. A targeted dose of 

17 and 21 CFU of DD503 and RU136, respectively, were delivered to groups of five hamsters 

and survival was monitored for six days. Survival data was plotted using the Kaplan-Meier 

method and, using the Mantel-Haenszel log rank test, RU136 is significantly less virulent than 

DD503 (P=0.0133). 

 

 

6.2.11.3 Virulence in BALB/c mice 

 

An inhalation model of acute melioidosis has been successfully reproduced in 

BALB/c mice (Jeddeloh et al., 2003). To determine if lfp-1 is involved with virulence 

in this model, groups of ten mice were aerosolised with DD503 and RU136 by 

nebulising diluted aliquots of stationary-phase overnight cultures, as described in 

Materials and Methods (see 2.2.46) The LD50 was determined at day five as described 

previously (Reed and Muench, 1938). The relative LD50 for B. pseudomallei DD503 

was <3,000 CFU in contrast to 14,927 CFU for RU136, representing a >5.0-fold 

increase in LD50. Survival data was plotted using the Kaplan-Meier method and the 

median survival was observed to be 40% greater for RU136-infected mice relative to 
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DD503-infected mice (Mantel-Haenszel log rank test; P=0.0001; Figure 6.12). 

Furthermore, the survival plot illustrates that on day five, 60% (six out of ten) of mice 

infected with DD503 were dead; however, 100% of mice infected with RU136 were 

still alive (Figure 6.12). Similarly, on day six, 100% of mice infected with DD503 were 

dead and only 20% of mice infected with RU136 had died (Figure 6.11). Collectively, 

the BALB/c mouse data supports the Syrian hamster data, which indicates a significant 

delay in time to death in the absence of a functional lfp-1 allele, and that lfp-1 is utilised 

in the initial stages of animal infection for optimal virulence in vivo.  

 

 

 

Figure 6.12: lfp-1 is necessary for optimal virulence in BALB/c mice. Approximately 2 

LD50s of DD503 and RU136 were delivered to groups of ten mice and animal survival was 

monitored for eight days. Survival data was plotted using the Kaplan-Meier method and, using 

the Mantel-Haenszel log rank test, RU136 is significantly less virulent than DD503 (P=0.0001).  

 

6.3 Conclusions 

 

This work has identified a novel gene in B. pseudomallei, that we have termed  
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lfp-1, that was previously uncharacterised in prokaryotes and which encodes a 

conserved homologue of eukaryotic SMP-30/regucalcin. Homologues of lfp-1, or its 

predicted product, were present in many B. pseudomallei strains and Burkholderia 

species, and over 35 prokaryotic species in total. Prokaryotic and eukaryotic Lfp1 

homologues were found to be highly conserved yet phylogenetically distinct. An 

unmarked and in-frame deletion of lfp-1 was generated and confirmed by Southern 

analyses and Q-PCR. Whilst lfp-1 was shown to be up-regulated in association with 

macrophage-like cells, lfp-1 was not required for adherence to, or invasion of, ME-180 

cells, or for intracellular proliferation or actin-based motility. However, lfp-1 was 

necessary for optimal virulence in the Syrian hamster and BALB/c mouse models of 

acute melioidosis and a role in the onset of animal infection is hypothesised. 

Collectively, these data provide a basis for the further characterisation of the role 

of Lfp1 in the pathogenesis of B. pseudomallei, and to characterise homologues present 

in other prokaryotes. 
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7.1 Introduction 

 

B. pseudomallei is a faculative intracellular pathogen. The ability to survive and 

proliferate inside eukaryotic cells is considered important to the pathogenesis of 

melioidosis, the recrudescent nature of the disease, and difficulties in treatment 

(reviewed in Chapter one).  

Recent work has begun unveiling the molecular mechanisms used by 

B. pseudomallei to invade cells and to survive intracellularly. Importantly, the 

bsa/TTSS3 locus is required, as are a number of TTSS effector proteins (reviewed in 

Chapter one). B. pseudomallei entry into phagocytic cells occurs by phagocytosis, as 

the organism has been observed inside phagosomes (Harley et al., 1998a). However, 

many intracellular pathogens direct their own entry into phagocytic cells using a variety 

of mechanisms (reviewed by Meresse et al., 1999; Amer and Swanson, 2002). 

B. pseudomallei-directed mechanisms of entry, in addition to phagocytosis, are likely to 

occur but have not yet been demonstrated.  

Survival in the cytoplasm of phagocytic cells has been observed (Harley et al., 

1998a), indicating that, like many other intracellular pathogens, B. pseudomallei is able 

to lyse the plasma membrane-derived vacuole and proliferate in the cytoplasm. The 

bsa/TTSS3 locus is essential for escape from intracellular vesicles and for intracellular 

replication (Stevens et al., 2002), although the particular effector proteins used in these 

instances are currently unknown.  

Following entry into both phagocytic and non-phagocytic cells, B. pseudomallei 

can induce cell fusion resulting in the formation of multinucleated giant cells (MNGCs; 

reviewed in Chapter one). Granulomas are associated with chronic melioidosis and 

“giant” cells containing many intracellular bacteria have been observed during 

post-mortems of human melioidosis patients (Wong et al., 1995) and from biopsies 
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from infected bone (Sirikulchayanonta and Subhadrabandhu, 1994), indicating that 

intracellular survival and proliferation leading to MNGC development occurs in vivo. 

The relevance of MNGCs to virulence and pathogenesis is currently unclear. 

Furthermore, very little is known about how cell fusion occurs and what molecules are 

involved. The TTSS effector protein BipB was very recently implicated, as infection 

with a BipB mutant significantly reduced MNGC formation, but did not abolish it 

(Suparak et al., 2005). While the formation of MNGCs by B. pseudomallei is 

considered important for providing protection from serum and other detrimental 

extracellular effects (Kespichayawattana et al., 2000), it is possible that MNGCs have 

novel functions, relative to uninfected precursor cells. This chapter will further explore 

the cellular and molecular characteristics of B. pseudomallei-infected macrophage-like 

cells, including MNGCs, and investigate the possible function of such cells. 

 

7.2 Results and discussion 

 

7.2.1 MNGC formation in RAW264.7 cells infected with B. pseudomallei 08 and 

JAB136 and B. thailandensis E264   

 

In an extension of previous studies, which identified that both B. pseudomallei 

(Kespichayawattana et al., 2000) and the closely related species B. thailandensis 

(Harley et al., 1998b) induce cell fusion, resulting in the formation of MNGCs, we 

investigated whether our laboratory strains could induce MNGC formation; this 

included B. pseudomallei 08 and B. thailandensis E264. Furthermore, we investigated 

whether lfp-1 was necessary for MNGC development by infecting cells with JAB136 

and B. thailandensis E264, which both lack lfp-1 (see Chapter six). The mouse 

monocyte/macrophage-like cell line, RAW264.7, was infected for 12 hours using a 
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standard antibiotic-protection assay to kill extracellular bacteria. Cells were fixed, 

stained, and observed under light microscopy (see Materials and Methods).  

MNGCs were observed following infection with B. pseudomallei 08 (Figure 7.1A), 

confirming previous work with a different B. pseudomallei strain (Kespichayawattana 

et al., 2000). Furthermore, JAB136 also induced MNGC formation, indicating that 

lfp-1 is not essential for this phenomenon (Figure 7.1B). B. thailandensis E264 also 

potently induced MNGC formation (Figure 7.1C) confirming both that B. thailandensis 

induces MNGC development (Harley et al., 1998b), and that lfp-1 is not essential for 

this.  

Giant cells are abundant in biology (Vignery, 2000). They include Langhans 

giant cells, foreign-body giant cells (FBGCs), osteoclast-like cells, and osteoclasts 

(Seethala et al., 2004). These cells can be found in granulomas, foreign-body giant cell 

reactions, giant cell tumors, and bone, respectively (Seethala et al., 2004). MNGCs 

form in response to a variety of stimuli, including extracellular particulate matter 

(including viruses, bacteria, and surgical implants) and cytokines (Vignery, 2000). The 

molecular mechanisms underlying multinucleation are not always clear, but generally 

involve monocytes/macrophages; whether multinucleation results from a deficit in 

mitosis or from monocyte cell fusion varies depending on cell type and is not 

understood for all cases (Vignery, 2000).  

MNGC formation by B. pseudomallei is clearly a bacterial-induced mechanism 

rather than a host response, as treatment of the mouse macrophage-like cell line, 

J774A.1, with a B. pseudomallei BipB mutant resulted in few MNGCs relative to 

treatment with the wild-type strain (Suparak et al., 2005). Furthermore, macrophage 

treatment with CpG oligonucleotide, which enhances bacterial uptake, significantly 

increased the number of MNGCs following B. pseudomallei infection compared to 
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                       A  

 

                                 B 

 

                                C 

 

 

Figure 7.1: MNGC formation by B. pseudomallei 08 and JAB136 and B. thailandensis 

E264. Digital images recorded from light microscopy of Giemsa-stained (pH 6.7) RAW264.7 

cells. A. B. pseudomallei 08-infected cells. B. JAB136-infected cells. C. B. thailandensis 
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E264-infected cells. Each image illustrates one large cell (MNGC) containing many 

intracellular bacteria. Cytoplasmic boundaries (arrow heads) and multiple nuclei (arrows) are 

indicated. 1,000x magnification. Bar represents 10 µm. 

 

 

non-CpG oligonucleotide treated cells (Utaisincharoen et al., 2003), indicating that 

MNGC formation involves intracellular bacteria. Kespichayawattana and colleagues 

demonstrated that B. pseudomallei-induced MNGC formation occurred from cell fusion 

rather than hampered cell division (Kespichayawattana et al., 2000). Thus, recent data 

indicates that B. pseudomallei-induced MNGC formation occurs by intracellular 

bacteria that induce the fusion of macrophage-like cells into MNGCs. The molecular 

mechanisms underlying cell fusion events are currently unknown. Membrane fusion 

occurs during intracellular trafficking, myoblast-trophoblast fusion, sperm-oocyte 

fusion, and macrophage-macrophage fusion; whether molecules involved with these 

cell fusion events, such as soluble NSF-attachment protein receptors (SNAREs), 

meltrin, syncytin, fertilin, or Macrophage Fusion Receptor (MFR; reviewed by 

Vignery, 2000) are involved with B. pseudomallei-induced MNGC formation merits 

investigation.   

MNGCs have been reported in human cases of melioidosis (Sirikulchayanonta 

and Subhadrabandhu, 1994; Wong et al., 1995); however, the relevance of these cells 

to B. pseudomallei virulence or the pathogenesis of melioidosis is not clear. This is 

further complicated by observations that B. thailandensis induces MNGC formation in 

vitro (Harley et al., 1998b; this work). Importantly, B. thailandensis E264 is avirulent 

in the hamster model of infection (Brett et al., 1997). Studies investigating 

B. thailandensis-mediated MNGC formation in vivo are required, as they may allude to 

the importance of MNGC production by B. pseudomallei in vivo. 
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This work clearly demonstrates that B. pseudomallei 08 induces MNGC 

formation, an important finding for the further study of MNGCs in our laboratory. 

Furthermore, JAB136-and B. thailandensis E264-infected cells formed MNGCs, 

indicating that lfp-1 is not essential for MNGC development. Work delineating the 

molecular mechanisms associated with cell fusion will be of significant biological 

interest, especially if MNGC formation is in fact a virulence mechanism involved with 

the pathogenesis of melioidosis, as this may provide targets for future therapies. 

 

7.2.2 B. pseudomallei 08-infected RAW264.7 cells rapidly produce tartrate- 

resistant acid phosphatase (TRAP) 

 

Osteoclasts are MNGCs that resorb bone and are derived from the fusion of 

mononuclear cells of the monocyte/macrophage lineage (reviewed by Teitelbaum, 

2000). Osteoclasts and other giant cells express a variety of proteins, including 

NA+/K+ ATPase, H+ ATPase, calcitonin receptor, and TRAP (Vignery, 2000). Owing 

to the ability of B. pseudomallei to induce fusion of monocyte/macrophage-like cells 

into MNGCs (Kespichayawattana et al., 2000; this work), we investigated the presence 

of TRAP in B. pseudomallei 08-infected RAW264.7 cells using a leukocyte acid 

phosphatase staining kit (Sigma-Aldrich, St. Louis, MO, U.S.A.) according to the 

manufacturer’s instructions (see 2.2.29 in Materials and Methods). 

After only 12 hours, numerous TRAP-positive B. pseudomallei-infected cells 

were observed (previous time-points were not investigated), the majority of which were 

MNGCs (Figure 7.2A). Owing to a recent publication outlining a role for eukaryotic 

“regucalcin” in osteoclast-like cell formation (Yamaguchi and Uchiyama, 2005), we 

investigated whether the SMP-30/regulcalcin homologue in B. pseudomallei, Lfp1 (see 

Chapter six), was required for TRAP-positivity of B. pseudomallei-infected cells. This 
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was undertaken by infecting RAW264.7 cells with JAB136. While JAB136 still caused 

the formation of MNGCs, all cells were TRAP-negative (Figure 7.2B). Uninfected 

RAW264.7 cells had single nuclei and were also TRAP-negative (Figure 7.2C). 

To further examine the TRAP-stain observations, we employed quantitative 

real-time PCR (Q-PCR) to investigate the expression of TRAP mRNA in infected 

RAW264.7 cells (see 2.2.42 and 2.2.44 in Materials and Methods). Cells were infected 

with bacteria and left for 12 hours without antibiotics. B. thailandensis E264 was 

included for two reasons; firstly, it lacks lfp-1; and secondly, it forms MNGCs, 

providing an ideal control to investigate if B. pseudomallei-induced TRAP-positivity 

occurs as a result of LPS (Abu-Amer et al., 1997) or other molecules specific to 

bacteria, or is specific to B. pseudomallei. Furthermore, TRAP-positive multinucleated 

cells were generated from RAW264.7 cells following treatment with recombinant 

receptor activator of nuclear factor-κβ ligand (rRANKL; also known as osteoprotegerin 

ligand) for five days (Hsu et al., 1999). RANKL is a cell surface receptor present on 

stromal cells and osteoblasts which induces the differentiation of mononuclear 

precursors into osteoclasts by interacting with receptor activator of nuclear factor-κβ 

(RANK; reviewed by Chambers, 2000; Theill et al., 2002). Importantly, in the presence 

of rRANKL, RAW264.7 cells readily differentiate into viable and authentic osteoclasts 

in the absence of co-located stromal cells or osteoblasts (Hsu et al., 1999).  

Q-PCR from repeated experiments revealed a significant increase of TRAP mRNA 

expression in B. pseudomallei 08-infected cells relative to cells infected with 

B. thailandensis E264 and uninfected cells (P ≤ 0.0480; Figure 7.2D). This indicates 

that TRAP production in B. pseudomallei-infected cells is specific to B. pseudomallei 

and may occur independently of the LPS-dependent mechanisms previously described 

(Abu-Amer et al., 1997; Jiang et al., 2002). 
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A                                                                    B 

   

C                                                                     D 

        

 

Figure 7.2: TRAP production in B. pseudomallei-infected RAW264.7 cells. A. Digital 

image recorded from light microscopy of a B. pseudomallei 08-infected MNGC following 

TRAP-stain. An obvious red precipitate (TRAP-positive) can be seen throughout the 

cytoplasm. Multiple nuclei within one cell (MNGC) are indicated by arrows. B. Digital image 

recorded from light microscopy of a B. pseudomallei JAB136-infected MNGC following 

TRAP-stain. A typical yellow stain (TRAP-negative) can be observed. Multiple nuclei within 

one cell (MNGC) are indicated by arrows. C. Digital image recorded from light microscopy of 

uninfected RAW264.7 cells showing mononuclear TRAP-negative cells. 1,000x magnification. 

Bar represents 10 µm. D. Expression of TRAP mRNA per 18S mRNA following infection of 

RAW264.7 cells with B. pseudomallei 08 (wt), JAB136 (∆lfp-1), JAB136C (complemented 

∆lfp-1), B. thailandensis E264, or uninfected cells, pooled from duplicate experiments. Data is 
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expressed as the mean ± SEM percent of TRAP mRNA per 18S mRNA from rRANKL treated 

RAW264.7 cells (rRANKL 5 ηg/ml treatment for five days).  * indicates P<0.0500 compared 

to B. pseudomallei 08 (wt). 

 

 

TRAP mRNA levels were not significantly less in cells infected with JAB136 

compared to 08 or the complemented lfp-1 strain, JAB136C (P≥0.4749; Figure 7.2D). 

This is in apparent contradiction to the results using TRAP-stain, which showed that 

B. pseudomallei 08-infected cells are TRAP-positive and that JAB136-infected cells are 

not. It is possible that mRNA transcripts for TRAP are synthesised in JAB136-infected 

cells but that TRAP (or active TRAP) is not. Antisera against TRAP and Lfp1 should to 

be raised to further investigate TRAP expression at the protein level, and to study the 

involvement of Lfp1 in TRAP formation of B. pseudomallei-infected RAW264.7 cells.  

rRANKL treatment of RAW264.7 cells for five to eight days is a standard 

methodology used to induce the formation of TRAP-positive multinucleated osteoclasts 

(Hsu et al., 1999; Okamatsu et al., 2004; Hirotani et al., 2004; Yip et al., 2004). 

Importantly, TRAP-positive cells were observed only 12 hours following infection with 

B. pseudomallei 08, indicating that the organism is a potent activator of TRAP. This 

induction is more rapid than that reported for Porphyromonas gingivalis and E. coli, 

which required up to 11 days (Jiang et al., 2002) and involved a host response to LPS 

(Jiang et al., 2002; Abu-Amer et al., 1997). Importantly, however,  

B. pseudomallei-induced TRAP mRNA production was significantly less than in 

rRANKL-treated cells (8.8% of rRANKL treated cells, P=0.0019; Figure 7.2D). While 

this may be attributed to different treatment times (12 hours compared to five days), 

extensive cell death occurred by 24 hours post infection with B. pseudomallei (results 

not shown), preventing analysis at longer treatment times. Harley and colleagues have 
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also reported MNGC formation which progressed to monolayer destruction following 

infections of 14 hours or more (Harley et al., 1998b). 

The relevance of TRAP accumulation in B. pseudomallei-infected cells is 

unknown. TRAP is an acid phosphatase that is resistant to tartrate inhibition (reviewed 

by Igarashi et al., 2002). TRAP is primarily produced by osteoclasts, where it is located 

in lysosomes, and is thought to function in the degradation of intracellular endocytosed 

resorbed material (reviewed by Igarashi et al., 2002). TRAP is also expressed by 

FBGCs (Kadoya et al., 1994) and other non-osteoclastic MNGCs (Dersot et al., 1995; 

Vignery, 2000). Whether B. pseudomallei-infected RAW264.7 cells are osteoclasts or 

osteoclast-like cells is unclear and requires further experimental investigation (see 

below).  

 

7.2.3 B. pseudomallei–infected RAW264.7 cells rapidly express osteoclast markers 

and chemokines, and NFATc1: a process involving lfp-1 

 

Given the rapid and specific production of TRAP in B. pseudomallei-infected 

RAW264.7 cells, the expression of five additional osteoclast markers or chemokines, 

and the transcription factor, nuclear factor of activated T-cells cytoplasmic 1 

(NFATc1), which is activated in osteoclasts (Ishida et al., 2002; Day et al., 2005), was 

investigated in B. pseudomallei-infected cells. Additional osteoclast markers included 

calcitonin receptor (CTR; Nicholson et al., 1986), and cathepsin K (CTSK; Gelb et al., 

1996; Gowen et al., 1999). Osteoclast chemokines included monocyte chemotactic 

protein 1 (MCP-1; Ishida et al., 2002; Kyriakides et al., 2004), macrophage 

inflammatory protein 1 gamma (CCL9/MIP-1γ; Lean et al., 2002), and ‘regulated on 

activation normal T cell expresses and secreted’ (RANTES; Cappellen et al., 2002; 

Ishida et al., 2002).  
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The levels of mRNA for osteoclast markers and chemokines, and NFATc1, in 

infected RAW264.7 cells was investigated 12 hours post-infection by Q-PCR (see 

Materials and Methods). As with Q-PCR studies investigating TRAP, B. thailandensis 

E264 was included in all analyses, and five-day rRANKL treatment of RAW264.7 cells 

was undertaken (Hsu et al., 1999).  

Over triplicate experiments, B. pseudomallei-infected RAW264.7 cells produced 

significantly greater levels of CTR, TRAP, MCP-1, MIP-1γ, RANTES, and NFATc1 

mRNA than uninfected cells (P≤0.0438; Figure 3. Moreover, the expression of mRNA 

for CTR, MCP-1, MIP-1γ, RANTES, and NFATc1, by B. pseudomallei-infected cells 

after 12 hours was either statistically equivalent to (0.0676≥P≤0.2196), or greater than 

(P=0.0159), that observed following rRANKL treatment of RAW264.7 cells for five 

days (Figure 7.3). Furthermore, B. pseudomallei-infected RAW264.7 cells expressed 

significantly more CTR, MCP-1, and NFATc1 mRNA than B. thailandensis-infected 

cells (P≤0.0480) and JAB136-infected cells (P≤0.0381; Figure 7.3). Collectively, these 

data indicate that B. pseudomallei rapidly and specifically modifies RAW264.7 cells by 

a process analogous to osteoclastogenesis, and that lfp-1 is critical for this. 

It should be noted that the defect in CTR, MCP-1, and NFATc1 mRNA 

expression in JAB136-infecetd cells compared to B. pseudomallei-infected cells was 

restored when lfp-1 was re-introduced into JAB136 on a plasmid; partially for CTR 

(P=0.0162 compared to JAB136) and completely for MCP-1 and NFATc1 (P=0.9510 

and 0.0691 compared to B. pseudomallei, respectively; see Figure 7.3). 
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  E                                                                     F 

          

Figure 7.3: Expression of osteoclast markers, chemokines, and NFATc1 by infected  
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RAW264.7 cells. mRNA for osteoclast markers or chemokines per 18S mRNA was obtained 

following infection of RAW264.7 cells with B. pseudomallei 08 (wt), JAB136 (∆lfp-1), 

JAB136C (complemented ∆lfp-1), B. thailandensis E264, or uninfected cells, and is pooled 

from triplicate experiments. Data is expressed as the mean ± SEM percent of mRNA for 

osteoclast markers or chemokines per 18S mRNA from rRANKL treated RAW264.7 cells 

(rRANKL 5 ηg/ml treatment for five days). Osteoclast markers and chemokines are as follows: 

A. calcitonin receptor (CTR); B. cathepsin K (CTSK); C. monocyte chemotactic protein 1 

(MCP-1); D. macrophage inflammatory protein 1 gamma (CCL9/MIP-1γ); E. nuclear factor of 

activated T-cells cytoplasmic 1 (NFATc1), F. regulated on activation normal T cell expresses 

and secreted (RANTES).  * indicates P<0.0500 compared to B. pseudomallei 08 (wt). 

 

 

lfp-1 was not required to induce CCL9/MIP-1γ or RANTES mRNA expression as 

JAB136 and B. pseudomallei 08 induced equivalent amounts of mRNA for these 

chemokines (P≥0.8071; Figure 7.3D and F). Similarly, B. thailandensis E264 was able 

to induce mRNA expression in equivalent amounts to B. pseudomallei for 

CCL9/MIP-1γ and RANTES only (P≥0.1195; Figure 7.3D and F). Importantly, both 

JAB136 and B. thailandensis E264 induced the formation of MNGCs (see 7.2.1). 

Recent studies have shown the importance of CCL9/MIP-1γ and RANTES in cell 

motility, chemo-attraction, and cell fusion events. CCL9/ MIP-1γ expression was 

shown to be strongly induced in osteoclasts and it was the principal CC-type 

chemokine expressed by such cells (Lean et al., 2002; Okamatsu et al., 2004). 

CCL9/MIP-1γ induced the chemotaxis of T-cells and monocytes (Mohamadzadeh et 

al., 1996) and drastically enhanced the polarisation, motility, and spread of osteoclasts 

(Lean et al., 2002). RANTES is a CC-type chemokine produced by T-cells (reviewed 

by Berger et al., 1999) and its expression was induced during osteoclast differentiation 
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(Ishida et al., 2002; Day et al., 2004; Granfar et al., 2005). RANTES can be an 

attractant for other cells (Day et al., 2004) and in the presence of macrophage-colony 

stimulating factor (M-CSF), RANTES potently induced the fusion of precursors into 

multinucleated TRAP-positive cells that could not resorb bone, indicating a key role for 

RANTES in cell fusion/multinucleation, but not bone degradation (Kim et al., 2005a; 

Kim et al., 2005b). It is significant, therefore, that B. pseudomallei- and 

B. thailandensis-mediated MNGC formation is associated with potent activation of 

CCL9/MIP-1γ and RANTES mRNA in RAW264.7 cells. It is likely that the directed 

fusion of RAW264.7 cells by these bacteria, leading to MNGC formation, involves 

CCL9/MIP-1γ- and RANTES-dependent cell motility, recruitment, and fusion, and that 

this occurs in an lfp-1-independent manner. 

MCP-1 is another CC-type chemokine associated with cell fusion. Kyriakides and 

co-workers showed that MCP-1-null mice had no defect in monocyte recruitment, but 

formed significantly less FBGCs, with significantly less nuclei, in response to 

surgically implanted biomaterials than wild-type mice, indicating a key role for MCP-1 

in cell fusion (Kyriakides et al., 2004). Furthermore, the addition of MCP-1 to human 

monocytes treated with M-CSF and rRANKL recovered cyclosporin A-mediated 

inhibition of multinucleation, but not bone resorption, indicating a key role for MCP-1 

in cell fusion (Kim et al., 2005a). It is therefore of particular relevance that MCP-1 

mRNA was potently expressed in B. pseudomallei-infected RAW264.7 cells (P=0.0221 

compared to uninfected cells; Figure 7.3C). JAB136 induced significantly less MCP-1 

in RAW264.7 cells than B. pseudomallei 08 (P=0.0290; Figure 7.3A). Therefore, lfp-1 

is crucial to MCP-1 activation. The absence of lfp-1 from B. thailandensis E264 

explains the 90.8%-less expression of MCP-1 mRNA in B. thailandensis E264-infected 

cells compared to B. pseudomallei 08-infected cells (P=0.0305; Figure 7.3C). Since 

JAB136 and B. thailandensis E264 were capable of inducing MNGC formation despite 
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low MCP-1 mRNA expression, MCP-1 is clearly not the sole protein responsible for 

MNGC formation. This is consistent with the finding that MCP-1 knockout mice could 

also still induce FBGCs, albeit at significantly lower levels than wild-type mice 

(Kyriakides et al., 2004). Thus, MCP-1 probably plays an important complementary 

role to other proteins in the formation of MNGCs by B. pseudomallei.  

JAB136-infected cells produced significantly less CTR mRNA than 

B. pseudomallei 08-infected cells (P≤0.0181; Figure 7.3A) indicating a key role for 

lfp-1 in B. pseudomallei 08-induced expression of CTR by infected RAW264.7 cells. 

CTR is a member of the seven-transmembrane G-protein coupled receptor superfamily 

(Pondel, 2000), similar to secretins (Ishihara et al., 1991). Osteoclasts are a major 

target for calcitonin (Pondel, 2000) which, by means of its receptor, CTR, inhibits 

osteoclast-mediated bone resorption (Friedman and Raisz, 1965). Therefore, CTR is an 

essential molecule for the regulation of osteoclast function (Nicholson et al., 1986). 

However, CTR is also expressed by other monocyte-derived giant cells (Vignery, 

2000). It is unclear why B. pseudomallei-infected RAW264.7 cells so potently express 

CTR. 

lfp-1 was also required for B. pseudomallei-induced NFATc1 mRNA expression, 

as JAB136-infected cells expressed significantly less NFATc1 mRNA than cells 

infected with B. pseudomallei 08 (P=0.0381; Figure 7.3D). NFATc1 is a transcription 

factor that is reportedly necessary and sufficient for osteoclastogenesis (Hirotani et al., 

2004) and the expression of CTR (Day et al., 2004). caNFATc1 induced the expression 

of TRAP, CTSK, CTR, and the αV and β3 integrin subunits in RAW264.7 cells 

(Hirotani et al., 2004). Furthermore, inhibition of NFATc1 with cyclosporin A resulted 

in the formation of mononuclear TRAP-positive cells, indicating that NFATc1 plays a 

key role in multinucleation of cells (Ishida et al., 2002; Day et al., 2005). Therefore, 
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NFATc1 is considered important for gene activation and cell fusion during 

B. pseudomallei-induced MNGC formation. However, as NFATc1 expression in  

B. pseudomallei-infected cells was dependent on lfp-1, and both JAB136 and  

B. thailandensis E264 still induced MNGC formation, NFATc1 is not the sole protein 

involved with B. pseudomallei-induced cell fusion. 

Given that JAB136- and B. thailandensis E264-induced MNGC formation 

correlated with significantly increased expression of mRNA for CCL9/MIP-1γG, 

RANTES, and presumably other uninvestigated proteins, but was not associated with 

increased CTR, MCP-1, NFATc1 (see Figure 7.3), or TRAP (see 7.2.3) mRNA 

expression, it is apparent that the latter proteins are not essential for B. pseudomallei- or 

B. thailandensis-mediated cell fusion. However, the osteoclast-specific pattern of gene 

expression observed in B. pseudomallei-infected cells clearly defines 

B. pseudomallei-infected cells as different from B. thailandensis-infected cells. In the 

case of each of the proteins studied herein, the differences between B. pseudomallei- 

and B. thailandensis-infected cells can be attributed to lfp-1. It will be interesting to see 

if lfp-1 is responsible for any additional differences in MNGCs induced by 

B. pseudomallei and B. thailandensis, not identified in this work. Indeed, micro array 

experiments investigating B. pseudomallei- and JAB136-infected RAW264.7 cells are 

planned for the near future and these will identify specific lfp-1-mediated increases in 

mRNA expression in RAW264.7 cells during B. pseudomallei infection.  

It is possible that the statistically significant reduction in virulence of the lfp-1 

null mutant, RU136, in virulence in hamsters and BALB/c mice (see Chapter six) may 

be due to the inability of RU136 to adequately modify MNGCs compared to the 

wild-type strain. This would be similar for B. thailandensis E264, which was 

completely avirulent in Syrian hamsters in a separate study (Brett et al., 1997) though 

this may solely be due to the absence of capsule (Brown and Beacham, 2000; 
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Reckseidler et al., 2001). This would rely, not solely on the formation of MNGCs for 

virulence, but further modifications of MNGCs via the osteoclastogenesis pathway. 

Indeed, further characterisation of B. pseudomallei-infected MNGCs is required to 

delineate the possible function(s) of such cells and their contribution to pathogenesis, if 

any.   

 

7.2.4 B. pseudomallei-infected RAW264.7 cells are not authentic osteoclasts 

In addition to bone, dentine is a substrate for osteoclasts, and the resorptive  

lacunae produced in dentine in vitro are similar to those observed in bone in vivo 

(Teitelbaum, 2000). The ability for B. pseudomallei-infected RAW264.7 cells to resorb 

dentine was investigated using a standard assay, described in Materials and Methods 

(see 2.2.43). RAW264.7 cells were seeded onto dentine slices and infected with 

B. pseudomallei for 24 hours. Cells and bacteria were removed with 3:2 

methanol:chloroform and dentine slices were sputter-coated with gold and observed by 

electron microscopy.  

At low magnification (70x), the surfaces of dentine appeared to have substantial 

resorption (Figure 7.4A). However, at higher magnification (1,300x) it was revealed 

that “affected” regions of dentine did not constitute resorptive lacunae; rather, they 

appeared as mounds rising from the surface of the dentine, and no resorptive lacunae 

were identified (Figure 7.4B and C). The same result was observed over triplicate 

experiments. Furthermore, “affected” areas appeared to increase over time, but were 

rarely observed following infection with JAB136, indicating a role for lfp-1 in the 

phenomenon (results not shown). No authentic resorptive lacunae were observed in 

dentine following infections for up to five days. Importantly, however, very high 

magnification (5,000-10,000x) of certain “affected” areas revealed regions of dentine 

resembling bone matrix (Figure 7.4D and E). This suggested the possible 
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demineralisation of dentine at those sites. Taken together, these data indicate that 

B. pseudomallei-infected osteoclast-like cells are not authentic osteoclasts, since typical 

resorptive lacunae were not observed. However, demineralisation of dentine without 

resorption of the dentine matrix appeared to have occurred in some areas following 

twenty-four hours of co-culture with B. pseudomallei-infected RAW264.7 cells.  

The observation of demineralised dentine without excavation of the bone matrix 

is consistent with the function of osteoclasts from CTSK knockout mice (Gowen et al., 

1999). Bone comprises two phases: an inorganic, primarily calcium-phosphate, phase 

and an organic protein matrix phase, composed mostly of type I collagen (Gowen et al., 

1999). While an acidic microenvironment can degrade the inorganic phase of bone, 

proteases are required for the degradation of the exposed organic phase of bone 

(Gowen et al., 1999). In CTSK knockout mice, demineralisation of bone by osteoclasts 

occurred normally; however, inadequate removal of the bone matrix was observed 

(Gowen et al., 1999). Importantly, CTSK mRNA expression was not increased in 

B. pseudomallei-infected cells compared to uninfected cells (P=0.1116; Figure 7.3B). 

This suggests that, in a manner analogous to MCP-1 and M-CSF treatment of precursor 

cells (Kim et al., 2005) CTSK is probably not produced sufficiently in B. pseudomallei-

infected RAW264.7 cells to permit efficient and authentic excavation of dentine. 

Furthermore, while TRAP mRNA expression was increased in 

B. pseudomallei-infected RAW264.7 cells relative to B. thailandensis-infected cells 

and uninfected cells, this was approximately 91% less than in rRANKL treated cells 

(refer to Figure 7.2D). This deficit may also be associated with the inability of 

B. pseudomallei-infected RAW264.7 cells to authentically resorb dentine. 

It is of particular interest that Vignery (2000) reports that all multinucleated 

macrophages, generated in vitro and in vivo in her laboratory, express functional 
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A                                                                    B 
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D                                                                    E    

   

Figure 7.4: Effects of B. pseudomallei 08-infected RAW264.7 cells on dentine. Electron 

micrographs of dentine slices following co-culture with B. pseudomallei-infected RAW264.7 

cells for 24 hours can be seen. Different magnifications and visual planes are shown. A. 70x 

magnification illustrating a large “affected” area (AA) in the top left-hand corner of the dentine 

slice, resembling resorptive lacunae. The unaffected dentine surface (DS) is indicated. Bar 

represents 250 µm. B. 1,300x magnification illustrating no resorptive lacunae; rather,  
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mounds (M) rising from the dentine surface (DS). Striations in the dentine surface are from a 

dentine saw, allowing clear identification of the dentine surface to be made. Bar represents 10 

µm. C. 300x magnification of a cross section of dentine cut through the middle of an “affected” 

area. The leading edge, cut with a scalpel, is indicated (LE). The dentine surface can be seen 

(DS) as can mounds (M) rising from the dentine surface. No resorptive lacunae can be seen. 

Bar represents 50 µm. D. 5,000x magnification of an “affected” area, illustrating the dentine 

surface or mounds (DS/M) and regions below, which  appear to be bone matrix (BM) as a 

result of dentine demineralisation. Bar represents 5 µm. A similar picture at 10,000x 

magnification (where bar represents 2 µm) is shown in E.     

 

 

osteoclast markers, and that no single molecule that is differentially expressed between 

giant cells and osteoclasts has yet been identified (Vignery, 2000). However, an 

important distinction can be made between some types of MNGCs and osteoclasts; 

particular MNGCs cannot resorb bone, even in the presence of RANKL treatment 

(Boissy et al., 2001). Therefore, experiments investigating dentine resorption by 

B. pseudomallei-infected cells in the presence of RANKL should be a useful aid in 

distinguishing whether B. pseudomallei-infected cells are macrophage polykarions or 

osteoclasts. Similarly, dentine assays involving the addition of CTSK will define 

whether a CTSK deficit prevents authentic bone resorption by B. pseudomallei-infected 

RAW264.7. Recently, dendritic cell-specific transmembrane protein (DC-STAMP) was 

shown to be essential for cell fusion during osteoclastogenesis and FBGC formation 

(Yagi et al., 2005). Therefore, studies investigating the expression of DC-STAMP in 

B. pseudomallei-infected cells should be undertaken.      

The direct and rapid differentiation via the osteoclastogenesis pathway of cells 

infected by B. pseudomallei is unprecedented in the literature and the relevance to 
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B. pseudomallei-infection certainly warrants further discussion and experimental 

research. Published reviews on melioidosis report “rare” incidences of bone-related 

pathologies associated with melioidosis, such as septic arthritis, osteomyelitis, and 

pyomyositis (reviewed by Punyagupta, 1989; Sookpranee et al., 1989; Currie et al., 

2000b; Currie et al., 2000c). Furthermore, B. pseudomallei is not widely considered to 

be detrimental to bone which, in part, may explain the lack of any published 

experiments investigating bone complications. However, case reports of human 

melioidosis involving bone have proved informative. In one case, a 0.5 cm osteolytic 

cavity in the femur was described and biopsy of material from this cavity revealed 

granulomas containing multinucleated giant cells (Sirikulchayanonta and 

Subhadrabandhu, 1994). B. pseudomallei was cultured, and treatment for melioidosis 

resulted in healing of the bone (Sirikulchayanonta and Subhadrabandhu, 1994). Further, 

in a second case, osteolytic lesions of the shoulder reportedly contained granulomas 

positive for B. pseudomallei and, following debridement and antibiotic treatment for 

melioidosis, the lesions were replaced with solid bone and were healed 

(Sirikulchayanonta and Subhadrabandhu, 1994). These cases clearly indicate that 

infection of the bone, and bone loss, can occur during melioidosis. The presence of 

multinucleated giant cells at the cavity sites suggests that MNGCs may be involved. 

However, it is the culturing of B. pseudomallei and treatment for melioidosis, resulting 

in the restoration of healthy bone tissue that directly links B. pseudomallei infection 

with bone loss.  

Bacterial induced osteoclastogenesis is not without precedent (see review by Nair 

et al., 1996). Multinucleation and TRAP production by spleen cells has been reported 

following treatment with Porphyromonas gingivalis, a periodontal pathogen, or LPS 

from Escherichia coli (Jiang et al., 2002; Abu-Amer et al., 1997). Furthermore, the 

addition of surface-associated material from P. gingivalis, Actinobacillus 
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actinomycetemcomitans, or Staphylococcus aureus to bone marrow cultures reportedly 

causes multinucleation and bone resorption in vitro (Wilson et al., 1993; Wilson et al., 

1986; Nair et al., 1995). However, incubation periods of 10 days or more were routine 

in these studies. The potent osteoclastogenesis-like modifications of B. pseudomallei-

infected cells observed in this study occurred after only 12 hours, possibly suggesting a 

novel mechanism compared to those that occur in previously reported cases. It is 

important to note that experiments with B. pseudomallei-infected cells lasting longer 

than five days were not undertaken in this study as extensive cell death was observed 

after only 24 hours using the described assay (results not shown). Harley and 

colleagues have also reported MNGC formation which progressed to monolayer 

destruction following infections of 14 hours or more (Harley et al., 1998b). 

The differentiation of phagocytic cells into multinucleated, giant, osteoclast-like 

cells by B. pseudomallei would clearly subvert the bactericidal effects of such cells and 

provide a niche privileged from external conditions. However, it is possible that these 

cells may also be detrimental to bone under certain conditions. Further experiments are 

required to assess whether the B. pseudomallei-induced differentiation of RAW264.7 

cells observed in this study occurs in primary monocytes/macrophages, and whether 

these cells are indeed osteoclasts capable of resorbing bone. Additionally, 

characterising B. pseudomallei-infected cells from knockout mice, deficient for 

particular proteins in the osteoclastogenesis pathway, will prove very useful and 

informative for defining the host molecules used by B. pseudomallei to induce cell 

fusion.  
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7.3 Conclusions 

 

This work has characterised the molecular and cellular events following 

B. pseudomallei infection of macrophage-like cells and identified, for the first time, that 

B. pseudomallei-infected cells have an osteoclast-like phenotype. MNGC formation, 

presumably from cell fusion, was shown to rapidly occur following B. pseudomallei 08 

and B. thailandensis E264 infection. Furthermore, B. pseudomallei-infected cells were 

shown to rapidly assume an osteoclast-specific pattern of gene expression, distinct from 

that of B. thailandensis E264-infected cells. This included specific increases in mRNA 

expression for CTR, CTSK, TRAP, MCP-1, and NFATc1, in B. pseudomallei-infected 

RAW264.7 cells in addition to the elevated levels of CCL9/MIP-1γG and RANTES 

mRNA observed in both B. pseudomallei- and B. thailandensis-infected cells, relative 

to uninfected cells. The B. pseudomallei gene lfp-1 was essential for TRAP-positive 

staining, and for increased expression of mRNA for CTR, CTSK, MCP-1, and 

NFATc1, by B. pseudomallei-infected cells. Thus, lfp-1 was the defining difference 

between the ability for B. pseudomallei and B. thailandensis to modify MNGCs in this 

study. B. pseudomallei-induced osteoclast-like cells were unable to authentically resorb 

dentine; however, demineralisation at certain sites was observed. Low CTSK mRNA 

expression by B. pseudomallei-infected cells, relative to rRANKL treated cells, may 

account for a lack of authentic resorptive lacunae.  

Collectively, these data provide a basis to further characterise 

B. pseudomallei-induced osteoclast-like cells in terms of gene and protein expression, 

function, and relevance in vivo. 
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8.1 Summary and conclusions 

 

The fundamental objective of this study was to identify and characterise novel 

features of B. pseudomallei virulence and pathogenesis at the molecular and cellular 

level. In addressing this global aim this investigation had evolved a broad focus that 

included the assessment of adherence, microcolony development, biofilm formation, 

twitching motility, cell aggregation, invasion, actin-based motility, intracellular 

proliferation, MNGC development and characterisation, gene expression, and virulence 

in vivo. In conducting these studies many interesting results were obtained and a 

number of important conclusions were drawn. This chapter will summarise the work 

completed during this study and re-state important conclusions arising from the work. 

It is apparent from this study that B. pseudomallei is a phenotypically 

heterogeneous species. This was shown using a variety of comparative experiments 

with B. pseudomallei strains 08 and K96243, including assays for 

adherence/association to cultured human cells and biofilm development in vitro. 

Studies investigating B. pseudomallei adherence/association to cultured human 

epithelial cell lines revealed that, compared to B. pseudomallei 08, strain K96243 

adherence/association was less, occurred in a cell-line specific manner, was enhanced 

by centrifugation, did not involve the formation of adherent microcolonies, and did not 

involve temperature regulation (when viewed microscopically). A significant 

advancement in this study was the refinement of the microscopy adherence assay for 

B. pseudomallei, derived from the assay described by Rosenau et al., (1993). By 

observing adherent interactions rather than relying on viable counts on agar (Brown et 

al., 2002), a number of additional parameters could be analysed, allowing a clearer 

definition of adherence to be made (bacteria-cell interactions and not 

bacterium-bacterium interactions). Additional parameters included the association 
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index (the number of bacteria associated with one cell), the infection index (the number 

of cells associated with at least one bacterium), and the adherent microcolony index 

(the number of colonies per field of view consisting of ten or more continuous 

bacterium-bacterium interactions). An immediate finding using this method was that 

the previously described temperature-regulated adherent phenotype of B. pseudomallei 

08 (Brown et al., 2002) was almost exclusively due to microcolony development by 

bacteria grown at 27 ºC prior to assay, but not at 37 ºC prior to assay, as there was little 

difference in the infection index when bacteria were grown at either temperature prior 

to assay. Furthermore, while the association index varied greatly between 

B. pseudomallei strains 08 and K96243 when bacteria were grown at 27 ºC prior to 

assay, the infection index differed only slightly. Adherent microcolonies were not 

observed by B. pseudomallei K96243, and this accounts for the large difference in 

association index, and the lack of temperature-regulation of the association index, 

compared to that of strain 08. Importantly, these results describe the distinction 

between adherence (bacteria-cell interactions) and microcolony formation 

(bacterium-bacterium interactions) and indicate that B. pseudomallei strains 08 and 

K96243 differentially express or possess the molecule(s) that mediates microcolony 

formation. 

Studies investigating B. pseudomallei strains 08 and K96243 for biofilm 

development on PVC identified that statistically equivalent amounts of biofilm were 

produced by both strains in LB medium when grown at 27 °C, and that this was 

significantly reduced for both strains when grown at 37 °C, indicating the importance 

of temperature in the regulation of biofilm formation by B. pseudomallei. Interestingly, 

the reverse temperature-effect was observed in M9 medium; incubation at 37 °C 

strongly stimulated biofilm formation relative to growth at 27 °C, indicating that, in 

addition to growth temperature, growth media is an important regulatory stimulus. 
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These novel findings contribute to previous data showing that B. pseudomallei readily 

formed biofilms in M9 medium when grown at 37 °C (Loprasert et al., 2002). 

Interestingly, B. pseudomallei 08 formed less biofilms in M9 medium at 37 °C than 

K96243. The reasons for this are currently unknown; however, given that 

B. pseudomallei 08 could form biofilms (equivalent to strain K96243 in LB medium at 

27 °C), the differences observed in M9 medium are likely to involve differential 

regulation, between the two strains, of molecules affecting biofilm formation. These 

comparative studies have shown that heterogeneity exists between strains of 

B. pseudomallei and provides the basis for further comparative work delineating the 

molecular differences between these, and possibly other, strains of B. pseudomallei.  

In silico analyses of the B. pseudomallei K96243 genome sequence identified 

nine loci containing 57 genes predicted to encode three TFP systems. These nine loci 

encode homologues of most of the components present in the P. aeruginosa type IVA 

pil system, the E. coli R64-encoded type IVB pil system, and the C. crescentus/A. 

actinomycetemcomitans type IVB cpa/flp systems. This comprehensive study of the 

B. pseudomallei K96243 genome provides compelling molecular evidence that 

B. pseudomallei produces TFP. The presence of three TFP systems, almost in entirety, 

suggests that processing and assembly of a particular pilin is probably specific to each 

TFP system. Indeed, the presence of three TFP systems in the one organism is 

unprecedented in the literature and provides remarkable opportunities to study the 

dynamics of TFP biogenesis and function in the context of multiple systems, and to 

investigate potential subunit and assembly protein specificities, and the effects of 

genomic redundancies on pili production. 

Remarkably, multiple B. pseudomallei K96243 TFP loci were also identified in 

B. mallei ATCC23344 and B. thailandensis E264, and the genetic organisation of TFP 

loci in B. mallei and B. thailandensis was almost identical to that of B. pseudomallei 
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K96243. Given that B. mallei is a obligate mammalian pathogen which appears to lack 

a complete type IVB Flp system, but that such systems are present in B. pseudomallei 

and B. thailandensis, it is possible that Flp pili are utilised in environmental niches. 

Indeed, studies characterising the precise role of each TFP system in B. pseudomallei, 

B. mallei, and B. thailandensis are required to ascertain the functional relevance of TFP 

loci in their genomes. Initial characterisation of B. pseudomallei TFP loci was 

undertaken in this project and is summarised below. 

Pili measuring approximately 7 nm were observed on the surface of 

B. pseudomallei K96243; however, the majority of cells in the population did not have 

obvious cell-associated pili. Furthermore, cell-associated pili were not observed on 

B. pseudomallei 08. Reasons for this are unclear, but may involve mechanical shearing 

off of pili during sample preparation, or poor expression under the conditions tested. 

Microarray analyses of TFP loci indicated that B. pseudomallei TFP loci are expressed 

at 25 ºC and 37 ºC in LB broth. Clearly, a study of pilus expression and regulation 

involving pilin specific antisera is required to identify which pili are expressed under 

particular conditions.  

Unmarked deletion mutagenesis of loci encoding TFP pilin subunits in 

B. pseudomallei K96243 identified that TFP play only a minor role in 

adherence/association to eukaryotic cells by this organism, using the models described. 

However, collaborators at DSTL identified conditions under which B. pseudomallei 

uses type IVA pili to adhere to cultured human cells (Essex-Lopresti et al., 2005). It is 

therefore apparent that TFP are regulated in a complex manner. It is likely that other 

adhesins are involved with adherence to eukaryotic cells, and a number of loci are 

present in the B. pseudomallei K96243 genome that putatively encode type I 

pili-associated proteins and other non-pilus adhesin homologues (Holden et al., 2004), 

and these loci require molecular characterisation.  
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B. pseudomallei K96243 TFP were not obviously involved with biofilm 

formation on PVC. Furthermore, studies investigating twitching motility and cell 

aggregation failed to observe a phenotype for wild-type bacteria under the conditions 

tested, and therefore, were inconclusive. Given the role of TFP in twitching motility 

and cell aggregation in other bacteria, experiments identifying the conditions under 

which twitching motility and/or cell aggregation occur for B. pseudomallei, if any, 

would be particularly useful for studying the possible contribution of TFP to such 

phenotypes. Interestingly, colony fusion during B. pseudomallei growth on agar was 

observed during microscopic analysis of colonies for twitching motility, and this has 

serious implications to any experiments involving CFU counts to enumerate bacteria.  

All told, it is evident that B. pseudomallei K96243 uses type IVA pili, for 

adherence to eukaryotic cells and both type IVA pili and type IVB Flp pili for 

survival/virulence in vivo. This was demonstrated using the C. elegans model and the 

intranasal BALB/c mouse model. Experiments delineating the precise function of TFP 

during infection are of particular importance as TFP may be useful targets for vaccine 

development and/or novel therapies against B. pseudomallei.   

Not surprisingly, the type IVB pilus system, found almost exclusively in 

enteropathogens, was not required for virulence in mice using the intranasal route of 

infection. Given that many enteropathogens express type IVB pili in vivo, experiments 

testing the involvement of this pilus system in B. pseudomallei during infection via the 

oral route are currently underway. The results of these experiments will be of particular 

interest since, as early as 1921, reports identified ingestion of contaminated food as a 

primary mode of B. pseudomallei infection of animals (Stanton and Fletcher, 1921; 

Stanton and Fletcher, 1932), and ingestion has more recently been implicated in 

melioidosis in sheep (Cottew et al., 1952), pigs (Ketterer et al., 1986), and humans 

(Currie et al., 2000b; Currie et al., 2001; Inglis et al., 1999). Despite these reports, the 
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precise contribution of ingestion to B. pseudomallei infection is unclear but is 

speculated to be minor. There is currently no literature describing the molecular events 

during ingestion of B. pseudomallei, and so studies investigating the B. pseudomallei 

K96243 type IVB pilus system using the oral route of infection are considered highly 

important and relevant. 

Key findings in this study arose from investigations of pilA in B. pseudomallei 

08. During adherence/association assays, the ∆pilA strain, JAB1608, had severely 

reduced association- and microcolony-indexes relative to B. pseudomallei 08, but the 

infection index was essentially unchanged between the two strains. This indicated that 

pilA was crucial for adherent microcolony formation (bacteria-bacteria interactions) by 

B. pseudomallei 08 but not adherence (direct interactions with host cells). Interestingly, 

pilA mRNA expression analysis supported the findings of the adherence/association 

assays: the condition where pilA mRNA expression was observed correlated with the 

condition for which adherent microcolonies were observed, namely, in association with 

ME-180 cells in McCoys 5a medium at 37 ºC following prior growth in LB broth at 27 

ºC, but not 37 ºC. Furthermore, pilA mRNA expression at 27 ºC in LB broth, and in 

McCoys 5a medium at 37 ºC, was negligible, indicating that association with ME-180 

cells was critical for pilA mRNA expression, but that temperature pre-conditioning 

(growth at 27 ºC but not at 37 ºC) was also crucial.  

The role of pilA in B. pseudomallei 08 microcolony formation was also 

confirmed using an independent microscopy assay in the absence of human cells, but in 

the presence of tween-80, which has been shown to enhance protein secretion 

(Stuzenberger, 1992). After 90 minutes, B. pseudomallei 08 formed large and obvious 

microcolonies but JAB1608 did not. In addition to identifying pilA is a key molecule 

for microcolony formation, these experiments demonstrated that microcolony 

formation actively occurs during experiments and is not simply an artifact of overnight 
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growth prior to an assay, or cell division. Quantitative studies of pilA expression by 

B. pseudomallei 08 in tween-80 should be undertaken. 

Interestingly, high levels of pilA mRNA were also detected in B. pseudomallei 08 

grown on LB agar at 27 ºC but not in LB broth at 27 ºC, indicating that contact with a 

solid medium is an important stimulus for pilA expression. Furthermore, pilA mRNA 

expression was barely detectable in bacteria grown on LB agar at 37 ºC, providing 

further evidence that pilA is temperature-regulated. Therefore, it is apparent from this 

work that B. pseudomallei 08 pilA expression is regulated by growth temperature, 

growth medium, and association with eukaryotic cells, and in a complex manner.   

Studies investigating the virulence of B. pseudomallei 08 and JAB1608 in vivo 

provided a unique opportunity to investigate the relevance of microcolonies to 

virulence. Indeed, microcolonies have been described in lung tissues of 

B. pseudomallei-infected humans and animals and these structures may contribute to 

chronic melioidosis (Vorachit et al., 1995). However, there is no evidence that 

B. pseudomallei 08 forms microcolonies in vivo (at 37 ºC), or that microcolony 

formation is crucial for B. pseudomallei virulence, and so this needs clarification. 

Nevertheless, BALB/c mouse studies with B. pseudomallei 08 and JAB1608 could not 

demonstrate a role for pilA in virulence. However, cultures were grown at 37 ºC prior 

to inoculation, and the pilA microcolony phenotype was only observed in vitro with 

prior growth at 27 ºC. Therefore, these animal data are not particularly relevant to the 

microcolony phenotype. Experiments involving 27 ºC-grown bacteria are currently in 

progress and the results may allude to the relevance of pilA-dependent microcolonies to 

virulence in vivo. Indeed, since microcolonies may be involved with chronic 

melioidosis (Vorachit et al., 1995), animal studies replicating chronic disease in 

C57BL/6 mice should also be undertaken. In this context, it would also be interesting to 

see for how long 27 ºC-grown bacteria maintain microcolonies at 37 ºC.  



Chapter Eight: Summary and Conclusions 

  232 

 

Biofilm studies with B. pseudomallei 08 and JAB1608 indicate that pilA is not 

required for biofilms. Moreover, deletion of pilA resulted in a significant increase in 

biofilm formation in M9 medium at 37 ºC, indicating that under these conditions pilA 

has a negative effect on biofilm formation by B. pseudomallei 08. It is possible that 

expression of pilA by B. pseudomallei 08, but not by strain K96243, may occur in M9 

medium at 37 ºC, which would describe why B. pseudomallei 08 formed less biofilms 

than strain K96243 under those conditions. Indeed, pilA expression in B. pseudomallei 

K96243 and 08 in M9 medium needs to be further investigated.  

The ability for JAB1608 to form biofilms, but not form microcolonies, indicates 

that biofilms and microcolonies are separate phenomena, requiring different molecules. 

This result is surprising, given that bacteria-bacteria interactions are involved with the 

formation of both biofilms and microcolonies. Studies delineating the molecules 

required for biofilm formation will be of significant interest; however, a recent study 

suggests that biofilm formation does not correlate with virulence (Taweechaisupapong 

et al., 2005). 

This study identified and characterised lfp-1, encoding a putative lactonase family 

protein that is located within a genomic island, and is conserved in prokaryotes and 

eukaryotes. A homologue of lfp-1 (lfp-2) was also present in B. pseudomallei K96243. 

Though sharing considerable homology, prokaryotic and eukaryotic homologues of 

lfp-1 were shown to be phylogenetically distinct. Expression of lfp-1 mRNA by 

B. pseudomallei 08 was significantly increased in association with eukaryotic cells, 

relative to maintenance media alone, and so the potential role of lfp-1 in 

B. pseudomallei interactions with host cells was further investigated by generating the 

unmarked ∆lfp-1 strain, JAB136. lfp-1 was not required for adherence, invasion, 

intracellular proliferation, actin-based motility, or cell fusion by B. pseudomallei. 

However, B. pseudomallei 08-infected macrophage-like cells rapidly fused into 
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MNGCs, assuming an lfp-1-specific osteoclast-like pattern of gene expression distinct 

from B. thailandensis-infected MNGCs. B. pseudomallei-induced MNGC formation 

correlated with potent increases in mRNA expression for the cell fusion and 

multinucleation factors MCP-1, CCL9/MIP-1γ, NFATc1, and RANTES in 

B. pseudomallei-infected cells. B. pseudomallei-infected cells assumed an 

osteoclast-like phenotype within 12 hours, indicating a process distinct from 

LPS-mediated osteoclast-like cell formation by other bacteria, which took up to 11 days 

(Abu-Amer et al., 1997), (Jiang et al., 2002). B. pseudomallei-induced osteoclast-like 

cells could not authentically resorb dentine; however, regions of demineralised dentine 

were observed, suggesting a defect in the removal of the organic phase of bone, 

analogous to that observed in CTSK knockout mice (Gowen et al., 1999). CTSK 

mRNA expression in B. pseudomallei-infected cells was increased compared to 

uninfected cells and B. thailandensis-infected cells but was low relative to 

rRANKL-treated cells, suggesting that CTSK may not be adequately produced to 

mediate authentic bone resorption. 

Finally, an lfp-1 null mutant was significantly attenuated for virulence in both the 

Syrian hamster model and the BALB/c inhalation model, indicating a role for lfp-1, and 

possibly B. pseudomallei-induced osteoclast-like cell formation, in virulence. Studies 

are required to further characterise B. pseudomallei-induced osteoclast-like cells in 

terms of gene and protein expression, function, and relevance in vivo.



 

   

 

 

 

 

 

Chapter Nine: 

 

References 



  Chapter Nine: References 

  235 

 

Abbink, F.C., Orendi, J.M., and de Beaufort, A.J. (2001) Mother-to-child transmission 

of Burkholderia pseudomallei. N. Eng. J. Med. 344: 1171-1172. 

Abu-Amer, Y., Ross, F., Edwards, J., and Teitelbaum, S. (1997) 

Lipopolysaccharide-stimulated osteoclastogenesis is mediated by tumor necrosis 

factor via its P55 receptor. J. Clin. Investig. 100: 1557-1565. 

Achana, V., Silpapojakul, K., Thininta, W., and Kalnaowakul, S. (1985) Acute 

Pseudomonas pseudomallei pneumonia and septicemia following aspiration of 

contaminated water: A case report. Southeast Asian J. Trop. Med. Public Health 

16: 500-504. 

Ahmed, K., Enciso, H.D.R., Masaki, H., Tao, M., Omori, A., Tharavichikul, P., and 

Nagatake, T. (1999) Attachment of Burkholderia pseudomallei to pharyngeal 

epithelial cells: a highly pathogenic bacteria with low attachment ability. Am. J. 

Trop. Med. Hyg. 60: 90-93. 

Aldhous, P. (2005) Melioidosis? Never heard of it... Nature 434: 692-693. 

Allaoui, A., Menard, R., Sansonetti, P.J., and Parsot, C. (1993) Characterization of the 

Shigella flexneri ipgD and ipgF genes, which are located in the proximal part of 

the mxi locus. Infect. Immun. 61. 

Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., Zhang, Z., Miller, W., and 

Lipman, D.J. (1997) Gapped BLAST and PSI-BLAST: a new generation of 

protein database search programs. Nucleic Acids Res. 25: 3389-3402. 

Amer, A.O., and Swanson, M.S. (2002) A phagosome of one's own: a microbial guide 

to life in the macrophage. Curr. Opin. Microbiol. 5: 56-61. 

Anonymous (1998) Melioidosis in north Queensland. Commun. Dis. Intell. 22: 39. 

Apicella, M.A. (2000) Gonococcal lipooligosaccharide: An adhesin for bacterial 

dissemination? Response. Trends Microbiol. 8: 541. 



  Chapter Nine: References 

  236 

 

Asche, V. (1991) Melioidosis - a disease for all organs. Today's Life Science June: 

34-40. 

Ashdown, L.R., and Koehler, J.M. (1990) Production of hemolysin and other 

extracellular enzymes by clinical isolates of Pseudomonas pseudomallei. J. Clin. 

Microbiol. 28: 2331-2334. 

Atkins, T., Prior, R., Mack, K., Russell, P., Nelson, M., Prior, J., Ellis, J., Oyston, 

P.C.F., Dougan, G., and Titball, R.W. (2002) Characterisation of an acapsular 

mutant of Burkholderia pseudomallei identified by signature tagged mutagenesis. 

J. Med. Microbiol. 51: 539-547. 

Attree, O., and Attree, I. (2001) A second type III secretion system in Burkholderia 

pseudomallei: who is the real culprit? Microbiol. Immunol. 147: 3197-3199. 

Bardy, S.L., Ng, S.Y.M., and Jarrell, K.F. (2003) Prokaryotic motility structures. 

Micrbiol. 149: 295-304. 

Barnes, J.L., and Ketheesan, N. (2005) Route of infection of melioidosis. Emerging 

Infect. Dis. 11: 638-639. 

Bendtsen, J.D., Nielsen, H., von Heijne, G., and Brunak, S. (2004) Improved prediction 

of signal peptides: SignalP 3.0. J. Mol. Biol. 340: 783-795. 

Berger, E.A., Murphy, P.M., and Farber, J.M. (1999) Chemokine receptors as HIV-1 

coreceptors: roles in viral entry, tropism, and disease. Ann. Rev. Immunol. 17: 

657-700. 

Berks, B.C. (1996) A common export pathway for proteins binding complex redox 

factors? Mol. Microbiol. 22: 393-404. 

Bhattacharjee, M.K., Kachlany, S.C., Fine, D.H., and Figurski, D.H. (2001) 

Nonspecific adherence and fibril biogenesis by Actinobacillus 

actinomycetemcomitans: TadA protein is an ATPase. J. Bacteriol. 183: 

5927-5936. 



  Chapter Nine: References 

  237 

 

Bieber, D.S., Ramer, S.W., Wu, C.-Y., Toru, M.W.J.T., Fernandez, R.E., and 

Schoolnik, G.K. (1998) Type IV pili, transient bacterial aggregates and virulence 

of enterpathogenic Escherichia coli. Science 280: 2114-2118. 

Blomfield, I.C., Vaughn, V., Rest, R.F., and Eisenstein, B.I. (1991) Allelic exchange in 

Escherichia coli using Bacillus subtilis sacB gene and a temperature-sensitive 

pSC101 replicon. Mol. Microbiol. 5: 1447-1457. 

Boissy, P., Destaing, O., and Jurdic, P. (2001) RANKL induces formation of avian 

osteoclasts from macrophages but not from macrophage polykaryons. Biochem. 

Biophys. Res. Commun. 288: 340 –346. 

Bossi, P., Tegnell, A., Baka, A., Van Loock, F., Hendriks, J., Werner, A., Maidhof, H., 

and Gouvras, G. (2004) BICHAT guidelines for the clinical management of 

glanders and melioidosis and bioterrorism-related glanders and melioidosis. Euro. 

Surveill. 9: 1-6. 

Breitbach, K., Rottner, K., Klocke, S., Rohde, M., Jenzora, A., Wehland, J., and 

Steinmetz, I. (2003) Actin-based motility of  Burkholderia pseudomallei involves 

the Arp 2/3 complex, but not N-WASP and Ena/VASP proteins. Cell. Microbiol. 

5: 385-393. 

Brenner, S. (1974) The genetics of Caenorhabditis elegans. Genetics 77: 71–94. 

Brett, P.J., DeShazer, D., and Woods, D.E. (1997) Characterization of Burkholderia 

pseudomallei and Burkholderia pseudomallei-like strains. Epidemiol. Infect. 118: 

137-148. 

Brett, P.J., and Woods, D.E. (2000) Pathogenesis of and immunity to melioidosis. Acta 

Trop. 74: 201-210. 

Brockmeier, S.L. (1999) Early colonisation of the upper respiratory tract by 

temperature modulated Bordetella bronchiseptica. FEMS Microbiol. Lett. 174: 

225-229. 



  Chapter Nine: References 

  238 

 

Brook, M.D., Currie, B., and Desmarchelier, P.M. (1997) Isolation and identification of 

Burkholderia pseudomallei from soil using selective culture techniques and the 

polymerase chain reaction. J. Appl. Microbiol. 82: 589-596. 

Brown, N.F., and Beacham, I.R. (2000) Cloning and analysis of genomic differences 

unique to Burkholderia pseudomallei by comparison with B. thailandensis. J. 

Med. Microbiol. 49: 993-1001. 

Brown, N.F., Boddey, J.A., Flegg, C.P., and Beacham, I.R. (2002) Adherence of 

Burkholderia pseudomallei cells to cultured human epithelial cell lines is 

regulated by growth temperature. Infect. Immun. 70: 974-980. 

Brown, N.F., Logue, C.-A., Boddey, J.A., Scott, R., Hirst, R.G., and Beacham, I.R. 

(2004) Identification of a novel two-partner secretion system from Burkholderia 

pseudomallei. Mol. Genet. Genomics 272: 204-215. 

Brown, T.A. (1991) Molecular biology labfax. Oxford: BIOS Scientific Publishers 

Limited. 

Burtnick, M.N., and Woods, D.E. (1999) Isolation of polymixin B-susceptible mutants 

of Burkholderia pseudomallei and molecular characterization of genetic loci 

involved in polymixin B resistance. Antimicrob. Agents Chemother. 43: 

2648-2656. 

Cappellen, D., Luong-Nguyen, N.H., Bongiovanni, S., Grenet, O., Wanke, C., and 

Susa, M. (2002) Transcriptional program of mouse osteoclast differentiation 

governed by the macrophage colony-stimulating factor and the ligand for the 

receptor activator of NF-kB. J. Biol. Chem. 277: 21971–21982. 

Carsiotis, M., Weinstein, D.L., Karch, H., Holder, I.A., and O'Brien, A.D. (1984) 

Flagella of Salmonella typhimurium are a virulence factor in infected C57BL/6J 

mice. Infect. Immun. 46: 814-818. 



  Chapter Nine: References 

  239 

 

Chambers, T.J. (2000) Regulation of the differentiation and function of osteoclasts. J. 

Pathol. 192: 4-13. 

Chan, Y.Y., Tan, T.M.C., Ong, Y.M., and Chua, K.L. (2004) BpeAB-OprB, a 

multidrug efflux pump in Burkholderia pseudomallei. Antimicrob. Agents 

Chemother. 48: 1128-1135. 

Chan, Y.Y., and Chua, K.L. (2005) The Burkholderia pseudomallei BpeAB-OprB 

efflux pump: expression and impact on chorum sensing and virulence. J. 

Bacteriol. 187: 4707-4719. 

Chaowagul, W., White, N.J., Dance, D.A., Wattanagoon, Y., Naigowit, P., Davis, 

T.M., Looareesuwan, S., and Pitakwatchara, N. (1989) Melioidosis: A major 

cause of community-acquired septicemia in northeastern Thailand. J. Infect. Dis. 

159: 890-899. 

Chaowagul, W., Suputtamongkol, Y., Dance, D.A., Rajchanuvong, A., 

Pattara-arechachai, J., and White, N.J. (1993) Relapse in melioidosis: Incidence 

and risk factors. J. Infect. Dis. 168: 1181-1185. 

Chaowagul, W., Suputtamongkol, Y., and White, N.J. (1994) Clinical presentations of 

melioidosis. In Melioidosis: prevailing problems and future directions. D, P.S. 

and A, M.Y. (eds). Kuala Lumpur: Malaysian Society of Infectious Diseases and 

Chemotherapy. 

Chaowagul, W. (2000) Recent advances in the treatment of severe melioidosis. Acta 

Trop. 74: 133-137. 

Chen, Y.S., Chen, S.C., Kao, C.M., and Chen, Y.L. (2003) Effects of soil pH, 

temperature and water content on the growth of Burkholderia pseudomallei. Folia 

Microbiol. 48: 253-256. 



  Chapter Nine: References 

  240 

 

Cheng, A.C., Stephens, D.P., Anstey, N.M., and Currie, B.J. (2004) Adjunctive 

granulocyte colony-stimulating factor for treatment of septic shock due to 

melioidosis. Clin. Infect. Dis. 38: 32-37. 

Cheng, A.C., and Currie, B.J. (2005) Melioidosis: epidemiology, pathophysiology, and 

management. Clin. Microbiol. Rev. 18: 383-416. 

Chierakul, W., Winothai, W., Wattanawaitunechai, C., Wuthiekanun, V., Rugtaengan, 

T., Rattanalertnavee, J., Jitpratoom, P., Chaowagul, W., Singhasivanon, P., 

White, N.J., Day, N.P., and Peacock, S.J. (2005) Melioidosis in 6 tsunami 

survivors in southern Thailand. Clin. Infect. Dis. 41: 982-990. 

Chodimella, U., Hoppes, W.L., Whalen, S., Ognibene, A.J., and Rutecki, G.W. (1997) 

Septicemia and suppuration in a Vietnam veteran. Hospital Practices (Office 

Edition) 32: 219-221. 

Christie, P.J. (1997) Agrobacterium tumefaciens T-complex transport apparatus: a 

paradigm for a new family of multifunctional transporters in eubacteria. J. 

Bacteriol. 179: 3085-3094. 

Chua, K.L., Chan, Y.Y., and Gan, Y.H. (2003) Flagella are virulence determinants of 

Burkholderia pseudomallei. Infect. Immun. 71: 1622-1629. 

Cieslak, T.J., Talbot, T.B., and Hartstein, B.H. (2002) Biological Warfare and the skin 

I: Bacteria and toxins. Clinics in Dermatol. 20: 346-354. 

Collyn, F., Lety, M.-A., Nair, S., Escuyer, V., Younes, A.B., Simonet, M., and 

Marceau, M. (2002) Yersinia pseudotuberculosis harbors a type IV pilus gene 

cluster that contributes to pathogenicity. Infect. Immun. 70: 6196-6205. 

Cornelis, G.R., and van Gijsegem, F. (2000) Assembly and function of type III 

secretion systems. Annu. Rev. Microbiol. 54: 735-774. 

Costerton, J.W., Lewandowski, Z., Caldwell, D.E., Korber, D.R., and Lappin-Scott, 

H.M. (1995) Microbial biofilms. Annu. Rev. Microbiol. 49: 711-745. 



  Chapter Nine: References 

  241 

 

Costerton, J.W., Stewart, P.S., and Greenberg, E.P. (1999) Bacterial biofilms: a 

common cause of persistent infections. Science 284: 1318-1322. 

Cottew, G.S. (1950) Melioidosis in sheep in Queensland.  A description of the casual 

organism. Aust. J. Exp. Biol. Med. Sci. 28: 677-683. 

Cottew, G.S., Sutherland, A.K., and Meehan, J.F. (1952) Melioidosis in sheep in 

Queensland. Aust. Vet. J. 113-123: 113-123. 

Craig, L., Pique, M.E., and Tainer, J.A. (2004) Type IV pilus structure and bacterial 

pathogenecity. Nat. Rev. Microbiol. 2: 363-378. 

Currie, B.J. (2000) Melioidosis: an Australian perspective of an emerging infectious 

disease. Melbourne: Australian Society for Microbiology. 

Currie, B.J., Fisher, D.A., Anstey, N.M., and Jacups, S.P. (2000a) Melioidosis: acute 

and chronic disease, relapse and re-activation. Trans. Roy. Soc. Trop. Med. Hyg. 

94: 301-304. 

Currie, B.J., Fisher, D.A., Howard, D.M., Burrow, J.N., Selvanayagam, S., Snelling, 

P.L., Anstey, N.M., and Mayo, M.J. (2000b) The epidemiology of melioidosis in 

Australia and Papua New Guinea. Acta Trop. 74: 121-127. 

Currie, B.J., Fisher, D.A., Howard, D.M., Burrow, J.N.C., Lo, D., Selva-nayagam, S., 

Anstey, N.M., Huffam, S.E., Snelling, P.L., Marks, P.J., Stephens, D.P., Lum, 

G.D., Jacups, S.P., and Krause, V.L. (2000c) Endemic melioidosis in tropical 

northern Australia: a 10-year prospective study and review of the literature. Clin. 

Infect. Dis. 31: 981-986. 

Currie, B.J., Mayo, M., Anstey, N.M., Donohoe, P., Haase, A., and Kemp, D.J. (2001) 

A cluster of melioidosis cases from an endemic region is clonal and is linked to 

the water supply using molecular typing of Burkholderia pseudomallei isolates. 

Am. J. Trop. Med. Hyg. 65: 177-179. 



  Chapter Nine: References 

  242 

 

Currie, B.J., and Jacups, S.P. (2003) Intensity of rainfall and severity of meliodosis, 

Australia. Emerg. Infect. Dis. 9: 1538-1542. 

Currie, B., Jacups, S.P., Cheng, A.C., Fisher, D.A., Anstey, N.M., Huffam, S.E., and 

Krause, V.L. (2004) Melioidosis epidemiology and risk factors from a 

prospective whole-population study in northern Australia. Trop. Med. Int. Health 

9: 1167-1174. 

Dance, D.A.B. (1990) Melioidosis. Rev. Med. Microbiol. 1: 143-150. 

Dance, D.A.B. (1991) Melioidosis: the tip of the iceberg? Clin. Microbiol. Rev. 4: 

52-60. 

Dance, D.A. (2000) Melioidosis as an emerging global problem. Acta Trop. 74: 

159-168. 

Day, C.J., Kim, M.S., Stephens, S.R., Simcock, W.E., Aitken, C.J., Nicholsen, G.C., 

and Morrison, N.A. (2004) Gene array identification of osteoclast genes: 

differential inhibition of osteoclastogenesis by cyclosporin A and granulocyte 

macrophage colony stimulating factor. J. Cell. Biochem. 91: 303-315. 

Day, C.J., Kim, M.S., Lopez, C.M., Nicholson, G.C., and Morrison, N.A. (2005) NFAT 

expression in human osteoclasts. J. Cell. Biochem. 95: 17-23. 

Dersot, J.M., Colombier, M.L., Lafont, J., Baroukh, B., Septier, D., and Saffar, J.L. 

(1995) Multinucleated giant cells elicited around hydroxyapatite particles 

implanted in craniotomy defects are not osteoclasts. Anat. Rec. 242: 166-176. 

DeShazer, D., Brett, P.J., Carlyon, R., and Woods, D.E. (1997) Mutagenesis of 

Burkholderia pseudomallei with Tn5-OT182: Isolation of motility mutants and 

molecular characterization of the flagellin structural gene. J. Bacteriol. 179: 

2116-2125. 



  Chapter Nine: References 

  243 

 

DeShazer, D., Brett, P.J., and Woods, D.E. (1998) The type II O-antigenic 

polysachharide moiety of Burkholderia pseudomallei lipopolysaccharide is 

required for serum resistance and virulence. Mol. Microbiol. 30: 1081-1100. 

DeShazer, D., Brett, P.J., Burtnick, M.N., and Woods, D.E. (1999) Molecular 

characterization of genetic loci required for secretion of exoproducts in 

Burkholderia pseudomallei. J. Bacteriol. 181: 4661-4664. 

DeShazer, D., Waag, D.M., Fritz, D.L., and Woods, D.E. (2001) Identification of a 

Burkholderia mallei polysaccharide gene cluster by subtractive hybridization and 

demonstration that the encoded capsule is an essential virulence determinant. 

Microb. Pathog. 30: 253-269. 

Dieckelmann, M. (1998) Lipases of Pseudomonas fluorescens. In Faculty of Science 

Brisbane: Griffith University. 

Doig, P. (1988) Role of pili in adhesion of Pseudomonas aeruginosa to human 

respiratory epithelial cells. Infect. Immun. 56: 1641-1646. 

Donnenberg, M.S., Kaper, J.B., and Finlay, B.B. (1997) Interactions between 

enteropathogenic Escherichia coli and host epithelial cells. Trends Microbiol. 5: 

109-114. 

Egan, A.M., and Gordon, D.L. (1996) Burkholderia pseudomallei activates 

complement and is ingested but not killed by polymorphonuclear leukocytes. 

Infect. Immun. 64: 4952-4959. 

Ellis, J.F., and Titball, R.W. (1999) Burkholderia pseudomallei: medical, veterinary 

and environmental aspects. Infect. Dis. Rev. 1: 174-181. 

Ellison, D.W., Baker, H.J., and Mariappan, M. (1969) Melioidosis in Malaysia. I. A 

method for isolation of Pseudomonas pseudomallei from soil and surface water. 

Am. J. Trop. Med. Hyg. 18: 694-697. 



  Chapter Nine: References 

  244 

 

Esselman, M.T., and Liu, P.V. (1961) Lecithinase production by Gram-negative 

bacteria. J. Bacteriol. 81: 939-945. 

Essex-Lopresti, A.E., Boddey, J.A., Thomas, R., Smith, M.P., Hartley, M.G., Atkins, 

T., Brown, N.F., Tsang, C.H., Peak, I.R.A., Hill, J., Beacham, I.R., and Titball, 

R.W. (2005) A type IV pilin, PilA, contributes to adherence of Burkholderia 

pseudomallei and virulence in vivo. Infect. Immun. 73: 1260-1264. 

Faa, A.G., and Holt, P.J. (2002) Melioidosis in the Torres Straight Islands of far north 

Queensland. Commun. Dis. Intell. 26: 279-283. 

Falkow, S., Isberg, R.R., and Portnoy, D.A. (1992) The interaction of bacteria with 

mammalian cells. Annu. Rev. Cell Biol. 8: 333-363. 

Felsenstein, J. (1985) Confidence limits on phylogenies: an approach using the 

bootstrap. Evolution 39: 783-791. 

Finlay, B.B., and Falkow, S. (1997) Common themes in microbial pathogenicity 

revisited. Microbiol. Mol. Biol. Rev. 61: 136-169. 

Friedman, J., and Raisz, L.G. (1965) Thyrocalcitonin. inhibitor of bone resorption in 

tissue culture. Science 150: 1465-1467. 

Fujita, T., Shirasawa, T., Uchida, K., and Maruyama, N. (1992) Isolation of cDNA 

clone encoding rat senescence marker protein-30 (SMP30) and its tissue 

distribution. Biochim. Biophys. Acta 1132: 297-305. 

Fujita, T., Inoue, H., Kitamura, T., Sato, N., Shimosawa, T., and Maruyama, N. (1998) 

Senescence marker protein-30 (SMP30) rescues cell death by enhancing plasma 

membrane Ca
2+
-pumping activity in Hep G2 cells. Biochem. Biophys. Res. 

Commun. 250: 364-380. 

Fujita, T., Shirasawa, T., and Maruyama, N. (1999) Expression and structure of 

senescence marker protein-30 (SMP-30) and its biological significane. Mech. 

Ageing Dev. 107: 271-280. 



  Chapter Nine: References 

  245 

 

Fukuhara, H., Ishimine, T., Futenma, M., and Saito, A. (1995) Efficacy of antibiotics 

against extracellular and intracellular Burkholderia pseudomallei, and their 

effects on experimental pneumonia in mice. Jpn. J. Trop. Med. Hyg. 23: 1-7. 

Fuller, T.E., Kennedy, M.J., and Lowery, D.E. (2000) Identification of Pasteurella 

multocida virulence genes in a septicemic mouse model using signature-tagged 

mutagenesis. Microb. Pathog. 29: 25-38. 

Fuqua, W.C., Winans, S.C., and Greenberg, E.P. (1994) Quorum sensing in bacteria: 

the LuxR-LuxI family of cell density-responsive transcriptional regulators. J. 

Bacteriol. 176: 269-275. 

Fux, C.A., Costerton, J.W., Stweart, P.S., and Stoodley, P. (2005) Survival strategies of 

infectious biofilms. Trends Microbiol. 13: 34-40. 

Galan, J.E. (2001) Salmonella interactions with host cells: type III secretion at work. 

Annu. Rev. Cell. Dev. Biol. 17: 53-86. 

Gan, Y.H., Chua, K.L., Chua, H.H., Liu, B., Hii, C.S., Chong, H.L., and Tan, P. (2002) 

Characterization of Burkholderia pseudomallei infection and identification of 

novel virulence factors using a Caenorhabditis elegans host system. Mol. 

Microbiol. 44: 1185-1197. 

Gardel, C.L., and Mekalanos, J.J. (1996) Alterations in Vibrio cholerae motility 

phenotypes correlate with changes in virulence factor expression. Infect. Immun. 

64: 2246-2255. 

Gattiker, A., Gasteiger, E., and Bairoch, A. (2002) ScanProsite: a reference 

implementation of a PROSITE scanning tool. Appl. Bioinformatics 1: 107-108. 

Gauthier, Y.P., Thibault, F.M., Paucod, J.C., and Vidal, D.R. (2000) Protease 

production by Burkholderia pseudomallei and virulence in mice. Acta Trop. 74: 

215-220. 



  Chapter Nine: References 

  246 

 

Gauthier, Y.P., Hagen, R.M., Brochier, G.S., Neubauer, H., Splettstoesser, W.D., 

Finke, E.J., and Vidal, D.R. (2001) Study on the pathophysiology of experimental 

Burkholderia pseudomallei infection in mice. FEMS Immunol. Med. Microbiol. 

30: 53-63. 

Gelb, B.D., Shi, G.P., Chapman, H.A., and Desnick, R.J. (1996) Pycnodysostosis, a 

lysosomal disease due to cathepsin K deficiency. Science 273: 1236–1238. 

Goldberg, M.B. (2001) Actin-based motility of intracellular microbial pathogens. 

Microbiol. Mol. Biol. Rev. 65: 595-626. 

Gori, A.H., Ahmed, K., Martinez, G., Masaki, H., Watanabe, K., and Nagatake, T. 

(1999) Mediation of attachment of Burkholderia pseudomallei to human 

pharyngeal epithelial cells by the asialoganglioside GM1-GM2 receptor complex. 

Am. J. Trop. Med. Hyg. 61: 473-475. 

Gowen, M., Lazner, F., Dodds, R., Kapadia, R., Feild, J., Tavaria, M., Bertoncello, I., 

Drake, F., Zavarselk, S., Tellis, I., Hertzog, P., Debouck, C., and Kola, I. (1999) 

Cathepsin K knockout mice develop osteopetrosis due to a deficit in matrix 

degradation but not demineralization. J. Bone Miner. Res. 14: 1654–1663. 

Granfar, R.M.S., Day, C.J., Kim, M.S., and Morrison, N.A. (2005) Optimised real-time 

quantitative PCR assays for RANKL regulated genes. Mol. Cell Probes 19: 

119-126. 

Guard, R.W., Khafagi, F.A., Brigden, M.C., and Ashdown, L.R. (1984) Melioidosis in 

Far North Queensland. A clinical and epidemiological review of twenty cases. 

Am. J. Trop. Med. Hyg. 33: 467-473. 

Haase, A., Melder, A., Smith-Vaughan, H., Kemp, D., and Currie, B. (1995) RAPD 

analysis of isolates of Burkholderia pseudomallei from patients with recurrent 

melioidosis. Epidemiol. Infect. 115: 115-121. 



  Chapter Nine: References 

  247 

 

Haase, A., Janzen, J., Barrett, S., and Currie, B. (1997) Toxin production by 

Burkholderia pseudomallei strains and correlation with severity of melioidosis. J. 

Med. Microbiol. 146: 557-563. 

Haase, E.M., Zmuda, J.L., and Scannapieco, F.A. (1999) Identification and molecular 

analysis of rough-colony-specific outer membrane proteins of Actinobacillus 

actinomycetemcomitans. Infect. Immun. 67: 2901-2908. 

Halder, D., Zainal, N., Wah, C.M., and Haq, J.A. (1998) Neonatal meningitis and 

septicaemia caused by Burkholderia pseudomallei. Ann. Trop. Paediatr. 18: 

161-164. 

Harley, V.S., Dance, D.A.B., Tivey, G., and Drasar, B.S. (1994) Interactions of 

Pseudomonas pseudomallei with macrophages. Biochem. Soc. Trans. 22: 88S. 

Harley, V.S., Dance, D.A., Tovey, G., McCrossan, M.V., and Drasar, B.S. (1998a) An 

ultrastructural study of the phagocytosis of Burkholderia pseudomallei. 

Microbios 94: 35-45. 

Harley, V.S., Dance, D.A.B., Drasar, B.S., and Tovey, G. (1998b) Effects of 

Burkholderia pseudomallei and other Burkholderia species on eukaryotic cells in 

tissue culture. Microbios 96: 71-93. 

Haubler, S., Nimtz, M., Domke, T., Wray, V., and Steinmetz, I. (1998) Purification and 

characterisation of a cytotoxic exolipid of Burkholderia pseudomallei. Infect. 

Immun. 66: 1588-1593. 

Hayashi, S., and Wu, H.C. (1990) Lipoproteins in bacteria. J. Bioenerg. Biomembr. 22: 

451-471. 

Hazes, B., Sastry, P.A., Hayakawa, K., Read, R.J., and Irvin, R.T. (2000) Crystal 

structure of Pseudomonas aeruginosa PAK pilin suggests a 

main-chain-dominated mode of receptor binding. J. Mol. Biol. 299: 1005-1017. 



  Chapter Nine: References 

  248 

 

Heckly, R.J., and Nigg, C. (1958) Toxins of Pseudomonas pseudomallei II. 

Characterization. J. Bacteriol. 76: 427-436. 

Heckly, R.J. (1964) Differentiation of exotoxin and other biologically active substances 

in Pseudomonas pseudomallei filtrates. J. Bacteriol. 88: 1730-1736. 

Heng, B.H., Goh, K.T., Yap, E.H., Loh, H., and Yeo, M. (1998) Epidemiological 

surveillance of melioidosis in Singapore. Ann. Accad. Med. Singapore 27: 

478-484. 

Hirotani, H., Tuohy, N.A., Woo, J.T., Stern, P.H., and Clipstone, N.A. (2004) The 

calcineurin/nuclear factor of activated T cells signaling pathway regulates 

osteoclastogenesis in RAW264.7 cells. J. Biol. Chem. 279: 13984–13992. 

Hodge, J.M., Kirkland, M.A., Aitken, C.J., Waugh, C.M., Myers, D.E., Lopez, C.M., 

Adams, B.E., and Nicholson, G.C. (2004) Osteoclastic potential of human 

CFU-GM: biphasic effect of GM-CSF. J. Bone Miner. Res. 19: 190-199. 

Holden, M.T.G., Titball, R.W., Peacock, S.J., Cerdeno-Tarraga, A.M., Atkins, T., 

Crossman, L.C., Pitt, T.L., Churcher, C., Mungall, K., Bentley, S.D., Sebaihia, 

M., Thomson, N.R., Bason, N., Beacham, I.R., Brooks, K., Brown, K.A., Brown, 

N.F., Challis, G.L., Cherevach, I., Chillingworth, T., Cronin, A., Crossett, B., 

Davis, P., DeShazer, D., Feltwell, T., Fraser, A., Hance, Z., Hauser, H., Holroyd, 

S., Jagels, K., Keith, K.E., Maddison, M., Moule, S., Price, C., Quail, M.A., 

Rabbinowitsch, E., Rutherford, K., Sanders, M., Simmonds, M., Songsivilai, S., 

Stevens, K., Tumapa, S., Vesaratchavest, M., Whitehead, S., Yeats, C., Barrell, 

B.G., Osyston, P.C.F., and Parkhill, J. (2004) Genomic plasticity of the causative 

agent of melioidosis, Burkholderia pseudomallei. Proc. Natl. Acad. Sci. U.S.A. 

101: 14240-14245. 



  Chapter Nine: References 

  249 

 

Holland, D.J., Wesley, A., Drinkovic, D., and Currie, B.J. (2002) Cystic fibrosis and 

Burkholderia pseudomallei infection: An emerging problem? Clin. Infect. Dis. 

35: e138-e140. 

Hoppe, I., Brenneke, B., Rohde, M., Kreft, A., Haussler, S., Reganzerowski, A., and 

Steinmetz, I. (1999) Characterization of a murine model of melioidosis: 

comparison of different strains of mice. Infect. Immun. 67: 2891-2900. 

Howe, C., Sampath, A., and Spotnitz, M. (1971) The Pseudomallei group: a review. J. 

Infect. Dis. 124: 598-606. 

Hsu, H., Lacey, D.L., Dunstant, C.R., Solovyev, I., Colombero, A., Timms, E., Tan, 

H.-L., Elliot, G., Kelley, M.J., DSarosi, I., Wang, L., Xia, X.-Z., Elliot, R.M., 

Chiu, L., Black, T., Scully, S., Capparelle, C., Morony, S., Shimamoto, G., Bass, 

M.B., and Boyle, W.J. (1999) Tumor necrosis factor receptor member RANK 

mediates osteoclast differentiation and activation induced by osteoprotegrin 

ligand. Proc. Natl. Acad. Sci. U.S.A. 96: 3540-3545. 

Hueck, C.J. (1998) Type III protein secretion systems in bacterial pathogens of animals 

and plants. Microbiol. Mol. Biol. Rev. 62: 379-433. 

Hultgren, S.J., Abraham, S., Caparon, M., Falk, P., St Geme III, J.W., and Normark, S. 

(1993) Pilus and nonpilus bacterial adhesins: assembly and function in cell 

recognition. Cell 73: 887-901. 

Igarashi, Y., Lee, M.Y., and Matsuzaki, S. (2002) Acid phosphatases as markers of 

bone metabolism. J. Chromatogr. B. 781: 345-358. 

Inglis, T.J., Garrow, S.C., Adams, C., Henderson, M., Mayo, M., and Currie, B.J. 

(1999) Acute melioidosis outbreak in Western Australia. Epidemiol. Infect. 123: 

437-443. 

 



  Chapter Nine: References 

  250 

 

Inglis, T.J.J., Rigby, P., Robertson, T.A., Dutton, N.S., Henderson, M., and Chang, B.J. 

(2000) Interaction between Burkholderia pseudomallei and Acanthamoeba 

species results in coiling phagocytosis, endamebic bacterial survival, and escape. 

Infect. Immun. 68: 1681-1686. 

Inglis, T.J., Merritt, A., Chidlow, G., Aravena-Roman, M., and Harnett, G. (2005) 

Comparison of diagnostic laboratory methods for identifiaction of Burkholderia 

pseudomallei. J. Clin. Microbiol. 43: 2201-2206. 

Inoue, T., Tanimoto, I., Ohta, H., Kato, K., Murayama, Y., and Fukui, K. (1998) 

Molecular characterization of low-molecular-weight component protein, Flp, in 

Actinobacillus actinomycetemcomitans fimbriae. Microbiol. Immunol. 42: 

253-258. 

Inouye, T., Ohta, H., Kokeguchi, S., Fukui, K., and Kato, K. (1990) Colonial variation 

and fimbration of Actinobacillus actinomycetemcomitans. FEMS Microbiol. Lett. 

57: 13-17. 

Isberg, R.R., Voorhis, D.L., and Falkow, S. (1987) Identification of invasin: a protein 

that allows enteric bacteria to penetrate cultured mammalian cells. Cell 50: 

769-778. 

Isberg, R.R., and Leong, J.M. (1990) Multiple beta 1 chain integrins are receptors for 

invasin, a protein that promotes bacterial penetration into mammalian cells. Cell 

60: 861-871. 

Ishida, N., Hayashi, K., Hoshijima, M., Ogawa, T., Koga, S., Miyatake, Y., Kumegawa, 

M., Kimura, T., and Takeya, T. (2002) Large scale gene expression analysis of 

osteoclastogenesis in vitro and elucidation of NFAT2 as a key regulator. J. Biol. 

Chem. 277: 41147–41156. 

 

 



  Chapter Nine: References 

  251 

 

Ishigami, A., Kondo, Y., Nanba, R., Ohsawa, T., Handa, S., Kubo, S., Akita, M., and 

Maruyama, N. (2004) SMP30 deficiency in mice causes an accumulation of 

neutral lipids and phospholipids in the liver and shortens the life span. Biochem. 

Biophys. Res. Comm. 315: 575-580. 

Ishigami, A., Fujita, T., Inoue, H., Handa, S., Kubo, S., Kondo, Y., and Maruyama, N. 

(2005) Senescence marker protein-30 (SMP-30) induces formation of microvili 

and bile canaliculi in Hep G2 cells. Cell Tissue Res. 320: 243-249. 

Ishihara, T., Nakamura, S., Kaziro, Y., Takahashi, T., Takahashi, K., and Nagata, S. 

(1991) Molecular cloning and expression of a cDNA encoding the secretin 

receptor. EMBO J. 10: 1635-1641. 

Ishiwa, A., and Komano, T. (2004) PilV adhesins of plasmid R64 thin pili specifically 

bind to the lipopolysaccharides of recipient cells. J. Mol. Biol. 343: 615-625. 

Ismail, G., Embi, M.N., Omar, O., and Razak, N. (1987) Toxigenic properties of 

Pseudomonas pseudomallei extracellular products. Trop. Biomed. 4: 101-110. 

Jeddeloh, J.A., Fritz, D.L., Waag, D.M., Hartings, J.M., and Andrews, G.P. (2003) 

Biodefense-driven murine model of pneumonic melioidosis. Infect. Immun. 71: 

584-587. 

Jiang, Y., Mehta, C.K., Hsu, T.-Y., and Alsulaimani, F.H. (2002) Bacteria induce 

osteoclastogenesis via an osteoblast-independent pathway. Infect. Immun. 70: 

3143-3148. 

Joiner, K.A. (1988) Complement evasion by bacteria and parasites. Annu. Rev. 

Microbiol. 42: 201-230. 

Jones, A.L., Beveridge, T.J., and Woods, D.E. (1996) Intracellular survival of 

Burkholderia pseudomallei. Infect. Immun. 64: 782-790. 

 



  Chapter Nine: References 

  252 

 

Jones, A.L., DeShazer, D., and Woods, D.E. (1997) Identification and characterization 

of a two-component regulatory system involved in invasion of eukaryotic cells 

and heavy-metal resistance in Burkholderia pseudomallei. Infect. Immun. 65: 

4972-4977. 

Kachlany, S.C., Planet, P.J., Bhattacharjee, M.K., Kollia, E., DeSalle, R., Fine, D.F., 

and Figurski, D.H. (2000) Nonspecific adherence by Actinobacillus 

actinomycetemcomitans requires genes widespread in bacteria and archaea. J. 

Bacteriol. 182: 6169-6176. 

Kachlany, S.C., Planet, P.J., DeSalle, R., Fine, D.F., and Figurski, D.H. (2001a) Genes 

for tight adherence of Actinobacillus actinomycetemcomitans: from plaque to 

plague to pond scum. Trends Microbiol. 9: 429-437. 

Kachlany, S.C., Planet, P.J., DeSalle, R., Fine, D.F., Figurski, D.H., and Kaplan, 

J.B. (2001b) flp-1, the first representative of a new pilin gene subfamily, is 

required for non-specific adherence of Actinobacillus actinomycetemcomitans. 

Mol. Microbiol. 43: 542-554. 

Kadoya, Y., al-Saffar, N., Kobayashi, A., and Revell, P.A. (1994) The expression of 

osteoclast markers on foreign body giant cells. Bone Miner. 27: 85-96. 

Kanai, K., Suzuki, Y., Kondo, E., Maejima, Y., Miyamoto, D., Suzuki, T., and Kurata, 

T. (1997) Specific binding of Burkholderia pseudomallei cells and their cell 

surface acid phosphatase to gangliotetraosylceramide (asialo GM1) and 

gangliotriaosylceramide (asialo GM2). Southeast Asian J. Trop. Med. Public 

Health 28: 781-790. 

Kang, Y.W., Liu, H.L., Genin, S., Schell, M.A., and Denny, T.P. (2002) Ralstonia 

solanacearum requires type 4 pili to adhere to multiple surfaces and for natural 

transformation and virulence. Mol. Microbiol. 46: 427-437. 



  Chapter Nine: References 

  253 

 

Katsumata, T., and Yamaguchi, M. (1998) Inhibitory effect of calcium-binding protein 

regucalcin on protein kinase activity in the nuclei of regenerating rat liver. J. Cell. 

Biochem. 71: 569-576. 

Kenny, B., DeVinney, R., Stein, M., Reinscheid, D.J., Frey, E.A., and Finlay, 

B.B. (1997) Enteropathogenic E.coli (EPEC) transfers its receptor for intimate 

adherence into mammalian cells. Cell 91: 511-520. 

Kespichayawattana, W., Rattanachetkul, S., Wanun, T., Utaisincharoen, P., and 

Sirisinha, S. (2000) Burkholderia pseudomallei induces cell fusion and 

actin-associated membrane protrusion: a possible mechanism for cell-to-cell 

spreading. Infect. Immun. 68: 5377-5384. 

Kespichayawattana, W., Intachote, P., Utaisincharoen, P., and Sirisinha, S. (2004) 

Virulent Burkholderia pseudomallei is more efficient than avirulent Burkholderia 

thailandensis in invasion of and adherence to cultured human epithelial cells. 

Microb. Pathog. 36: 287-292. 

Ketterer, P.J., Webster, W.R., Shield, J., Arthur, R.J., Blackal, P.J., and Thomas, A.D. 

(1986) Melioidosis in intensive piggeries in South-Eastern Queensland. Aust. Vet. 

J. 63: 146-149. 

Kim, M.S., Day, C.J., and Morrison, N.A. (2005a) MCP-1 is induced by receptor 

activator of nuclear factor-kB ligand, promotes human osteoclast fusion, and 

rescues granulocyte macrophage colony-stimulating factor suppression of 

osteoclast formation. J. Biol. Chem. 280: 16163-16169. 

Kim, M.S., L., M.C., Day, C.J., and Morrison, N.A. (2005b) Induction of chemokines 

and chemokine receptors CCR2b and CCR4 in authentic human osteoclasts 

differentiated with RANKL and osteoclast like cells differentiated by MCP-1 and 

RANTES. J. Cell. Biochem. 



  Chapter Nine: References 

  254 

 

Kim, S.-R., and Komano, T. (1997) The plasmid R64 thin pilus identified as a type IV 

pilus. J. Bacteriol. 179: 3594-3603. 

Kirn, T.J., Lafferty, M.J., Sandoe, C.M., and Taylor, R.K. (2000) Delineation of pilin 

domains required for bacterial association into microcolonies and intestinal 

colonization by Vibrio cholerae. Mol. Microbiol. 35: 896-910. 

Klausen, M., Aaes-Jorgensen, A., Molin, S., and Tolker-Nielsen, T. (2003a) 

Involvement of bacterial migration in the development of complex multicellular 

structures in Pseudomonas aeruginosa biofilms. Mol. Microbiol. 50: 61-68. 

Klausen, M., Heydorn, A., Ragas, P., Lambertsen, L., Aaes-Jorgensen, A., Molin, S., 

and Tolker-Nielsen, T. (2003b) Biofilm formation by Pseudomonas aeruginosa 

wild type, flagella and type IV pili mutants. Mol. Microbiol. 48: 1511-1524. 

Kolter, R., Inuzuba, M., and Helinski, D.R. (1978) Trans-complementation-dependent 

replication of a low molecular weight origin fragment from plasmid R6K. Cell 

15: 1199-1208. 

Komano, T., Kim, S.-R., Yoshida, T., and Nisioka, T. (1994) DNA rearrangements of 

the shufflon determines recipient specificity in liquid mating of IncI1 plasmid 

R64. J. Mol. Biol. 243: 6-9. 

Kondo, Y., Ishigami, A., Kubo, S., Handa, S., Gomi, K., Hirokawa, K., Kajiyama, N., 

Chiba, T., Shimokado, K., and Maruyama, N. (2004) Senescence marker 

protein-30 is a unique enzyme that hydrolyzes diisopropyl phosphorofluoridate in 

the liver. FEBS Letters 570: 57-62. 

Kongsaengdao, S., Bunnang, S., and Siriwiwattnakul, N. (2005) Treatment of survivors 

after the tsunami. N. Eng. J. Med. 352: 2654-2655. 

 

 



  Chapter Nine: References 

  255 

 

Korbsrisate, S., Suwanasai, N., Leelaporn, A., Ezaki, T., Kawamura, Y., and 

Sarasombath, S. (1999) Cloning and characterization of a nonhemolytic 

phospholipase C gene from Burkholderia pseudomallei. J. Clin. Microbiol. 37: 

3742-3745. 

Korbsrisate, S., Vanaporn, M., Kerdsuk, P., Kespichayawattana, W., Vattanaviboon, P., 

Kiatpapan, P., and Lertmemongkolchai, G. (2005) The Burkholderia 

pseudomallei RpoE (AlgU) operon is involved in environmental stress tolerance 

and biofilm formation. FEMS Microbiol. Lett. 252: 243-249. 

Kovach, M.E., Elzer, P.H., Hill, D.S., Robertson, G.T., Farris, M.A., Roop 2nd, R.M., 

and Peterson, K.M. (1995) Four new derivatives of the broad-host-range cloning 

vector pBBR1MCS, carrying different antibiotic-resistance cassettes. Gene 66: 

175-176. 

Krogh, A., Larsson, B., von Heijne, G., and Sonnhammer, E.L. (2001) Predicting 

transmembrane protein topology with a hidden Markov model: application to 

complete genomes. J. Mol. Biol. 305: 567-580. 

Kyriakides, T.R., Foster, M.J., Keeney, G.E., Tsai, A., Giachelli, C.M., Clark-Lewis, I., 

Rollins, B.J., and Bornstein, P. (2004) The CC chemokine ligand, CCL2/MCP1, 

participates in macrophage fusion and foreign body giant cell formation. Am. J. 

Pathol. 165: 2157–2166. 

LaPointe, C.F., and Taylor, R.K. (1993) The type 4 prepilin peptidases comprise a 

novel family of aspartic acid proteases. J. Biol. Chem. 275: 1502-1510. 

Leakey, A.K., Ulett, G.C., and Hirst, R.G. (1998) BALB/c and C57Bl/6 mice infected 

with virulent Burkholderia pseudomallei provide contrasting animal models for 

the acute and chronic forms of human melioidosis. Microb. Pathog. 24: 269-275. 



  Chapter Nine: References 

  256 

 

Lean, J.M., Murphy, C., Fuller, K., and Chambers, T.J. (2002) CCL9/MIP-1gamma and 

its receptor CCR1 are the major chemokine ligand/receptor species expressed by 

osteoclasts. J. Cell. Biochem. 87: 386-393. 

Lee, K.K., Sheth, H.B., Wong, W.Y., Sherburne, R., Paranchych, W., and al, e. (1994) 

The binding of Pseudomonas aeruginosa pili to glycosphingolipids is a 

tip-associated event involving the C-terminal region of the structural pilin 

subunit. Mol. Microbiol. 11: 705-713. 

Lee, M., and Liu, Y. (2000) Sequencing and characterization of a novel serine 

metalloprotease from Burkholderia pseudomallei. FEMS Microbiol. Lett. 192: 

67-72. 

Leelarasamee, A., and Bovornkitti, S. (1989) Melioidosis: review and update. Rev. 

Infect. Dis. 11: 413-425. 

Leelarasamee, A., Trakulsomboon, S., Kusum, M., and Dejsirilert, S. (1997) Isolation 

rates of Burkholderia pseudomallei among the four regions in Thailand. Asian J. 

Trop. Med. Public Health 28: 107-113. 

Leelarasamee, A. (1998) Burkholderia pseudomallei: the unbeatable foe? Southeast 

Asian J. Trop. Med. Public Health 29: 410-415. 

Lew, A.E., and Desmarchelier, P.M. (1993) Molecular typing of  Pseudomonas 

pseudomallei: restriction fragment length polymorphisms of rRNA genes. J. Clin. 

Microbiol. 31: 533-539. 

Liu, B.P., Koo, G.C., Yap, E.H., Chua, K.L., and Gan, Y.H. (2002) Model of 

differential susceptibility to mucosal Burkholderia pseudomallei infection. Infect. 

Immun. 70: 504-511. 

Liu, H.L., Kang, Y.W., Genin, S., Schell, M.A., and Denny, T.P. (2001) Twitching 

motility of Ralstonia solanacearum requires a type IV pilus system. Microbiol. 

147: 3215-3229. 



  Chapter Nine: References 

  257 

 

Loprasert, S., Sallabhan, R., Whangsuk, W., and Mongkolsuk, S. (2002) The 

Burkholderia pseudomallei oxyR gene: expression analysis and mutant 

characterisation. Gene 296: 161-169. 

Lu, H., Motley, S.T., and Lory, S. (1997) Interactions of the components of the general 

secretion pathway: Role of Pseudomaonas aeruginosa type IV pilin subunits in 

complex formation and extracellular protein secretion. Mol. Microbiol. 25: 

247-259. 

Lumbiganon, P., Pengsaa, P.K., Puapermpoonsiri, S., and Puapairoj, A. (1988) 

Neonatal melioidosis: a report of 5 cases. Pediatr. Infect. Dis. J. 7: 634-636. 

Madden, T.L., Tatusov, R.L., and Zhang, J.H. (1996) Applications of network BLAST 

server. Methods Enzymol. 266: 131-141. 

Manning, P.A. (1997) The tcp gene cluster of Vibrio cholerea. Gene 192: 63-70. 

Manson-Bahr, P.E.C., and Bell, D.R. (1987) Manson's tropical diseases. London: 

Baillière Tindall. 

Marchler-Bauer, A., and Bryant, S.H. (2004) CD-Search: protein domain annotations 

on the fly. Nucleic Acids Res. 32: 327-331. 

Martin, P.R., Watson, A.A., McCaul, T.F., and Mattick, J.S. (1995) Characterization of 

a five-gene cluster required for the biogenesis of type 4 fimbriae in Pseudomonas 

aeruginosa. Mol. Microbiol. 16: 497-508. 

Maruyama, N., Ishigami, A., and Kondo, Y. (2005) Molecular abnormality in aging: its 

contribution to clinical pathology. Rinsho Byori 53: 728-734. 

Mattick, J.S. (2002) Type IV pili and twitching motility. Annu. Rev. Microbiol. 56: 

289-314. 

Mays, E.E., and Ricketts, E.A. (1975) Melioidosis: recrudescence associated with 

bronchogenic carcinoma twenty-six years following initial geographic exposure. 

Chest 68: 261-263. 



  Chapter Nine: References 

  258 

 

McCormick, J.B., Sexton, D.J., McMurray, J.G., Carey, E., Hayes, P., and Feldman, 

R.A. (1975) Human-to-human transmission of Pseudomonas pseudomallei. Ann. 

Intern Med. 83: 512-513. 

Meghji, S., Crean, S.J., Hill, P.A., Sheikh, M., Nair, S.P., Heron, K., Henderson, B., 

Mawer, E.B., and Harris, M. (1998) Surface-associated protein from 

Staphylococcus aureus stimulates osteoclastogenesis: possible role in S. 

aures-induced bone-pathology. Br. J. Rheumatol. 37: 1095-1101. 

Meresse, S., Steele-Mortimer, O., Moreno, E., Desjardins, M., Finlay, B., and Gorvel, 

J.P. (1999) Controlling the maturation of pathogen-containing vacuoles: a matter 

of life and death. Nat. Cell Biol. 1: E183-E188. 

Miller, M.B., and Bassler, B.L. (2001) Quorum sensing in bacteria. Annu. Rev. 

Microbiol. 55: 165-199. 

Milton, D.L., O'Toole, R., Horstedt, P., and Wolf-Watz, H. (1996) Flagellin A is 

essential for the virulence of Vibrio anguillarum. J. Bacteriol. 178: 1310-1319. 

Misawa, H., and Yamaguchi, M. (2000) The gene of Ca2+-binding protein regucalcin 

is highly conserved in vertebrate species. Int. J. Mol. Med. 6: 191-196. 

Misawa, H., Inagaki, S., and Yamaguchi, M. (2001) Suppression of cell proliferation 

and deoxyribonucleic acid synthesis in the cloned rat hepatoma H4-II-E cells 

overexpressing regucalcin. J. Cell. Biochem. 84: 143-149. 

Miyagi, K., Kawakami, K., and Saito, A. (1997) Role of reactive nitrogen and oxygen 

intermediates in gamma interferon-stimulated murine macrophage bactericidal 

activity against Burkholderia pseudomallei. Infect. Immun. 65: 4108-4113. 

Mohamadzadeh, M., Poltorak, A.N., Bergstressor, P.R., Beutler, B., and Takashima, A. 

(1996) Dendritic cells produce macrophage inflammatory protein-1gamma, a new 

member of the CC chemokine family. J. Immunol. 156: 3102-3106. 



  Chapter Nine: References 

  259 

 

Moore, R.A., DeShazer, D., Reckseidler, S., Weissman, A., and Woods, D.E. (1999) 

Efflux-mediated aminoglycoside and macrolide resistance in Burkholderia 

pseudomallei. Antimicrob. Agents Chemother. 43: 465-470. 

Morris, C., Tam, C.K.P., Wallis, T.S., Jones, P.W., and Hackett, J. (2003a) Salmonella 

enterica serovar Dublin strains which are Vi antigen-positive use type IVB pili 

for bacterial self-association and human intestinal cell entry. Microb. Pathog. 35: 

279-284. 

Morris, C., Yip, C.M.C., Tsui, I.S.M., Wong, D.K.-H., and Hackett, J. (2003b) The 

shufflon of Salmonella enterica serovar Typhi regulates type IVB pilus-mediated 

bacterial self-association. Infect. Immun. 71: 1141-1146. 

Munckhof (2001) Fatal human melioidosis acquired in a subtropical Australian city. 

Am. J. Trop. Med. Hyg. 65: 325-328. 

Najdenski, H., Kussovski, V., and Vesselinova, A. (2004) Experimental Burkholderia 

pseudomallei infection of pigs. J. Vet. Med. 51: 225-230. 

Nicholson, G.C., Moseley, J.M., Sexton, P.M., Mendelsohn, F.A., and Martin, T.J. 

(1986) Abundant calcitonin receptors in isolated rat osteoclasts. Biochemical and 

autoradiographic characterization. J Clin Invest 78: 355–360. 

Nigg, C., Heckly, R.J., and Colling, M. (1955) Toxin produced by Malleomyces 

pseudomallei. Proc. Soc. Exp. Biol. Med. 89: 17-20. 

Nika, J.R., Latimer, J.L., Ward, C.K., Blick, R.J., Wagner, N.J., Cope, L.D., Mahairas, 

G.G., Munson, J., R. S., and Hansen, E.J. (2002) Haemophilus ducreyi requires 

the flp gene cluster for microcolony formation in vitro. Infect. Immun. 70: 

2965-2975. 

Nunn, D.N., Bergman, S., and Lory, S. (1990) Products of three accessory genes, pilB, 

pilC, and pilD, are required for biogenesis of Pseudomonas aeruginosa pili. J. 

Bacteriol. 172: 2911-2919. 



  Chapter Nine: References 

  260 

 

Okamatsu, Y., Kim, D., Battaglino, R., Sasaki, H., Spate, U., and Stashenko, P. (2004) 

MIP-1gamma promotes receptor activator of NF-kB ligand-induced osteoclast 

formation and survival. J. Immunol. 173: 2084-2090. 

Omura, M., and Yamaguchi, M. (1999) Regulation of protein phosphatase activity by 

regucalcin localization in rat liver nuclei. J. Cell. Biochem. 75: 437-445. 

O'Quinn, A.L., Wiegand, E.M., and Jeddeloh, J.A. (2001) Burkholderia pseudomallei 

kills the nematode Caenorhabditis elegans using an endotoxin-mediated 

paralysis. Cell. Microbiol. 3: 381-393. 

O'Toole, G., Kaplan, H.B., and Kolter, R. (2000) Biofilm formation as microbial 

development. Annu. Rev. Microbiol. 54: 49-79. 

O'Toole, G.A., and Kolter, R. (1998) Flagella and twitching motility are necessary for 

Pseudomonas aeruginosa biofilm development. Mol. Microbiol. 30: 295-304. 

Penfold, R.J., and Pemberton, J.M. (1992) An improved suicide vector for the 

construction of chromosomal insertion mutations in bacteria. Gene 118: 145-146. 

Percheron, G., Thibault, F., Paucod, J.-C., and Vidal, D. (1995) Burkholderia 

pseudomallei requires Zn
2+
 for optimal exoprotease production in chemically 

defined media. Appl. Environ. Microbiol. 61: 3151-3153. 

Piggott, J.A., and Hochholzer, L. (1970) Human melioidosis: a histopathologic study of 

acute and chronic melioiodosis. Arch. Pathol. 90: 101-111. 

Planet, P.J., Kachlany, S.C., Fine, D.H., DeSalle, R., and Figurski, D.H. (2003) The 

widespread colonization island of Actinobacillus actinomycetemcomitans. Nat. 

Genet. 34: 193-198. 

Pondel, M. (2000) Calcitonin and calcitonin receptors: bone and beyond. Int. J. Exp. 

Path. 81: 405-422. 



  Chapter Nine: References 

  261 

 

Pruksachartvuthi, S., Aswapokee, N., and Thankerngpol, K. (1990) Survival of 

Pseudomonas pseudomallei in human phagocytes. J. Med. Microbiol. 31: 

109-114. 

Punyagupta, S. (1989) Melioidosis. Review of 686 cases and presentation of a new 

clinical classification. In Melioidosis. Punyagupta, S., Sirisanthana, T. and 

Stapatayavong, B. (eds). Bangkok: Bangkok Medical Publisher, pp. 217-229. 

Puthucheary, S.D. (1994) The laboratory diagnosis of melioidosis. In Melioidosis: 

prevailing problems and future directions. Puthucheary, S.D. and Malik, Y.A. 

(eds). Kuala Lumpur: Malaysian Society of Infectious Diseases and 

Chemotherapy. 

Rainbow, L., Hart, C.A., and Winstanley, C. (2002) Distribution of type III secretion 

gene clusters in Burkholderia pseudomallei, Burkholderia thailandensis and 

Burkholderia mallei. J. Med. Microbiol. 51: 374-384. 

Ralph, A., McBride, J., and Currie, B. (2004) Transmission of Burkholderia 

pseudomallei via breast milk in northern Australia. Pediatr. Infect. Dis. J. 23: 

1169-1171. 

Reckseidler, S.L., DeShazer, D., Sokol, P.A., and Woods, D.E. (2001) Detection of 

bacterial virulence genes by subtractive hybridization: Identification of capsular 

polysaccharide of Burkholderia pseudomallei as a major virulence determinant. 

Infect. Immun. 69: 34-44. 

Reed, L.J., and Muench, H. (1938) A simple method of estimating fifty per cent 

endpoints. Am. J. Hyg. 27: 493-497. 

Register, K.B., and Ackermann, M.R. (1997) A highly adherent phenotype associated 

with virulent Bvg
+
 -phase swine isolates of Bordetella bronchiseptica grown 

under modulating conditions. Infect. Immun. 65: 5295-5300. 



  Chapter Nine: References 

  262 

 

Reisner, A., Hoiby, N., Tolker-Nielsen, T., and Molin, S. (2005) Microbial 

pathogenesis and biofilm development. ContriB. Microbiol. 12: 114-131. 

Rimington, R.A. (1962) Melioidosis in Northern Queensland. Med. J. Aust. 1: 50-53. 

Rosenshine, I., Ruschkowski, S., and Finlay, B.B. (1994) Inhibitors of cytoskeletal 

function and signal transduction to study bacterial invasion. Methods Enzymol. 

236: 467-476. 

Rowbotham, T. (1980) Preliminary report on the pathogenicity of Legionella 

pneumophila for freshwater and soil amoebae. J. Clin. Pathol. 33: 1179-1183. 

Rutherford, K., Parkhill, J., Crook, J., Horsenell, T., Rice, P., Rajandream, M.-A., and 

Barrel, B. (2000) Artemis: sequence visualization and annotation. Bioinformatics 

16: 944-945. 

Sakai, D., and Komano, T. (2002) Genes required for plasmid R64 thin pilus 

biogenesis: identification and localization of products of the pilK, pilM, pilO, 

pilP, pilR and pilT genes. J. Bacteriol. 184: 444-451. 

Salmond, G.P.C., and Reeves, P.J. (1993) Membrane traffic wardens and protein 

secretion in Gram-negative bacteria. Trends Biochem. Sci. 18: 7-12. 

Sanford, J.P. (1990) Pseudomonas species (including melioidosis and glanders). In 

Principles and Practice of Infectious Diseases. Mandell, G.L., Douglas Jr, R.G. 

and Bennett, J.E. (eds). New York: Churchill Livingstone, pp. 1692-1696. 

Santiago, N.I., Zipf, A., and Bhunia, A.K. (1999) Influence of temperature and growth 

phase on expression of a 104-kilodalton Listeria adhesion protein in Listeria 

monocytogenes. Appl. Environ. Microbiol. 65: 2765-2769. 

Schelch, W.F., Turchik, J.B., Westlake, R.E., Klein, G.C., Band, J.D., and Weaver, 

R.E. (1981) Laboratory-acquired infection with Pseudomonas pseudomallei 

(melioidosis). N. Eng. J. Med. 305: 1133-1135. 



  Chapter Nine: References 

  263 

 

Schreiner, H.C., Sinatra, K., Kaplan, J.B., Furgang, D., Kachlany, S.C., Planet, P.J., 

Perez, B.A., Figurski, D.H., and Fine, D.F. (2003) Tight-adherence genes of 

Actinobacillus actinomycetemcomitans are required for virulence in a rat model. 

Proc. Natl. Acad. Sci. U.S.A. 100: 7295-7300. 

Seethala, R.R., Goldblum, J.R., Hicks, D.G., Lehman, M., Khurana, J.S., Pasha, T.L., 

and Zhang, P.J. (2004) Immunohistochemical evaluation of 

microphthalmia-associated transcription factor expression in giant cell lesions. 

Mod. Pathol. 17: 1491-1496. 

Semmler, A.B., Whitchurch, C.B., and Mattick, J.S. (1999) A re-examination of 

twitching motility in Pseudomonas aeruginosa. Microbiol. 145: 2863-2873. 

Sexton, M.M., Jones, A.L., Chaowagul, W., and Woods, D.E. (1994) Purification and 

characterisation of a protease from Pseudomonas pseudomallei. Can. J. 

Microbiol. 40: 903-910. 

Shimokawa, N., and Yamaguchi, M. (1993) Molecular cloning and sequencing of the 

cDNA coding for a calcium-binding protein regucalcin from rat liver. FEBS Lett. 

327: 251-255. 

Shine, J., and Dalgarno, L. (1974) The 3'-terminal sequence of Escherichia coli 16S 

ribosomal RNA: complementary to nonsense triplets and ribosome binding sites. 

Proc. Natl. Acad. Sci. U.S.A. 71: 1342-1346. 

Sirikulchayanonta, V., and Subhadrabandhu, T. (1994) Another etiology of 

granulomatous osteomyelitis. Report of 2 cases. Clin. Orthop. Relat. Res. 308: 

183-186. 

Sirisinha, S., Anuntagool, N., Dharakul, T., Ekpo, P., Wongratanacheewin, S., 

Naigowit, P., Petchclai, B., Thamlikitkul, V., and Suputtamongkol, Y. (2000) 

Recent developments in laboratory diagnosis of melioidosis. Acta Trop. 74: 

235-245. 



  Chapter Nine: References 

  264 

 

Skerker, J.M., and Shapiro, L. (2000) Idenitification and cell cycle control of a novel 

pilus system in Caulobacter crescentus. EMBO J. 19: 3223-3234. 

Skorupski, K., and Taylor, R.K. (1997) Control of the ToxR virulence regulon in Vibrio 

cholerae by environmental stimuli. Mol. Microbiol. 25: 1003-1009. 

Smith, C.J., Allen, J.C., Embi, M.N., Othman, O., Razak, N., and Ismail, G. (1987) 

Human melioidosis: An emerging medical problem. Mircen J. 3: 343-366. 

Smith, M.P., Laws, T.R., Atkins, T.P., Oyston, P.C.F., de Pomerai, D.I., and Titball, 

R.W. (2002) A liquid-based method for the assessment of bacterial pathogenicity 

using the nematode Caenorhabditis elegans. FEMS Microbiol. Lett. 210: 181–

185. 

Sommer, J.M., and Newton, A. (1989) Turning off flagellum rotation requires the 

plietropic gene pleD: pleA, pleC, and pleD define two morphogenic pathways in 

Caulobacter crescentus. J. Bacteriol. 171: 392-401. 

Song, Y., Xie, C., Ong, Y.-M., Gan, Y.-H., and Chua, K.L. (2005) The BpsIR 

quorum-sensing system of Burkholderia pseudomallei. J. Bacteriol. 187: 

785-790. 

Sookpranee, M., Boonma, P., Bhuripanyo, K., and al, e. (1989) Melioidosis at 

Srinagarind Hospital. In Melioidosis. Punyagupta, S., Sirisanthana, T. and 

Stapatayavong, B. (eds). Bangkok: Bangkok Medical Publisher, pp. 34-47. 

Srimanote, P., Paton, A.W., and Paton, J.C. (2002) Characterization of a novel type IV 

pilus locus encoded on the large plasmid of locus of enterocyte 

effacement-negative shiga-toxigenic Escherichia coli strains that are virulent for 

humans. Infect. Immun. 70: 3094-3100. 

St. Geme III, J.W., Falkow, S., and Barenkamp, S.J. (1993) High-molecular weight 

proteins of nontypeable Haemophilus influenzae mediate attachment to human 

epithelial cells. Proc. Natl. Acad. Sci. U.S.A. 90: 2875-2879. 



  Chapter Nine: References 

  265 

 

St. Geme III, J.W., Cutter, D., and Barenkamp, S.J. (1996) Characterization of the 

genetic locus encoding Haemophilus influenzae type b surface fibrils. J. 

Bacteriol. 178: 6281-6287. 

Stanton, A.T., and Fletcher, W. (1921) Melioidosis, a new disease of the tropics. Trans. 

Fourth Congr. Far East Assoc. Trop. Med. 2: 196-198. 

Stanton, A.T., and Fletcher, W. (1932) Melioidosis. In Studies from the Institute for 

Medical Research, Federated Malay States London: John Bale and Danielson 

Ltd, pp. 21. 

Stevens, M.P., Wood, M.W., Taylor, L.A., Monaghan, P., Hawes, P., Jones, P.W., 

Wallis, T.S., and Galyov, E.E. (2002) An Inv/Mxi-Spa-like type III protein 

secretion system in Burkholderia pseudomallei modulates intracellular behaviour 

of the pathogen. Mol. Microbiol. 46: 649-659. 

Stevens, M.P., Friebel, A., Taylor, L.A., Wood, M.W., Brown, P.J., Hardt, W., and 

Galyov, E.E. (2003) A Burkholderia pseudomallei type III secreted protein, 

BopE, facilitates bacterial invasion of epithelial cells and exhibits guanine 

nucleotide exchange factor activity. J. Bacteriol. 185: 4992-4996. 

Stevens, M.P., and Galyov, E.E. (2004) Exploitation of host cells by Burkholderia 

pseudomallei. Int. J. Med. Microbiol. 293: 549-555. 

Stevens, M.P., Haque, A., Atkins, T., Hill, J., Wood, M.W., Easton, A., Nelson, M., 

Underwood-Fowler, C., Titball, R.W., Bancroft, G.J., and Galyov, E.E. (2004) 

Attenuated virulence and protective efficacy of a Burkholderia pseudomallei bsa 

type III secretion mutant in murine models of melioidosis. Microbiol. 150: 

2669-2676. 

 

 



  Chapter Nine: References 

  266 

 

Stevens, M.P., Stevens, J.M., Jeng, R.L., Taylor, L.A., Wood, M.W., Hawes, P., 

Monaghan, P., Welch, M.D., and Galyov, E.E. (2005) Identification of a bacterial 

factor required for actin-based motility of Burkholderia pseudomallei. Mol. 

Microbiol. 56: 40-53. 

Stover, C.K., Pham, X.Q., Erwin, A.L., Mizoguchi, S.D., Warrener, P., Hickey, M.J., 

Brinkman, F.S., Hufnagle, W.O., Kowalik, D.J., Lagrou, M., Garber, R.L., 

Goltry, L., Tolentino, E., Westbrock-Wadman, S., Yuan, Y., Brody, L.L., 

Coulter, S.N., Folger, K.R., Kas, A., K., L., Lim, R., Smith, K., Spencer, D., 

Wong, G.K., Wu, Z., and Paulsen, I.T. (2000) Complete genome sequence of 

Pseudomonas aeruginosa PA01, an opportunistic pathogen. Nature 406: 959-964. 

Strauss, J.M., Groves, M.G., Mariappan, M., and Ellison, D.W. (1969) Melioidosis in 

Malaysia. II. Distribution of Pseudomonas pseudomallei in soil and surface 

water. Am. J. Trop. Med. Hyg. 18: 698-702. 

Strom, M.S., Bergman, P., and Lory, S. (1993a) Identification of active-site cysteines in 

the conserved domain of PilD, the bifunctional type IV pilin leader 

peptidase/N-methyltransferase of Pseudomonas aeruginosa. J. Biol. Chem. 268: 

15788-15794. 

Strom, M.S., and Lory, S. (1993) Structure-function and biogenesis of the type IV pili. 

Annu. Rev. Microbiol. 47: 565-596. 

Strom, M.S., Nunn, D.N., and Lory, S. (1993b) A single bifunctional enzyme, PilD, 

catalyzes cleavage and N-methylation of proteins belonging to the type IV pilin 

family. Proc Natl Acad Sci U S A 90: 2404-2408. 

Stutzenberger, F.J. (1992) Interferance of the detergent Tween 80 in protein assays. 

Anal. Biochem. 207: 249-254. 

Sulston, J., and Hodgkin, J. (1988) The nematode Caenorhabditis elegans. Cold Spring 

Harbor: Cold Spring Harbor Laboratory Press. 



  Chapter Nine: References 

  267 

 

Sun, G.W., Lu, J., Pervaiz, S., Cao, W.P., and Gan, Y.-H. (2005) Caspase-1 dependent 

macrophage death induced by Burkholderia pseudomallei. Cell. Microbiol. 7: 

1447-1458. 

Suparak, S., Kespichayawattana, W., Haque, A., Easton, A., Damnin, S., 

Lertmemongkolchai, G., Bancroft, G.J., and Korbsrisate, S. (2005) 

Multinucleated giant cell formation and apoptosis in infected host cells is 

mediated by Burkholderia pseudomallei type III secretion protein BipB. J. 

Bacteriol. 187: 6556-6560. 

Suputtamongkol, Y., Hall, A.J., Dance, D.A., Chaowagul, W., Rajchanuvong, A., 

Smith, M.D., and White, N.J. (1994) The epidemiology of melioidosis in Ubon 

Ratchatani, northeast Thailand. Int. J. Epidemiol. 23: 1082-1090. 

Takahashi, H., and Yamaguchi, M. (2000) Stimulatory effect of regucalcin on 

ATP-dependent Ca(2+) uptake activity in rat liver mitochondria. J. Cell. 

Biochem. 78: 121-130. 

Tan, M.W., Rahme, L.G., Sternburg, J.A., Tomkins, R.G., and Ausubel, F.M. (1999) 

Pseudomonas aeruginosa killing of Caenorhabditis elegans used to identify P. 

aeruginosa virulence factors. Proc. Natl. Acad. Sci. U.S.A. 96: 2408-2413. 

Tan, P., and Gan, Y. (2002) The use of animal infection models to study the 

pathogenesis of melioidosis and glanders. Trends Microbiol. 10: 484-485. 

Tanphaichitra, D. (1989) Tropical disease in the immunocompromised host: 

melioidosis and pythiosis. Rev. Infect. Dis. 11: S1629-S1643. 

Taweechaisupapong, S., Kaewpa, C., Arunyanart, C., Kanla, P., Homchampa, P., 

Sirishna, S., Proungvitaya, T., and Wongratanacheewin, S. (2005) Virulence of 

Burkholderia pseudomallei does not correlate with biofilm formation. 

Microb. Pathog. 3: 77-85. 



  Chapter Nine: References 

  268 

 

Taylor, P.R.P., Emonson, D.L., and Schlimmer, J.E. (1998) Operation Shaddock - the 

Australian Defence Force response to the tsunami disaster in Papua New Guinea. 

Med. J. Aust. 169: 602-606. 

Teitelbaum, S. (2000) Bone resorption by osteoclasts. Science 289: 1504-1508. 

Theill, L.E., Boyle, W.J., and Penninger, J.M. (2002) RANK-L and RANK: Tcells, 

bone loss, and mammalian evolution. Ann. Rev. Immunol. 20: 795-823. 

Thomas, R., and Brooks, T. (2004) Common oligosachharide moities inhibit the 

adherence of typical and atypical respiratory pathogens. J. Med. Microbiol. 53: 

833-840. 

Thompson, J.D., Higgins, J.D., and Gibson, T.J. (1994) CLUSTAL W: improving the 

sensitivity of progressive multiple sequence alignment through sequence 

weighting, position-specific gap penalties and weight matrix choice. Nucleic  

Acids Res. 22: 4673-4680. 

Ton-That, H., and Schneewind, O. (2004) Assembly of pili in Gram-positive bacteria. 

Trends Microbiol. 12: 228-234. 

Ulrich, R.L., DeShazer, D., Brueggemann, E.E., Hines, H.B., Oyston, P.C., and 

Jeddeloh, J.A. (2004) Role of quorum sensing in the pathogenicity of 

Burkholderia pseudomallei. J. Med. Microbiol. 53: 1053-1064. 

Utaisincharoen, P., Tangthawornchaikul, N., Kespichayawattana, W., Chaisuriya, P., 

and Sirisinha, S. (2001) Burkholderia pseudomallei interferes with inducible 

nitric oxide synthase (iNOS) production: a possible mechanism of evading 

macrophage killing. Microbiol. Immunol. 45: 307-313. 

Utaisincharoen, P., Kespichayawattana, W., Anuntagool, N., Chaisuriya, P., 

Pichyangkul, S., Krieg, A.M., and Sirisinha, S. (2003) CpG ODN enhances 

uptake of bacteria by mouse macropahges. Clin. Exp. Immunol. 132: 70-75. 



  Chapter Nine: References 

  269 

 

Valade, E., Thibault, F.M., Gauthier, Y.P., Palencia, M., Popoff, M.Y., and Vidal, D.R. 

(2004) The PmlI-PmlR quorum sensing system in Burkholderia pseudomallei 

plays a key role in virulence and modulates production of the MprA protease. J. 

Bacteriol. 186: 2288-2294. 

van der Geize, R., Hessels, G.I., van Gerwen, R., van der Meijden, P., and Dijkhuizen, 

L. (2001) Unmarked gene deletion mutagenesis of kstD, encoding 3-ketosteroid 

delta1-dehydrogenase, in Rhodococcus erythropolis SQ1 using sacB as 

counter-selectable marker. FEMS Microbiol. Lett. 205: 197-202. 

Vignery, A. (2000) Osteoclasts and giant cells: macrophage-macrophage fusion 

mechanism. Int. J. Exp. Path. 81: 291-304. 

Viollier, P.H., Sternheim, N., and Shapiro, L. (2002) A dynamically localized histidine 

kinase controls the asymmetric distribution of polar pili proteins. EMBO J. 21: 

4420-4428. 

Vorachit, M., Lam, K., Jayanetra, P., and Costerton, J.W. (1993) Resistance of 

Pseudomaonas pseudomallei growing as a biofilm on silastic discs to ceftazidime 

and co-trimoxazole. Antimicrob. Agents Chemother.: 2000-2002. 

Vorachit, M., Lam, K., Jayanetra, P., and Costerton, J.W. (1995) Electron microscopy 

study of the mode of growth of Pseudomonas pseudomallei in vitro and in vivo. J. 

Trop. Med. Hyg. 98: 379-391. 

Wang, G., Blakesley, R.W., Berg, D.E., and Berg, C.M. (1993) pDUAL: a 

transposon-based cosmid cloning vector for generating nested deletions and DNA 

sequencing templates in vivo. Proc. Natl. Acad. Sci. U.S.A. 90: 7874-7878. 

Wang, Y., and Chen, C. (2005) Mutation analysis of the flp operon in Actinobacillus 

actinomycetemcomitans. Gene 351: 61-71. 



  Chapter Nine: References 

  270 

 

Wang, Y., Liu, A., and Chen, C. (2005) Genetic basis for conversion of 

rough-to-smooth  colony morphology in Actinobacillus actinomycetemcomitans. 

Infect. Immun. 73: 3749-3753. 

Warawa, J., and Woods, D.E. (2005) Type III secretion system cluster 3 is required for 

maximal virulence of Burkholderia pseudomallei in a hamster infection model. 

FEMS Microbiol. Lett. 242: 101-108. 

Whitchurch, C.B., Hobbs, M., Livingston, S.P., Krishnapillai, V., and Mattick, J.S. 

(1991) Characterisation of a Pseudomonas aeruginosa twitching motility gene 

and evidence for a specialised protein export system widespread in eubacteria. 

Gene 101: 33-44. 

White, N.J., Chaowagul, W., Wuthiekanun, V., Dance, D.A.B., Wattanagoon, Y., and 

Pitakwatchara, N. (1989) Halving of mortality of severe melioidosis by 

ceftazidime. Lancet 8665: 697-701. 

White, N.J. (2003) Melioidosis. Lancet 361: 1715-1722. 

Whitmore, A., and Krishnaswami, C.S. (1912) An account of the discovery of a 

hitherto undescribed infective disease occurring among the population of 

Rangoon. Indian Med. Gaz. 47: 262-267. 

Whitmore, A. (1913) An account of a glanders-like disease occurring in Rangoon. J. 

Hyg. 13: 135. 

Winstanley, C., Hales, B.A., and Hart, C.A. (1999) Evidence for the presence in 

Burkholderia pseudomallei of a type III secretion system-associated gene cluster. 

J. Med. Microbiol. 48: 649-656. 

Wong, K.T., Puthucheary, S.D., and Vadivelu, J. (1995) The histopathology of human 

melioidosis. Histopathol. 26: 51-55. 



  Chapter Nine: References 

  271 

 

Woods, D.E., Straus, D.C., Johanson, W.G.J., Berry, V.K., and Bass, J.A. (1980) Role 

of pili in adherence of Pseudomonas aeruginosa to mammalian buccal epithelial 

cells. Infect. Immun. 29: 1146-1151. 

Woods, D.E., Jones, A.L., and Hill, P.J. (1993) Interaction of insulin with 

Pseudomonas pseudomallei. Infect. Immun. 61: 4045-4050. 

Woods, D.E., DeShazer, D., Moore, R.A., Brett, P.J., Burtnick, M.N., Reckseidler, 

S.L., and Senkiw, M.D. (1999) Current studies on the pathogenesis of 

melioidosis. Microb. Infect. 2: 157-162. 

Woods, D.E. (2002) The use of animal infection models to study the pathogenesis of 

melioidosis and glanders. Trends Microbiol. 10: 483-484. 

Yagi, M., Miyamoto, T., Sawatani, Y., Iwamoto, K., Hosogane, N., Fujita, N., Morita, 

K., Ninomiya, K., Suzuki, T., Miyamoto, K., Oike, Y., Takeya, M., Toyama, Y., 

and Suda, T. (2005) DC-STAMP is essential for cell-cell fusion in osteoclasts and 

foreign body giant cells. J. Exp. Med. 203: 345–351. 

Yamaguchi, M., and Yamamoto, T. (1978) Purification of calcium binding substance 

from soluble fraction of normal rat liver. Chem. Pharm. Bull. 26: 1915-1918. 

Yamaguchi, M. (1992) A Novel Ca2+-binding protein regucalcin and calcium 

inhibition: regulatory role in liver function. In Calcium Inhibition. Kohama, K. 

(ed). Tokyo: Japan Sci Soc Press, pp. 19-41. 

Yamaguchi, M., and Kanayama, Y. (1996) Calcium-binding protein regucalcin inhibits 

deoxyribonucleic acid (DNA) synthesis in the nuclei of regenerating rat liver. 

Mol. Cell. Biochem. 162: 121-126. 

Yamaguchi, M., and Ueoka, S. (1997) Inhibitory effect of calcium-binding protein 

regucalcin on ribonucleic acid synthesis in isolated rat liver nuclei. Mol. Cell. 

Biochem. 173: 169-175. 



  Chapter Nine: References 

  272 

 

Yamaguchi, M., and Uchiyama, S. (2005) Regucalcin stimulates osteoclast-like cell 

formation in mouse marrow cultures. J. Cell. Biochem. 94: 794-803. 

Yang, H.M., Chaowagul, W., and Sokol, P.A. (1991) Siderophore production by 

Pseudomonas pseudomallei. Infect. Immun. 59: 776-780. 

Yao, R., Burr, D.H., Doig, P., Trust, T.J., Niu, H., and Guerry, P. (1994) Isolation of 

motile and non-motile insertional mutans of Campylobacter jejuni: the role of 

motility in adherence and invasion of eukaryotic cells. Mol. Microbiol. 14: 

883-893. 

Yip, K.H.M., Zheng, M.H., Feng, H.T., Steer, J.H., Joyce, D.A., and Xu, J. (2004) 

Sesquiterpene lactone parthenolide blocks lipopolysaccharide-induced osteolysis 

through the suppression of NF-kB activity. J. Biol. Chem. 279: 13984-13992. 

Yoshida, T., Furuya, N., Ishikura, M., Isobe, T., Haino-Fukushima, K., Ogawa, T., and 

Komano, T. (1998) Purification and characterization of thin pili of IncI1 plasmids 

ColIb-P9 and R64: formation of PilV-specific cell aggregates by type IV pili. J. 

Bacteriol. 180: 2842-2848. 

Zaidi, M., Blair, H.C., Moonga, B.S., Abe, E., and Huang, C.L.-H. (2003) 

Osteoclastogenesis, bone resorption, and osteoclast-based therapeutics. J. Bone 

Miner. Res. 18: 599-609. 

Zhang, X.-L., Tsui, I.S.M., Yip, C.M.C., Fung, A.W.Y., Wong, D.K.-H., Dai, X., 

Yang, Y., Hackett, J., and Morris, C. (2000) Salmonella enterica serovar Typhi 

uses type IVB pili to enter human intestinal epithelial cells. Infect. Immun. 68: 

3067-3073. 

 



   

  273 

 

Appendix I: 

Research papers published and prepared during candidature 

 

Brown, N.F., Boddey, J.A., Flegg, C.P., and Beacham, I.R. (2002) Adherence of 

Burkholderia pseudomallei cells to cultured human epithelial cell lines is 

regulated by growth temperature. Infect. Immun. 70: 974-980. 

Brown, N.F., Logue, C-A., Boddey, J.A., Scott, R. Hirst, R.G., and Beacham, I.R. 

(2004) Identification of a novel two-partner secretion system from Burkholderia 

pseudomallei. Molecular Genetics and Genomics. 272: 204-215. 

Essex-Lopresti, A.E.,* Boddey, J.A.,* Thomas, R., Smith, M.P., Hartley, M.G., Atkins, 

T., Brown, N.F., Tsang, C.H., Peak, I.R.A., Hill, J., Beacham, I.R., and Titball, 

R. W. (2005) A type IV pilin, PilA, contributes to adherence of Burkholderia 

pseudomallei and virulence in vivo. Infect. Immun. 73: 1260-1264. *Co-first 

authors.   

  

Boddey, J.A., Flegg, C.P., Day, C.J., Essex-Lopresti, A.E., Nelson, M., Smither, S.,  

Titball, R.W., Peak, I.R., and Beacham, I.R. (2005). Temperature regulated 

microcolony formation by Burkholderia pseudomallei requires pilA and 

enhances association with cultured human cells. Manuscript in preparation. 

Boddey, J.A., Essex-Lopresti, A. E., Nelson, M., Smither, S., Titball, R.W., Peak,  

I.R., and Beacham, I. R. (2005). Burkholderia pseudomallei type IVA and type 

IVB Flp pili contribute to virulence in vivo. Manuscript in preparation.  

Boddey, J.A.,* Day, C.J.,* Ulrich, R.U., Flegg, C.P., Stephens, S.R.J., DeShazer, D.,  

Beacham, I. R., Morrison, N.A., and Peak, I.R. (2005). Burkholderia 

pseudomallei rapidly modifies eukaryotic in an osteoclastogenesis-like manner: 

role of lfp-1. Manuscript in preparation. *Co-first authors. 


