
 

 

 

Characterising Putative  

Effector Proteins of  

Burkholderia pseudomallei 
 

 

Tanya Mary D’Cruze  

B.Sc. (Biomed.) (Hons.) 

 

A Thesis presented for the degree of  

DOCTOR OF PHILOSOPHY 

December 2011 

 

Department of Biochemistry & Molecular Biology 

Monash University 

Clayton Campus, Melbourne 3800 

Australia 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Education is the most powerful weapon which 
you can use to change the world” 

Nelson Mandela 
 

 

  



 

 

 

 

 

 
Notice 1

 
Under the Copyright Act 1968, this thesis must be used only under the normal 
conditions of scholarly fair dealing. In particular no results or conclusions 
should be extracted from it, nor should it be copied or closely paraphrased in 
whole or in part without the written consent of the author. Proper written 
acknowledgment should be made for any assistance obtained from this thesis.

  

 

 
Notice 2 

 
  

 
I certify that I have made all reasonable efforts to secure copyright permissions 
for third-party content included in this thesis and have not knowingly added 
copyright content to my work without the owner's permission. 



i 
 

Table of Contents 

Table of Contents......................................................................................................................  i 

Summary................................................................................................................................... v 

General Declaration...................................................................................................................x 

Acknowledgements................................................................................................................. xii 

Publications.............................................................................................................................xiv 

Abbreviations and Definitions................................................................................................xv 

CHAPTER 1 INTRODUCTION..............................................................................................1 

 1.1 Burkholderia pseudomallei......................................................................................2 

 1.1.1 Geographical Distribution..............................................................................2 

 1.1.2 Melioidosis.....................................................................................................4 

  1.1.2.1 Clinical Manifestations..........................................................................5 

 1.1.3 Latency.......................................................................................................... 7 

 1.1.4 Incidence & Mortality..............................................................................…. 7 

 1.2 Host Immune Response to Infection........................................................................8 

 1.2.1 Toll-Like Receptors....................................................................................... 8 

 1.2.2 Inflammatory Mediators.................................................................................9 

 1.2.3 Cell-Mediated Immune (CMI) Response.....................................................10 

 1.3 Overview of Life Cycle..........................................................................................10 

 1.4 Type III Secretion System......................................................................................13 

 1.4.1 Type III Secretion System Gene Clusters....................................................13 

 1.4.2 Secretion Apparatus.....................................................................................17 

 1.5 B. pseudomallei Virulence Proteins.......................................................................19 

 1.5.1 Proteins Required for Invasion.....................................................................21 

 1.5.2 Proteins Required for Actin Tail Formation.................................................22 

 1.5.3 Proteins Required for Cell-To-Cell Spread..................................................23 

 1.5.4 Proteins Required for MNGC Formation.....................................................23 

 1.5.5 Proteins Required for Adherence.................................................................24 

 1.6 B. pseudomallei Degradation..................................................................................25 

 1.6.1 Cell Death.....................................................................................................25 

 1.6.2 Delayed Cellular Attach Mechanisms..........................................................25 

 1.6.3 Polysaccharide Capsule................................................................................27 

 1.7 Treatment of B. pseudomallei Infection.................................................................28 



ii 
 

 1.8 Autophagy..............................................................................................................29 

 1.9 Pathogen Defence Against Autophagy...................................................................33 

 1.9.1 Microbial Avoidance of Capture..................................................................34 

 1.9.2 Suppression of Phagosomal Maturation.......................................................34 

 1.9.3 Pathogens Surrendering to Autophagy.........................................................34 

 1.10 Genetic Screening in Yeast of Virulence Effectors..............................................40 

 1.10.1 Growth Inhibition.......................................................................................43 

 1.10.2 Inhibition of Cytoskeletal Function............................................................43 

 1.10.3 Inhibition of DNA Metabolism..................................................................44 

 1.10.4 Inhibition of Membrane Structure & Function...........................................44 

 1.10.5 Inhibition of MAP Kinase Signalling.........................................................45 

 1.10.6 Summary of Bacterial Protein Expression in Yeast...................................45 

 1.10.7 Yeast Vacuoles...........................................................................................47 

 1.10.8 Screening for Mutants Defective in Vacuole Inheritance..........................49 

 1.11 Yeast Trafficking Pathways.................................................................................51 

 1.12 Vacuolar Fusion and Membranes.........................................................................54 

 1.13 Scope and Aim of Study.......................................................................................58 

CHAPTER 2 MATERIALS & METHODS............................................................................61 

 2.1 Strains & Vectors...................................................................................................62 

 2.2 Growth Media.........................................................................................................63 

 2.2.1 Yeast Media..................................................................................................63 

 2.2.2 Bacterial Media............................................................................................65 

 2.3 Molecular Biology Techniques..............................................................................66 

        2.3.1 Construction of B. pseudomallei mutants………………………………….66 

 2.3.2 Complementation of a B. pseudomallei mutant…………………………...67 

 2.3.3 Polymerase Chain Reaction.........................................................................67 

 2.3.4 Agarose Gel Electrophoresis........................................................................69 

 2.3.5 DNA Restriction Digests..............................................................................70 

 2.3.6 DNA Ligation...............................................................................................72 

 2.3.7 DNA Sequencing..........................................................................................72 

2.4 Transformations & Conjugation.............................................................................73 

2.4.1 Chemically Competent E. coli......................................................................73 

2.4.2 E. coli Transformation..................................................................................75 

2.4.3 Chemically Competent S. cerevisiae............................................................75 



iii 
 

2.4.4 S. cerevisiae Transformation........................................................................75 

2.4.5 B. pseudomallei Conjugation........................................................................76 

2.4.6 Resolving Single-Crossover B. pseudomallei Mutants.................................77 

2.5 Analysis of Protein Expression in Yeast................................................................77 

2.5.1 Yeast Whole Cell Lysates..............................................................................77    

2.5.2 Sodium Dodecyl Sulfate-PolyAcrylamide Gel Electrophoresis....................78 

2.5.3 Western Immuno-Blotting & ElectroChemiLuminescence (ECL) 

Detection………………………………………………………………………….78 

2.6 Observing Yeast Organelle Morphology & Turnover............................................79 

2.7 Analysis of Bacterial Growth.................................................................................79 

2.8 Tissue Culture.........................................................................................................80 

2.9 B. pseudomallei Survival Assay.............................................................................80 

2.10 B. pseudomallei Infection Assay..........................................................................81 

2.10.1 Immunofluorescent Labelling.......................................................................82 

2.11 B. pseudomallei Actin-Based...............................................................................83   

   2.11.1 Immunofluorescent Labelling & Actin Staining.......................................83 

2.12 Confocal Laser Scanning Microscope..................................................................84 

2.13 Transmission Electron Microscopy……………………………………………..84  

2.14 Animal Competition Assays.................................................................................85 

2.15 Animal Virulence Assays.....................................................................................86 

CHAPTER 3 SCREENING PUTATIVE BACTERIAL VIRULENCE EFFECTORS IN 

YEAST....................................................................................................................................87 

3.1 Introduction............................................................................................................88  

3.2 Results................................................................................................................... 95 

3.3 Discussion............................................................................................................115  

CHAPTER 4 GENERATING & CHARACTERISING DELETION MUTANTS IN B. 

PSEUDOMALLEI................................................................................................................. 121 

4.1 Introduction..........................................................................................................122  

4.2 Results..................................................................................................................128  

4.3 Discussion........................................................................................................... 153 

CHAPTER 5 ROLE FOR THE BURKHOLDERIA PSEUDOMALLEI TYPE THREE 

SECRETION SYSTEM CLUSTER 1 BpscN GENE IN VIRULENCE...............................157 

5.1 Declaration.......................................................................................................... 158 



iv 
 

5.2 Introduction..........................................................................................................160 

5.3 Publication............................................................................................................161 

CHAPTER 6 CONCLUSION AND FUTURE DIRECTIONS.............................................167 

 6.1 Introduction……………………………………………………………………..168 

 6.2 Insights from expression of B. pseudomallei ORFs in Yeast...............................168 

 6.3 Bacteria Evading Autophagy................................................................................170 

 6.4 LC3-Associated Phagocytosis............................................................................. 173 

 6.5 Ubiquitination...................................................................................................... 177 

 6.6 Advances in B. pseudomallei Cloning................................................................ 181 

 6.7 Concluding Remarks........................................................................................... 182 

APPENDIX PUBLICATION............................................................................................... 183  

REFERENCES...................................................................................................................... 188 

ERRATUM............................................................................................................................199 

 

 

 

 

  



v 
 

Summary 

Burkholderia pseudomallei, the aetiological agent of melioidosis, is classified as a category B 

bioterrorism agent (Stevens et al., 2004) by the United States Centre for Disease Control and 

Prevention.  B. pseudomallei is an aerobic gram-negative saprophytic bacterium (Stevens et 

al., 2002), capable of dwelling in soil, stagnant water and rice paddies (Jones et al., 1996), in 

tropical climates. The bacterium is therefore endemic in parts of Thailand, northern Australia, 

Malaysia, Singapore, Vietnam and Burma (Wiersinga et al., 2006). Melioidosis was first 

described in Burma some 100 years ago (Whitmore and Krishnaswami, 1912). Infection is 

usually acquired through cutaneous inoculation – wounds and existing skin lesions 

(Wiersinga et al., 2006), or by inhalation or aspiration of contaminated water (Harland et al., 

2007).  

 

An epidemiological survey carried out between 1997 and 2006 in north-east Thailand 

estimated the incidence of melioidosis to be 21.31 cases per 100,000, per annum in endemic 

regions, with the mortality rate being 40.5% (Limmathurotsakul et al., 2010). This high 

mortality rate places B. pseudomallei infection as the third most common cause of death in 

north-east Thailand, after HIV/AIDs and tuberculosis (Limmathurotsakul et al., 2010). 

Despite the severity of the disease, there are no available vaccines, and limited antibiotic 

options, as B. pseudomallei exhibits resistance to traditionally used antibiotics. Further study 

into the pathogenesis and virulence of B. pseudomallei is essential in working towards an 

effective therapy for melioidosis.  

 

Several B. pseudomallei virulence factors have been identified, including the capsule, pili, 

flagella, LPS, quorum sensing molecules, and Type Six and Type Three Secretory Systems 
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(T6/T3SS). Similar to other gram-negative bacteria such as Salmonella typhimurium, Shigella 

flexneri and Yersinia enterocolitica, B. pseudomallei employs its TTSS (Sun et al., 2005) to 

translocate virulence effectors into the host cell (Roversi et al., 2007). B. pseudomallei has 

three TTSS gene clusters (designated TTSS1, TTSS2 and TTSS3) each of these clusters is 

present on the small chromosome. Previous work has shown that TTSS1 and TTSS2 are not 

involved in B. pseudomallei virulence in a hamster infection model (Warawa and Woods, 

2005). TTSS3 contains the Burkholderia Secretion Apparatus (bsa) locus which shares 

homology with the S. typhimurium inv/spa/prg TTSS (Sun et al., 2005), and the S. flexneri 

ipa/mxi/spa TTSS (Ogawa and Sasakawa, 2006b).  

 

B. pseudomallei has been shown to invade either non-phagocytic (Stevens and Galyov, 

2004), or phagocytic strains (Kespichayawattana et al., 2000). Prior to host cell invasion, the 

bacterium employs its TTSS3 to inject effector proteins into the host cytoplasm. Within 15 m 

of being phagocytosed into a host cell, bacteria escape from their phagosomes into the host 

cell cytoplasm by lysing the phagosomal membrane using the pre-secreted effector proteins 

(Wiersinga et al., 2006), and continue its infectivity cycle.  

 

Invading bacteria, viruses, fungi and parasites can initiate the autophagic response in 

mammalian cells to eliminate the intracellular pathogens and liberate metabolites that may 

have been utilised during pathogen infection, thus promoting cell survival (Orvedahl and 

Levine, 2008). Following infection, microbes such as B. pseudomallei, Listeria 

monocytogenes and S. flexneri have been found to escape the phagosome and then avoid 

autophagic capture, replicate and spread (Ogawa and Sasakawa, 2006a). 
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The first component of this study was to conduct a literature search to identify virulence 

factors employed by bacteria to escape from their confining phagosomes. Initially, a list of 22 

virulence factors was compiled. Bioinformatic analysis identified five of the corresponding 

22 open reading frames (ORF) as sharing significant homology with a sequence within the   

B. pseudomallei genome, namely: BPSS1531 (bipC), BPSS1532 (bipB), BPSL0670, 

BPSS1394 (bpscN) and BPSS0670. The available reports at that time also identified mutants 

defective in the BPSS1529 (bipD) and BPSS1539 genes as being confined to the phagosome. 

Hence these two genes along with the five above mentioned ORFs were selected for 

characterisation.    

 

Based on reports using yeast to screen for putative bacterial effectors, the initial phase of 

characterisation involved amplification by PCR of each of the seven sequences encoding a   

B. pseudomallei ORF for expression in Saccharomyces cerevisiae. The primary screen was to 

observe any morphological or physiological changes conferred which arise under nutrient 

starvation (autophagic) conditions. Yeast strains also expressed either a cytosolic, 

mitochondrial or nucleus targeted Rosella biosensor. Each biosensor was composed of a    

pH-sensitive variant of green fluorescent protein (GFP) linked to a pH-stable variant of the 

red fluorescent protein, DsRed. When cells are subjected to autophagic conditions, delivery 

of the specific target organelle (for the relevant Rosella biosensor) to the vacuole results in 

accumulation of red fluorescence in the vacuole. The results indicated that each of the           

B. pseudomallei proteins, when expressed in yeast under nutrient starvation, was able to 

produce a multiple vacuolar morphology. The deficiency of red fluorescence in the vacuoles 

during starvation, suggested that the autophagy of cells expressing either the cytosolic or 

mitochondrial of those components was impaired. On the contrary, nucleus uptake during 

starvation, was identified through the accumulation of red fluorescence in the vacuoles. These 
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results suggested that expression of each B. pseudomallei ORF had effects on membrane 

events in yeast cells.  

 

Given their influence on vacuole morphology and organelle turnover in S. cerevisiae, 

inactivation of each of these genes in the B. pseudomallei genome was attempted in order to 

determine any phenotype of mutant bacteria on infection of mammalian cells. Using the 

double cross-over allelic exchange method, three deletion mutants were successfully 

constructed in the B. pseudomallei K96243 strain, namely BPSS1532 (bipB), BPSL0670 and 

BPSS1394 (bpscN). Despite concerted efforts, deletion mutations in the other four genes 

could not be constructed.  

 

The BipB protein is a structural component of the TTSS needle. Using the in vivo relative 

growth assay, the BPSS1532 mutant appeared to be only partially attenuated for virulence in 

mice. Subsequent analysis of bacterial survival and replication in cultured murine RAW264.7 

GFP-LC3 macrophage-like cells showed no significant difference to wild-type bacterium 

over the 6 h infection period. Consistent with this finding, the level of co-localisation 

between mutant bacteria and GFP-LC3 decreased over 6 h essentially in parallel to wild-type 

bacteria. These results suggest that mutant bacteria are able to escape the phagosome and 

evade intracellular killing as efficiently as wild-type bacteria. 

 

BPSL0670 is a putative cation transporter efflux protein. The BPSL0670 deletion mutant was 

also found to be partially attenuated for virulence in BALB/c mice and showed diminished 

survival and replication compared to wild-type bacteria following infection of cells in culture.  
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A two-fold increase in the co-localisation of mutant bacteria with GFP-LC3 at 6 h p.i. 

(compared with wild-type bacteria) correlated with its decreased survival and replication.  

 

BpscN is a putative type three secretion associated protein and a hypothetical ATPase. The 

BPSS1394 – bpscN mutant encoded in TTSS1 was attenuated for virulence in a mouse model 

of infection. Additional studies using cultured RAW264.7 macrophage-like cells showed that 

while mutant bacteria were able to escape from phagosomes, they showed diminished 

survival and replication in RAW264.7 cells, and increased levels of co-localisation with the 

autophagy marker protein LC3.  Complementation data indicated that intracellular survival 

and replication could be restored to about 50% of wild-type levels, confirming that the loss of 

function of bpscN strongly influences survival and replication. Collectively the data provide 

strong evidence that the TTSS1 bpscN gene plays an important role in B. pseudomallei 

pathogenesis. This is the first research crediting the TTSS1 for its role in B. pseudomallei 

virulence and justifies further research into TTSS1 effector proteins.  

 

This research aimed to identify and characterise potential virulence factors involved in the 

escape of B. pseudomallei from the phagosome in host cells. Deletion mutants were 

generated for the BPSS1532, BPSL0670 and BPSS1394 ORFs in the B. pseudomallei 

genome. The BPSS1532 and BPSL0670 mutants were found to be partially attenuated for 

virulence, whilst BPSS1394 was fully attenuated for virulence in the BALB/c melioidosis 

infection model.  
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CHAPTER ONE 

INTRODUCTION 



 

2 

1.1  BURKHOLDERIA PSEUDOMALLEI  

There are over 30 species belonging to the Burkholderia genus, with the most 

pathogenic being B. pseudomallei, B. mallei, and B. cepacia (Wiersinga et al., 2006). 

The ability of B. pseudomallei to invade cells, survive and replicate within 

phagocytes, together with its severe clinical manifestations (Stevens et al., 2004), 

have led to it being classified as a category B bioterrorism agent (Stevens et al., 2004) 

by the United States Centre for Disease Control and Prevention.  

 

 1.1.1 Geographical Distribution 

B. pseudomallei is an aerobic gram-negative saprophytic bacterium (Stevens et al., 

2002) found in tropical climates; capable of dwelling in soil, stagnant water and rice 

paddies (Jones et al., 1996). The bacterium is therefore endemic in parts of Thailand, 

northern Australia, Malaysia, Singapore, Vietnam, Burma (Wiersinga et al., 2006) and 

Indonesia (Figure 1.1 Currie et al., 2008).  
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Figure 1.1: Geographical distribution of B. pseudomallei (Currie et al., 2008). Highly 
endemic areas in south-east Asia and north Australia are highlighted in red. Endemic 
and sporadic areas are graphed in orange and purple respectively.  
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1.1.2 Melioidosis 

B. pseudomallei is the causative agent of melioidosis (Wiersinga et al., 2006), a 

disease which was first described in Burma in 1912 (Whitmore and Krishnaswami, 

1912). More recently, melioidosis has emerged as an infectious disease (Stevens and 

Galyov, 2004) found in humans, sheep, goats and pigs (Wattiau et al., 2007). 

Infection is usually acquired from cutaneous inoculation through wounds and existing 

skin lesions (Wiersinga et al., 2006), or by inhalation of organisms, and aspiration of 

contaminated water (Harland et al., 2007). Since the bacteria is prevalent in tropical 

areas, the occurrence of melioidosis is seasonal – with most cases being reported in 

the rainy season (Wiersinga et al., 2006). Outbreaks are also associated with severe 

weather events such as cyclones and tsunamis (Novak et al., 2006).  

 

In endemic areas where exposure to the bacteria is common, 80% of residents acquire 

antibodies against B. pseudomallei by the age of 4 years (Wiersinga et al., 2006). 

However, one episode of melioidosis does not guarantee future immunity against the 

bacterium as secondary infection is possible (Wiersinga et al., 2006). Those most 

susceptible to the infection also tend to have pre-existing conditions such as diabetes, 

renal insufficiency, cirrhosis, alcoholism or thalassemia (Apisarnthanarak et al., 

2006).  
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1.1.2.1 Clinical Manifestations 

B. pseudomallei is often referred to as the ‘great mimicker’ as the clinical 

manifestations of infection mirror those of other infections and often lead to 

misdiagnosis (Wiersinga et al., 2006). The clinical manifestations most often 

associated with B. pseudomallei infection include septic shock, pulmonary infections 

(Figure 1.2), skin abscesses, benign pulmonitis, acute or chronic pneumonia (Sun et 

al., 2005), pneumonia with septicemia, septic arthritis, prostatic abscess, cerebral 

abscess, meningoencephalitis, encephalomyelitis, suppurative parotitis and 

conjunctival ulcers (Inglis et al., 2006). The onset of acute septicemia, affecting 

organs throughout the body, may result in death within few days of exposure 

(Utaisincharoen et al., 2006).  
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Figure 1.2: A study carried out on patients in Sappasithiprasong Hospital, Thailand, 
between January 1992 and December 2001. Chest radiography data obtained from 
573 melioidosis patients revealed that 88% had chest abnormalities (Veld et al., 
2005). 
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1.1.3 Latency 

B. pseudomallei is a facultative bacterium, capable of surviving in soil and water with 

an altered metabolism for long periods of time (Gan, 2005). The incubation period 

can range from two days to 26 years (Jones et al., 1996). Following infection,           

B. pseudomallei can reside in macrophages for months or years in a dormant stage 

(Jones et al., 1996). The longest reported period between infection and clinical 

manifestations is 62 years (Ngauy et al., 2005).  

 

1.1.4 Incidence and Mortality 

An epidemiological survey carried out between 1997 and 2006 in north-east Thailand 

estimated the incidence of melioidosis to be 21.31 cases per 100,000, per annum in 

endemic regions (Limmathurotsakul et al., 2010). This rate of incidence has 

significantly increased from the 8.0 incidence reported in the year 2000 

(Limmathurotsakul et al., 2010). However, actual numbers may be higher due to 

misdiagnosis, since B. pseudomallei infection can mimic other disorders (Stevens et 

al., 2002). Following the December 26th tsunami in 2004, survivors in Thailand may 

have been at an increased risk of acquiring melioidosis. Phangnga was the worst 

affected of the four Thai provinces by the tsunami - within one day there were 

approximately 1,000 patients admitted to the general hospital with clinical 

manifestations of B. pseudomallei infections (Wuthiekanun et al., 2006). Whilst the 

incidence rate has increased between 1997 to 2006 in north-east Thailand, the 

mortality rate has decreased from 49% in 1997, to 40.5% in 2006 and has been 

attributed to improvements in the standard of medical care provided 

(Limmathurotsakul et al., 2010). Nevertheless, this high mortality rate places            
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B. pseudomallei infection as the third most common cause of death in north-east 

Thailand, after HIV/AIDs and tuberculosis (Limmathurotsakul et al., 2010). 

 

A study carried out by the Royal Darwin Hospital in Australia over a period of 20 

years – commencing in 1989, has also found that the morality rate in melioidosis 

patients decreased, from 30% in the first five years to 9% in the last five years of the 

study (Currie et al., 2010). The decrease in mortality rate in this study also attributed 

to earlier diagnosis and improvements in the intensive care management (Currie et al., 

2010).  

 

 

1.2 HOST IMMUNE RESPONSE TO INFECTION 

The encountering of foreign microbes activates the host’s innate and adaptive immune 

responses. Following B. pseudomallei infection, the wild-type bacterium induces an 

immune response that activates a number of components such as, Toll-Like Receptors 

(TLRs) on monocytes and granulocytes (Wiersinga et al., 2007), T-cells and Natural 

Killer (NK) cells.   

 

1.2.1 Toll-Like Receptors 

B. pseudomallei, like all other foreign organisms has conserved surface motifs termed 

Pathogen-Associated Molecular Patterns (PAMPs). The PAMPs, which generally 

include nucleic acids (CpG, ssRNA, dsRNA), proteins (flagellin), lipids and cell wall 

components (LPS, LipoProteins, PG, MDP, DAP, β-gluc), interact with membrane or 
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cytosolic Pattern Recognition Receptors (PRR) to activate either toll-like receptors 

(TLR), C-type lectin receptors (CLR), retinoic acid-inducible gene 1 (RIG-1)-like 

receptors (RLR) or nucleotide-binding and oligomerisation domain (NOD)-like 

receptors (NLR) (Delgado and Deretic, 2009).  

 

Currently, eleven TLRs have been characterised - TLRs 1, 2, 4, 5 and 6 are associated 

with cell surface and recognise bacterial components, while TLRs 3, 7, 8 and 9 are 

associated with endocytic compartments and recognise viral components (Delgado 

and Deretic, 2009). B. pseudomallei peptidoglycan, LPS, flagellin and DNA, bind to 

TLR2, -4, -5 and -9 respectively (Wiersinga et al., 2006). A study by Wiersinga and 

colleagues (2006) found that monocytes cultured from melioidosis patients had 

increased TLR2 and TLR4 expression (West et al., 2008).  

 

1.2.2 Proinflammatory Mediators 

The establishment of an infection initiates several immune responses, one of which is 

the mass production the pro-inflammatory cytokine interferon (IFN)-γ. The induction 

of IFN-γ aids in the elimination of B. pseudomallei by activating T cells and natural 

killer (NK) cells, thus further promoting the cell-mediated immune response (Lazar 

Adler et al., 2009). Alternatively, the immune response initiated by IFN-γ may be 

reduced through activation of the Suppressor of Cytokine Signalling 3 (SOCS3) by 

cytokines and hormones associated with insulin resistance (Senn et al., 2003) and 

Cytokine-Inducible Src homology 2-containing protein (CIS), thus assisting the 

bacterium to evade intracellular killing in phagocytic cells (Ekchariyawat et al., 

2005). Serum samples derived from patients with melioidosis, also show elevated 
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levels of the pro-inflammatory mediators IL-6, IL15, IFN-γ-inducible protein (IP)-10, 

monokine induced by IFN-γ (Mig), and the anti-inflammatory cytokine IL-10 

(Wiersinga et al., 2006).  

 

 

1.3 OVERVIEW OF LIFE CYCLE   

In in vitro studies, B. pseudomallei has been shown to invade non-phagocytic cells 

such as epithelial cell lines, for example HeLa, CHO, A549 and VERO (Stevens and 

Galyov, 2004), or phagocytic cells such as macrophage cell lines, for example RAW 

264.7 and J774A.1 (Kespichayawattana et al., 2000). The current view is that the 

bacterium constructs a macromolecular structure resembling a hollow syringe to 

traverse the bacterial inner and outer membranes (Zhang et al., 2006) to make contact 

with the host cell membrane. Hydrophilic translocators assist the integration of the 

hydrophobic translocators into the host cell membrane, forming a pore complex 

(Mueller et al., 2008). It is hypothesised that the initial contact of the needle tip with 

the host cell membrane triggers the Type Three Secretion System (TTSS) to secrete 

effector molecules (Mueller et al., 2008) into the host cell prior to infection 

(Burkholderia Secretion Apparatus (Bsa) in Figure 1.3, step a). Within 15 m of being 

phagocytosed into a host cell, B. pseudomallei has been shown to escape from the 

phagosome into the host cell cytoplasm by lysing the phagosomal membrane, using 

the pre-secreted effector proteins (Wiersinga et al., 2006, Figure 1.3b). TTSS is one 

of six types of secretion systems identified in bacteria and used to assist in the 

transport and secretion of effector molecules. There are six copies of the less 
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characterised Type VI Secretion System (T6SS) in B. pseudomallei. Recent findings 

has shown T6SS-1 to be critical for virulence in a hamster model (Chen et al., 2011). 

 

Once present in the host cytoplasm, B. pseudomallei may initiate actin polymerisation 

resulting in membrane protrusion and cell-to-cell spread (Figure 1.3c), producing 

multinucleated giant cells (MNGC) by cell fusion (Figure 1.3d). Alternatively, the 

bacterium may choose to modify the phagocytic compartment and reside dormant in 

the host cell, thereby evading degradation (Wiersinga et al., 2006).  
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Figure 1.3: B. pseudomallei invasion and spread (Wiersinga et al., 2006). A: The 
bacterium employs the Bsa genes to assemble a needle-like structure which is used to 
secrete effector molecules into the host cytoplasm. B: Shortly after being 
phagocytosed into the host cell, the bacterium lysis the phagosomal membrane to 
continue its infectivity. C: The bacterium initiates actin polymerisation to protrude 
into neighbouring cells. D: MNGC are formed between adjacent B. pseudomallei 
infected cells.  
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1.4 TYPE III SECRETION SYSTEM  

The B. pseudomallei genome comprises two chromosomes which have been 

sequenced - a large 4.07 Mb chromosome required for core functions such as cell 

growth and metabolism, and a smaller 3.17 Mb chromosome encoding accessory 

functions such as virulence (Wiersinga et al., 2006). B. pseudomallei has three Type 

Three Secretion System (TTSS) clusters encoded on the small chromosome. Similar 

to other gram-negative bacteria such as S. typhimurium, S. flexneri and                        

Y. enterocolitica, the B. pseudomallei TTSSs (Sun et al., 2005) translocate virulence 

effectors into the host cell (Roversi et al., 2007).  

 

1.4.1 Type III Secretion System Gene Clusters 

The B. pseudomallei TTSS gene clusters (Table 1.1) each contain 16-18 genes 

(Wiersinga et al., 2006). The TTSS1 gene cluster, which was first reported in 1999, is 

also present in the plant pathogen Ralstonia solanacearum, but absent from B. mallei 

and B. thailandensis. TTSS2 is present in R. solanacearum, and the close relatives of 

B. pseudomallei, B. mallei and B. thailandensis (Wiersinga et al., 2006).  
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Table 1.1: TTSS gene clusters of B. pseudomallei  (Warawa and Woods, 2005). TTSS1 encoding the bpscN gene is also present in the 
plant pathogen R. solanacearum. TTSS2 is present in other Burkholderia species. TTSS3 is present in other Burkholderia species and 
contains the Bsa locus.  

 

 



 

15 

B. pseudomallei TTSS3 contains the Burkholderia Secretion Apparatus (Bsa) locus 

which shares homology with the S. typhimurium inv/spa/prg TTSS (Figure 1.4; Sun et 

al., 2005), and the S. flexneri ipa/mxi/spa TTSS (Ogawa and Sasakawa, 2006b). In 

infected hamsters, this cluster has been shown to be necessary to facilitate                  

B. pseudomallei virulence by: assisting in bacterial invasion, escape from phagosomes 

and intercellular spread (Wiersinga et al., 2006). The nomenclature for TTSS3 was 

proposed by Stevens et al. (2004). The nomenclature for the TTSS1 and 2 clusters 

was proposed by Rainbow et al. (2002). In 2005, Warawa and Woods (2005) 

attempted to unify the two different nomenclatures of Rainbow et al. (2002) and 

Stevens et al. (2004), by naming these genes Secretion and Cellular Translocation 

(sct) genes, followed by a subunit identifier to denote their cluster.  
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Figure 1.4: The shaded areas represent regions of homology between B. pseudomallei 
Bsa putative TTSS3 locus and S. typhimurium inv/spa/prg apparatus (Stevens et al., 
2002). The blue, yellow, green and red arrows represent genes encoding the secretion 
apparatus, secretion proteins, transcriptional regulators and chaperones, respectively. 
The white arrows denote genes of unknown functions.  
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1.4.2 Secretion Apparatus 

In order to infect phagocytic and non-phagocytic cells, B. pseudomallei initially 

constructs a macromolecular structure resembling a hollow syringe with a central 

diameter of 2-3nm, to traverse the bacterium inner and outer membranes (Zhang et al., 

2006). The needle is composed of a single type of protein, BsaL, that is polymerised 

in a helical fashion (Zhang et al., 2006). Figure 1.5 illustrates a proposed model 

structure of the B. pseudomallei needle complex. Bacterial secretion through the 

needle is activated when contact is made between the tip of the needle and the host 

cell membrane, triggering the TTSS to secrete effector molecules (Mueller et al., 

2008). The proteins involved in this pore production are a subset of type three 

secretion (TTS) proteins, termed ‘translocators’, which inoculate other TTS ‘effector’ 

proteins into the target-cell cytosol and which serve to either inhibit or subvert host 

cell processes (Blocker et al., 2008).   
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Figure 1.5: Proposed model of B. pseudomallei TTSS3 needle complex (Sun and 
Gan, 2010). The putative function and position of the proteins in the needle are 
derived from information on their homologous counterparts in other organisms. This 
study focused on BipB, BipC and BipD which is theorised to be incorporated in the 
distal end of the needle apparatus. The BpscN protein in TTSS1 shares homology to 
BsaS, a putative ATPase (highlighted in green), and is situated at the core of the 
needle structure.  
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1.5 B. PSEUDOMALLEI VIRULENCE PROTEINS 

Effector proteins encoded in the Bsa locus of B. pseudomallei play a key role in 

virulence (Sun et al., 2005). Effector proteins rely on translocator proteins for their 

delivery into the eukaryotic cytoplasm, where they interact with host proteins 

(Stevens and Galyov, 2004). Several B. pseudomallei effector proteins share close 

homology with S. typhimurium Sip (Salmonella invasion protein) and Sop 

(Salmonella outer protein) proteins, namely SipB (BipB), SipC (BipC), SipD (BipD), 

SopA (BopA) and SopE (BopE) (Warawa and Woods, 2005). In addition, the Bsa 

Associated Protein (Bap) A, BapB and BapC are also encoded in the TTSS3 with 

BapB and BapC sharing homology with S. typhimurium IacP and IagB (Warawa and 

Woods, 2005). Mutants of the B. pseudomallei BsaQ secretion apparatus gene failed 

to produce a functional TTSS3 and were unable to kill mammalian cells (Sun et al., 

2005). Table 1.2 presents a summary of several B. pseudomallei effector proteins 

categorised according to their most prominent role (noting that several proteins have 

multiple reported functions). A more detailed discussion of each of these proteins 

follows.  
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Table 1.2: Summary of some selected essential B. pseudomallei virulence proteins 
required for bacterial invasion, survival and spread. 

B. pseudomallei 
Protein 

Description Homologues 

Invasion 

BopE 

TTSS3 effector protein. Facilitates 
invasion by inducing 
rearrangements in subcortical actin 
cytoskeleton. Mutant did not affect 
actin tail formation.  Mutant is not 
attenuated1 (Stevens and Galyov, 
2004). 
 

S. typhimurium: SopE, 
SopE2 

BipD

Translocator protein. Facilitates 
invasion, escape, proliferation, 
survival, actin-tail formation and 
cell-to-cell spread (Stevens et al., 
2004). 
 

2 S. typhimurium: SipD 

Actin Tail 
Formation BimA 

Proline-rich putative autosecreted 
protein required for actin-based 
motility. Not involved in Bsa, 
escape or secretion of BopE 
(Stevens et al., 2005b). 
 

 Y. enterocolitica: 
YadA 

 L. monocytogenes:  
ActA 

S. flexneri:  IcsA 

Cell-to-Cell 
Spread BopA 

Effector protein required for cell-
to-cell spread. Mutant has higher            
co-localisation with GFP-LC3 and 
is attenuated (Cullinane et al., 2008, 
Stevens et al., 2004) 
 

S. flexneri: IcsB  

MNGC BipB2 

Role in Multi Nucleated Giant Cell 
formation, cell-to-cell spread, and 
invasion. May act as a translocator 
or effector, capable of activating 
caspase-1, thus leading to cell death 
(Suparak et al., 2005). 
 

 
S. typhimurium: SipB 

S. flexneri: IpaB 
 

Adherence PilA 
Facilitates pili formation (Essex-
Lopresti et al., 2005). 
 

 

Hypothetical BPSS 
15392 

Mutant exhibits intracellular 
phagosomal confinement and 
attenuated virulence (Pilatz et al., 
2006).  

 
 

                                                
1 The level of attenuation describes the bacterium virulence capacity. BALB/c mice were infected 
intranasally with a lethal dose of the wild type or mutant strains. At 4 weeks post infection the mutant 
strain showed a low CFU count and reduced mortality in comparison to the wild type.  
2 This gene is one of seven studied in this thesis as detailed in Chapter 3, Table 3.1. 
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1.5.1 Proteins Required for Invasion 

While many proteins may play a role in invasion of mammalian cells by                     

B. pseudomallei, BopE and BipD are reported to be central to this process.  

 

BopE is secreted via the Bsa (Stevens et al., 2004), and shares 27% identity with        

S. enterica serovar Typhimurium SopE, and 25% identity with SopE2 (Stevens et al., 

2003). In the absence of both these genes S. enterica serovar Typhimurium is unable 

to be internalised (Bruno et al., 2009). The inactivation of bopE impaired bacterial 

invasion of HeLa cells (Wiersinga et al., 2006), indicating that BopE facilitates 

invasion.  

 

BopE influences invasion by inducing rearrangements in the sub-cortical actin 

cytoskeleton of host cells in a process termed ‘membrane ruffling’ (Stevens and 

Galyov, 2004). In this context BopE acts as a guanine nucleotide exchange factor for 

the Rho-family GTPases that regulate the host actin network (Stevens et al., 2004), 

thus interfering with actin dynamics (Stevens et al., 2003). In S. enterica serovar 

Typhimurium, ‘membrane ruffling’ concludes with the formation of macropinocytic 

vesicles (Stevens and Galyov, 2004). While mutations in bopE were shown to reduce 

the invasive ability of B. pseudomallei, they did not adversely affect replication or the 

actin tail formation of bacteria that enter the host cell (Stevens et al., 2002). 

 

BipD shares homology with S. flexneri IpaD (36%) and S. enterica serovar 

Typhimurium SipD (33%) (Roversi et al., 2007). In S. flexneri, IpaD is essential for 
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invasion, regulating the TTSS and modulating the host cell response following 

infection (Ogawa et al., 2003). A B. pseudomallei BipD mutant was shown to have 

impaired invasion, intracellular survival, actin tail formation, and reduced levels of 

replication (Stevens et al., 2004). BipD caps the tip of the needle structure and recruits 

translocon proteins BipB and BipC (Sun and Gan, 2010). BipD is required for full 

virulence in mice (Roversi et al., 2007) as mutations in the bipD gene impaired 

invasion of epithelial cells in vitro (Stevens and Galyov, 2004). 

 

1.5.2 Proteins Required for Actin Tail Formation 

BimA (Burkholderia Intracellular Motility A) is an auto-secreted protein required for 

actin tail formation and actin-based motility (Stevens et al., 2005a). BimA contains 

proline-rich motifs, WH2-like domains, and shares homology with the                       

Y. enterocolitica auto-secreted adhesin YadA at the carboxyl terminus (Stevens and 

Galyov, 2004).  YadA is involved in the formation of fibrilliae, bacterial adhesion to 

cultured epithelial cells, and bacterial attachment to host tissues (Leo et al., 2008).  

 

BimA is localised to the pole of the bacterium where actin tail formation occurs 

(Stevens et al., 2005a). Mutations of the bimA gene abolished the actin-based motility 

of  B. pseudomallei in macrophage cells (Wiersinga et al., 2006). It has been 

hypothesised that intra- and intercellular spread of the bacterium occurs via         

actin-based motility, to facilitate cell-to-cell fusion and MNGC formation  (Burtnick 

et al., 2008).  
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S. flexneri, L. monocytogenes, Rickettsia conorii and Rickettsia rickettsii initiate actin 

polymerisation through the cellular Arp2/3 complex (Stevens and Galyov, 2004). This 

complex is also incorporated in B. pseudomallei actin tails (Pilatz et al., 2006). Since 

this complex weakly activates actin formation, most bacteria employ other cellular 

proteins such as Scar1 and Wiskott-Aldrich Syndrome Protein (N-WASP), activated 

by Rho-family GTPases such as Cdec42, to further stimulate actin formation (Stevens 

and Galyov, 2004). However, expression of Scar1 and N-WASP, have not displayed 

any influence on actin tail formation of B. pseudomallei when tested in PtK2 

epithelial and J774A.1 macrophage cells (Pilatz et al., 2006).    

 

1.5.3 Proteins Required for Cell-to-Cell Spread 

Cell-to-cell spread of B. pseudomallei is attributed to BopA, a Bsa-encoded putative 

effector protein (Stevens et al., 2004). BopA shares homology with S. flexneri TTSS 

effector protein, IcsB (Ogawa and Sasakawa, 2006b) – which plays a role in 

camouflaging the bacteria against autophagic processes (Ogawa and Sasakawa, 

2006b). The BopA deletion mutant (Cullinane et al., 2008) also showed diminished 

survival and invasion capabilities in RAW264.7 macrophages at the 6 h post infection 

stage, in comparison to the wild-type B. pseudomallei. 

 

1.5.4 Proteins Required for MNGC Formation 

Internalised B. pseudomallei can escape from the phagosome and induce cell-to-cell 

fusion, resulting in MNGC formation (Utaisincharoen et al., 2006). The exact 

mechanism by which MNGC formation is initiated is yet to be understood. The 

formation of MNGC is mediated by the TTSS translocator protein BipB (Suparak et 
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al., 2005). While BipB regulates MNGC induction, BipB-independent induction also 

occurs at a lesser level. A bipB mutant displayed reduced levels of MNGC formation, 

cell-to-cell spread, and induction of apoptosis following infection of J774A.1 

macrophages (Suparak et al., 2005). It was hypothesised that BipB may influence 

apoptosis by interfering with caspase-1 activity, since its homologues, S. typhimurium 

SipB (46% amino acid identity to BipB) and S. flexneri IpaB have been observed to 

induce macrophage apoptotic death by activating caspase-1 (Suparak et al., 2005).  

 

RpoS is a global regulatory factor, controlling the expression of genes for bacterial 

resistance to stressful conditions, prolonged nutrient deprivation, and virulence. An 

rpoS mutant while not having altered survival or replication, did not exhibit MNGC 

formation and was unable to activate iNOS in macrophages (Utaisincharoen et al., 

2006), thus evading the host cell microbicidal pathway.  

 

1.5.5 Proteins Required for Adherence 

Type IV pili-mediated adherence and secretion is an important virulence mechanism 

for most gram-negative bacteria. Initiation of type IV pili-mediated adherence, 

stimulates the secretion of haemolysin, lipases and proteases (Wiersinga and van der 

Poll, 2009). Within the B. pseudomallei genome is the type IV pili-associated locus, 

encoding a putative pilus structural protein (PilA). A pilA mutant was less virulent 

and had reduced adherence to human epithelial cells (Wiersinga et al., 2006).  
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1.6 B. PSEUDOMALLEI DEGRADATION 

Post-infection, intracellular B. pseudomallei may be sequestered in a membrane 

bound compartment (phagosome) destined for degradation. In this instance, 

autophagy is induced as a means of combating intracellular microbial infection 

(Dubuisson and Swanson, 2006). The most common methods B. pseudomallei may 

employ to evade the degradation process include induction of cell death, delaying host 

attack mechanisms, resisting antimicrobial activity, and inhibiting iNOS production.   

 

1.6.1 Cell Death 

Bacteria such as S. flexneri and S. typhimurium have the ability to evade macrophage 

killing by activating cellular caspase-1, using IpaB and SipB respectively, thus 

inducing rapid macrophage cell death. In this manner, these bacteria attempt to kill the 

macrophages and spread in vivo before they themselves are destroyed (Sun et al., 

2005). Studies performed in vitro, indicate that B. pseudomallei also relies on the 

caspase-1 pathway to initiate cell death in macrophages such as J774A.1, as early as  

4 h post infection (Sun et al., 2005). In THP-1 (a human monocyte-like cell line), 

virulent B. pseudomallei strains are able to induce rapid caspase-1 dependent cell 

lysis, while avirulent strains are not cytotoxic.  

  

 1.6.2  Delayed Cellular Attack Mechanisms 

Some strains of B. pseudomallei were found to delay the initiation of cellular attack 

processes following internalisation. The production of iNOS and NO in macrophages 

serves to play a role in killing intracellular bacteria. It is therefore advantageous for  

B. pseudomallei to either delay or inhibit such a macrophage response, which could 
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prolong their own survival within cells (Utaisincharoen et al., 2006). The delayed 

macrophage response is potentially related to the unusual structure of B. pseudomallei 

lipopolysaccharide (LPS), which has been reported to be a poor macrophage activator 

(Utaisincharoen et al., 2006, West et al., 2008). B. pseudomallei LPS is a TLR4 ligand 

and is generally capable of inducing a TLR4-mediated inflammatory cytokine 

response (West et al., 2008). The O-antigenic polysaccharide moiety is implicated in 

modulating the host cell response, thus controlling the intracellular fate of                  

B. pseudomallei inside macrophages (Arjcharoen et al., 2007).    

 

Phagocytic cells have two main microbicidal pathways: the Reactive Oxygen 

Intermediates (ROI) including, superoxide anions, hydrogen peroxide, hydroxyl 

radicals and singlet oxygen, and the Reactive Nitrogen Intermediate (RNI) which 

include nitric oxide (Miyagi et al., 1997). Depending on the invading bacterial strain 

and the cell line becoming infected, a specific pathway may be activated with 

differing and/or detrimental effects. The RNI pathway has been shown to most 

actively inhibit the intracellular growth of B. pseudomallei (Miyagi et al., 1997).  

 

Nitric oxide production is catalysed by inducible Nitric Oxide Synthase (iNOS) 

(Utaisincharoen et al., 2006). Following bacterial internalisation and macrophage 

activation, there is an increased level of iNOS expression and NO production. 

However, B. pseudomallei activates the negative regulators, suppressor of cytokine 

signalling 3 (SOCS3) and cytokine-inducible src homology 2-containing protein 

(CIS) that represses iNOS production (Ekchariyawat et al., 2007). Hence,                  

B. pseudomallei is able to evade the cytotoxic effect of reactive NO by either 
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inhibiting the production of iNOS when tested in mouse J774A.1 macrophages (Sun 

et al., 2005). 

 

 1.6.3 Polysaccharide Capsule 

During the establishment of an infection, the host innate immunity is activated, 

triggering the complement system. The complement cascade leads to the deposition of 

complement factor C3b on the bacterial surface, and opsonisation of the invading 

microorganisms (Reckseidler-Zenteno et al., 2005). The B. pseudomallei capsular 

polysaccharide, is hypothesised to reduce the deposition of C3b on the bacterial cell 

surface, thus inhibiting the activation of the complement cascade and inhibiting 

opsonisation. B. pseudomallei appeared to have less C3b deposition on its surface in 

comparison to B. thailandensis. Furthermore, it has been observed that                       

B. pseudomallei can shed its capsule, thereby diverting complement activation away 

from the intact bacterium (Reckseidler-Zenteno et al., 2005). 

 

 

1.7  TREATMENT OF B. PSEUDOMALLEI INFECTION 

Much research has been devoted to the development of treatments for melioidosis 

patients. While there are no vaccines available (Sarkar-Tyson et al., 2009), a number 

of antibiotics have been used against melioidosis infections. Unfortunately,                

B. pseudomallei is resistant to many of the conventional antibiotics used for most 

gram-negative bacterial infections, such as quinolones, cephalosporins (Inglis et al., 

2006), penicillin, macrolides, rifamycins, colistin and aminoglycosides (Wiersinga et 
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al., 2006). B. pseudomallei also exhibits resistance to traditionally used antibiotics 

such as chloramphenicol and tetracycline (Karunakaran and Puthucheary, 2007). 

However, B. pseudomallei has shown susceptibility to antibiotics such as ceftazidime, 

meropenem, trimethoprim-sulphamethoxazole, imipenem (Inglis et al., 2006), 

amoxicillin-clavulanate, doxycycline  (Karunakaran and Puthucheary, 2007), 

ureidopenicillins and carbapenems (Wiersinga et al., 2006) .  

 

Ceftazidime is a β-lactam antibiotic (Harland et al., 2007), recommended as an 

intravenous treatment for melioidosis. When used for several weeks in combination 

with 20 weeks oral treatment of trimethoprim-sulphamethoxazole and doxycycline 

(Inglis et al., 2006), ceftazidime has been shown to reduce the mortality rate by 50% 

(Harland et al., 2007). However, in rare cases, resistance to ceftazidime has been 

observed (Karunakaran and Puthucheary, 2007). In such incidents, imipenem and 

meropenem were shown to be as effective as ceftazidime (Inglis et al., 2006).  

 

 

1.8  AUTOPHAGY  

The term autophagy was originally developed by Christian de Duve in 1963 to 

describe the accumulation of lysosomes and formation of vacuoles in hepatocytes 

(Martinou and Kroemer, 2009). Our current understanding recognises at least three 

different processes that contribute to ‘autophagy’ in mammalian cells (Figure 1.6). In 

macroautophagy, cytoplasmic components are sequestered into double        

membrane-bound compartments (autophagosomes) destined for degradation resulting 
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from the fusion of autophagosomes with lysosomes (Ogawa and Sasakawa, 2006a). 

Microautophagy describes the direct engulfment of cytoplasmic contents at the 

lysosome surface (Uttenweiler and Mayer, 2008). Chaperone-mediated autophagy 

involves the direct lysosomal import of proteins which contain a particular 

pentapeptide motif (Martinou and Kroemer, 2009). Hereafter, this review will focus 

on macroautophagy referring to it as autophagy, unless otherwise specified. 

 

The targets of autophagy may derive from cellular differentiation or result from either 

stress or damage by exposure to cytotoxins (Dorn et al., 2002). Autophagy is induced 

in response to stress related to nutrient limitation, starvation (Ogawa and Sasakawa, 

2006a), or to maintain cellular amino acid levels for protein synthesis (Dorn et al., 

2002). More current research has described autophagy as an important innate immune 

process (Ravikumar et al., 2010). The degradation of invading bacteria, viruses, fungi 

and parasites by autophagy in mammalian cells has been termed xenophagy and 

serves the purpose of not only eliminating the intracellular pathogen, but also 

liberating metabolites that may have been utilised during pathogen infection, thus 

promoting cell survival (Orvedahl and Levine, 2008).   
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Figure 1.6: Schematic representation of chaperone-mediated, micro- and 
macroautophagy (Martinet et al., 2009). Microautophagy is the direct engulfment of 
cytoplasmic contents at the lysosomal surface. Chaperone-mediated autophagy is the 
direct engulfment of proteins at the lysosome surface, with the aid of chaperone 
complexes. Macroautophagy involves the sequestration of cytoplasmic contents into 
autophagosomes, destined for lysosomal fusion.  
  

http://www.clinsci.org/cs/116/0697/cs1160697f01.htm�
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Autophagy is initiated through the Target Of Rapamycin (TOR) kinase, which under 

homeostatic conditions, inhibits the autophagic pathway. This multimolecular 

complex is subdivided into TORC1 (interacts with rapamycin) and TORC2 (Garber, 

2009). Inducers such as tamoxifen, rapamycin and nutrient starvation tend to cause 

the dephosphorylation of TOR kinase, which in turn activates the autophagic pathway 

(Kirkegaard et al., 2004). Pharmacologic inhibitors of autophagy include 3-MA, 

wortmannin & LY294002 (Kirkegaard et al., 2004).  

 

The initiation of autophagy gives rise to an isolation membrane which following 

nucleation undergoes elongation and maturation (Figure 1.7). The elongation step is 

mediated by the covalent linkage of Atg5 to Atg12, and the covalent lipidation of 

Atg8 (whose mammalian orthologue is microtubule-associated protein 1 light chain 

(LC3) (Yang et al., 2005)), by phosphatidylethanolamine, which is regulated by 

ubiquitin-conjugating enzymes Atg3, Atg7 and Atg10 (Kirkegaard et al., 2004).  
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Figure 1.7: The autophagic process (Melendez and Levin, 2009). Cytoplasmic contents are sequestered in an isolation 
membrane which matures to exhibit autophagosomal markers. The autophagosome will mature into an autolysosome 
upon its fusion with lysosomes to undergo degradation.  

 
 
 

http://www.wormbook.org/chapters/www_autophagy/autophagyfig1leg.jpg�
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The maturation of the autophagosome can be identified through the composition of its 

membrane markers. Autophagosomes will initially acquire early endocytic markers 

such as Rab5 and EEA1, facilitating their sequential fusion with endosomes (Duclos 

and Desjardins, 2000). Nascent or early autophagosomes will subsequently acquire 

Lysosomal Associated Membrane Protein-1 (LAMP-1) and V-ATPase to progress to 

late autophagosomes. The late autophagosome is a large organelle with a diameter 

ranging from 0.5-1.5 µm in mammalian cells (Kirkegaard et al., 2004). The late 

autophagosome will then mature to an autolysosome by docking and fusing with the 

lysosome thereby acquiring acid hydrolases that degrade the inner membrane of the 

autophagosome and the constituents of the compartment (Dorn et al., 2002). Such 

membrane interactions are regulated by Rab GTPases and their effectors, as well as 

SNARE proteins to facilitate docking, fusion and fission (Duclos and Desjardins, 

2000).  
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1.9  PATHOGEN DEFENSE AGAINST AUTOPHAGY  

Intracellular pathogens must find ways to either, avoid, modify or escape the lytic 

vacuoles, that is, phagosomes. Failure to do so, will eventuate in degradation of the 

pathogen (Ogawa and Sasakawa, 2006a). Following infection, microbes such as 

Brucella abortus, Coxiella brunetii and Legionella pneumophilia have been found to 

either block phagosome maturation or alter and reside within the modified 

phagosomal compartment. Other microbes such as B. pseudomallei, L. monocytogenes 

and S. flexneri having escaped the phagosome then avoid autophagic capture, to 

replicate, and spread (Ogawa and Sasakawa, 2006a). Group A Streptococcus and 

Francisella tularensis are unsuccessful in their attempts to escape degradation. Figure 

1.8 summarises the pathways (adapted from Deretic and Levine, 2009) that some 

pathogenic microbes may pursue.  
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Figure 1.8: Summary of pathways internal bacteria may follow (modified from 
Deretic and Levine, 2009). Intracellular pathogens such as S. flexneri, once gaining 
access to the host cytoplasm, attempts to avoid autophagic capture so that they may 
replicate and continue to spread. Bacteria such as L. pneumophilia tend to suppress 
their phagosomal maturation to reside in their vesicle.  
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1.9.1 Microbial Avoidance of Capture 

Bacteria can be classified by the nature of their interaction with the autophagic 

process, namely, avoidance of autophagic capture, suppression of autophagosomal 

maturation, or utilisation of host autophagy (Figure 1.8). Intracellular pathogens such 

as S. flexneri, L. monocytogenes and B. pseudomallei, having gained access to the host 

cytoplasm, attempts to avoid autophagic capture so that they may replicate and 

continue to spread. A classic example of avoidance is illustrated in the case of            

S. flexneri. The binding of S. flexneri’s surface protein VirG to the autophagy protein 

Atg5, targets the bacterium to the autophagosome. However, the release of the TTSS 

effector IcsB is able to competitively bind to Atg5 thereby assisting the bacterium to 

avoid autophagic capture (Deretic and Levine, 2009).  

 

However, this classification does not restrict bacteria to a single mechanism of 

avoidance of autophagy, for example L. pneumophilia, Porphymonas gingivalis and 

L. monocytogenes, whilst being able to suppress autophagosomal maturation are also 

able to utilise the host autophagic machinery. Table 1.3 identifies bacteria that are 

able to avoid autophagic capture.  

 

1.9.2 Suppression of Phagosomal Maturation 

Following internalisation, B. abortus, P. gingivalis and L. pneumophilia were found to 

co-localise with the early endosomal marker Rab5. These microbial containing 

vesicles do not progress to the late endosome-like vesicular structure (Dorn et al., 

2002), and so suppress phagosomal maturation. Table 1.4 summarises the bacteria 

capable of suppressing phagosomal maturation.  
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1.9.3 Pathogens Surrendering to Autophagy  

Bacteria such as Group A Streptococcus (GAS), Mycobacterium tuberculosis and      

F. tularensis are able to escape from their surround phagosome into the host 

cytoplasm. Following their escape, a large proportion of the bacteria is found to 

surrender to the autophagic machinery, leading to bacterial degradation (Table 1.5). In 

the case of GAS, 80% of the intracellular bacteria are recruited into autophagosomes.   
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Table 1.3: Bacteria which avoid autophagic capture. 

Bacterium Host interactions Virulence factors Reference 
 
 
B. pseudomallei 

Invades, replicates and avoids capture in host 
cells. BopA mutants exhibit increased               
co-localisation with GFP-LC3 and decreased 
intracellular survival and replication. 

BopA, BopE (Cullinane et al., 2008), 
(Stevens et al., 2003) 

 
 
Rickettsia spp 
 
 

Infects macrophages and endothelial cells. 
Escapes from the phagosome into the cytosol 
and possibly the nucleus where it replicates. 

Phospholipases, 
haemolysin C, tlyC 

(Balraj et al., 2009), (Ray 
et al., 2009), (Whitworth et 
al., 2005) 

 
 
L. monocytogenes 
 

Secretes pore-forming LLO into phagosome to 
escape confinement. Enters into the host 
cytoplasm to induce actin motility and            
cell-to-cell spread.  

LLO, type C 
phospholipases, 

ActA 

(Freitag et al., 2009), 
(Posfay-Barbe and Wald, 
2009), (Desvaux and 
Hébraud, 2006) 

 
 
S. flexneri 
 

IcsB competitively binds to VirG, inhibiting 
ATG5 association and autophagic induction. 
Once in the cytosol, the bacterium replicates and 
spreads.  

IcsB 
(Kweon, 2008), (Ogawa 
and Sasakawa, 2006b), 
(Ogawa et al., 2003) 

 

  



 

39 

Table 1.4: Bacteria capable of suppressing phagosomal maturation. 

Bacterium Host interactions Virulence factors Reference 
 
B. abortus 
 
 

Acquires the early endosomal marker EEA1, 
but fails to display any late endosomal markers. virB 

(Sieira et al., 2009), 
(Duclos and 
Desjardins, 2000) 

 
P. gingivalis 
 
 

While being able to traffic to the 
autophagosome, the bacterium employs 
autophagic inhibitors to prevent lysosomal 
fusion.  

Gingipain, fimbriae, 
LPS 

 

(Ogawa and Sasakawa, 
2006a), (Kirkegaard et 
al., 2004), 
(Hajishengallis) 

 
L.  pneumophilia 
 

Employs secretory vesicles derived from the 
ER to camouflage itself and provide a 
protective niche.  

Products secreted via 
T4SS 

(Columbo, 2005), 
(Nora et al., 2009), 
(Dubuisson and 
Swanson, 2006) 

 
C. brunetii 
 
 

Bacterium is capable of surviving in acidic 
vacuoles in both macrophage and epithelial cell 
lines 

Plasmids QpH1, 
QpRS, QpDG, QpDV 

or QpRS-like. 
LPS 

(Columbo, 2005), 
(Ogawa and Sasakawa, 
2006a), (Ghigo et al., 
2009) 

 
 
 
 
S.  typhimurium 
 

Capable of residing within the Salmonella 
containing vacuole (SCV), escape the SCV, or 
surrender to autophagy. Subversion of 
autophagy may also occur by killing the host 
macrophages via either a rapid caspase-1 
dependent or a slower caspase-1 independent 
mechanism.  

SipC 
(Birmingham et al., 
2006), (Duclos and 
Desjardins, 2000) 
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Table 1.5: Bacteria surrendering to autophagy. 

Bacterium Host interactions Virulence factors Reference 
 
 
Group A Streptococcus 
(GAS) 
 
 

Escapes from the endocytic pathway into the 
host cytoplasm in an attempt to evade 
degradation, but is eventually found 
sequestered in an autophagosome.   

Streptolysin O (SLO) 

(Yoshimori, 2005), 
(Nakagawa et al., 
2004), (Ogawa and 
Sasakawa, 2006a), 
(Amano et al., 2006), 
(Yamaguchi et al., 
2009) 

 
F. tularensis 
 

Escapes phagosome but  re-enters the 
endocytic pathway to undergo autophagy 
 

LPS, acid phosphatase 
AcpA, IglC, MglA 

 

(Checroun et al., 
2006), (Oyston, 
2008) 

 
M. tuberculosis 
 

Resides in Mycobacterium-containing vacuoles 
(MCV) which are sequestered by 
autophagosome-like membranes.  

 
(Columbo, 2005), 
(Ogawa and 
Sasakawa, 2006a) 
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1.10 GENETIC SCREENING IN YEAST OF VIRULENCE EFFECTORS 

Bacterial virulence effectors may be characterised in a number of model organisms. 

Yeast is an ideal system to use when attempting to identify their influence on 

processes such as, membrane fusion/fission, vesicle trafficking and organelle 

turnover.  

 

Yeast is a desirable organism to model basic disease-related processes involving cell 

cycle control, signal transduction, cytoskeletal dynamics and protein transport as 

indicated by Valdivia (2004). In comparison to higher order eukaryotes, the 

advantages of employing Saccharomyces cerevisiae as a model organism include, 

easy DNA transformation, highly efficient homologous recombination, and the 

potential to grow as either haploid or diploid cells (Lesser and Miller, 2001). Over 

75% of the yeast genome is functionally annotated (Kramer et al., 2007). In addition, 

there are numerous reagents, including over-expression libraries and deletion strains 

that are available (Lesser and Miller, 2001), as well as considerable knowledge 

relating to conserved signalling molecules and cytoskeletal components (Hardwidge 

et al., 2006) 

 

Since the biology of S. cerevisiae is well understood, it offers the potential to be 

employed as a model eukaryote in which to study the function of bacterial virulence 

factors (Hardwidge et al., 2006). However, until recently, little had been done to 

exploit the genetic tractability of yeast to determine cellular targets of effector 

proteins (Kramer et al., 2007). This was due to concerns of the possible divergence 
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between higher eukaryotes and yeast in relation to the molecular mechanisms that 

bacterial effectors may target (Rodriguez-Escudero et al., 2006).  

 

While S. cerevisiae cannot be a physiologic model of bacterial infection of 

mammalian human cells, as the cell wall prevents bacterial attachment and invasion 

(Valdivia, 2004), it can be used to characterise the effects bacterial virulence proteins 

may have on conserved eukaryotic processes (Slagowski et al., 2008). Mechanisms 

regulating cellular processes that are affected during bacterial infections are relatively 

conserved from yeast to mammals, for instance, DNA metabolism, programmed cell 

death, cell cycle control, cytoskeletal dynamics, membrane trafficking (Valdivia, 

2004), and basic signalling pathways such as those involved in GTPases or     

mitogen-activated protein kinase (MAPK) cascades (Rodriguez-Escudero et al., 

2006). When expressed in yeast, the function of virulence factors and toxins may be 

characterised in phenotypic terms, as described below (Table 1.6). 
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Table 1.6: Phenotypes associated with bacterial protein expression in yeast. 

 Phenotype Bacterial Protein 

Inhibition of cell growth 

• Y. enterocolitica YopO/YpkA & 
YopE (Nejedlik et al., 2004) 

• E. coli EspG (Siggers and Lesser, 
2008) 

• S. typhimurium SigD/SopB 
(Rodriguez-Escudero et al., 2006) 

• L. pneumophilia proteome fragments 
(Slagowski et al., 2008) 

 

Inhibition of cytoskeletal functioning 

• Y. enterocolitica YopE (Siggers and 
Lesser, 2008) and YopO/YpkA 
(Nejedlik et al., 2004) 

• S. typhimurium SipA (Lesser and 
Miller, 2001) 

 

Inhibition of DNA metabolism 
• Campylobacter sp., E. coli, Shigella 

sp. and H. ducreyi CdtB (Valdivia, 
2004) 

Inhibition of membrane structure and 
functioning 

• L. pneumophilia vipA, vipD, vipE and 
vipF (Shohdy et al., 2005) 

• S. flexneri IpgB2 (Kramer et al., 
2007) 

• Y. enterocolitica YopE (Kramer et al., 
2007) 

• P. aeruginosa ExoU (Valdivia, 2004) 
 

Inhibition of MAP kinase signalling • S. flexneri OspF (Kramer et al., 2007) 
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1.10.1 Growth Inhibition 

Bacterial virulence factors that alter mammalian cellular processes such as actin 

cytoskeleton, secretory and signal transduction pathways, can also target analogous 

processes in yeast. Such interference can be detrimental to the cell, resulting in growth 

inhibition (Kramer et al., 2007). Hence, growth inhibition is an indicator of effector 

protein expression (Table 1.6). 

 

 1.10.2 Inhibition of Cytoskeletal Function  

Many bacterial virulence factors target the mammalian cytoskeleton by disrupting the 

actin network. Since cytoskeletal dynamics are relatively conserved among eukaryotic 

cells, it is possible to observe the outcome of bacterial effector proteins that are 

expressed in yeast (Valdivia, 2004). In general, the expression of any virulence factors 

which interfere with host cell signalling and cytoskeleton will consequently affect 

yeast morphogenesis, as budding is supported by cytoskeletal structures such as actin 

filaments and septin collars (Rodriguez-Escudero et al., 2006). For instance, of the     

Y. enterocolitica type III secreted proteins, YopE tended to block depolarisation of the 

yeast actin structures and cell cycle progression (Valdivia, 2004), while YopO/YpkA 

disrupted the normal distribution of actin and inhibited yeast cell growth (Nejedlik et 

al., 2004). S. typhimurium SipA (SspA) was also shown to interact with yeast actin, 

altering polarity and inhibiting actin depolymerisation (Lesser and Miller, 2001). The 

loss of yeast viability paralleled the disruption of actin cytoskeletal structures 

(Nejedlik et al., 2004).  
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 1.10.3 Inhibition of DNA Metabolism 

In mammalian cell lines, bacteria such as Campylobacter spp., E. coli, Shigella spp. 

and H. ducreyi secrete a cytolethal distending toxin (CDT) that blocks cell cycle 

progression (Valdivia, 2004). CDT is composed of three subunits, namely, CdtA, 

CdtB and CdtC. CdtB showed genotoxic activity in yeast and caused cell cycle arrest 

through either inducing DNA damage or activating signalling pathways that sense 

DNA damage (Valdivia, 2004).  

 

 1.10.4 Inhibition of Membrane Structure and Function 

Some bacterial virulence factors can affect the endomembrane system of mammalian 

cells, by, for example, arresting vesicular and endosomal trafficking, inactivating 

signalling lipids or degrading membranes (Valdivia, 2004).  

 

Shohdy et al. (2005) showed that type IVB secreted effectors from L. pneumophilia 

interact with mammalian host cell components to inhibit phagolysosome formation 

and interfere with vacuolar trafficking pathways. This research group devised a 

vesicle trafficking assay, Pathogen Effector Protein Screening in Yeast (PEPSY), to 

identify genes that produced membrane trafficking defects as visualised by an 

invertase colour assay. Genes that induced a negative vacuole protein sorting (VPS) 

phenotype in yeast were candidate effectors, potentially capable of altering endosomal 

traffic in mammalian cells. Application of this screen identified four VPS inhibitor 

proteins (vip) namely, vipA, vipD, vipE and vipF that interfered with vesicle 

trafficking in yeast (Shohdy et al., 2005).  
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When expressed in yeast, S. flexneri IpgB2 and Y. enterocolitica YopE inhibited 

specific steps in cell wall integrity pathways (Kramer et al., 2007). Expression of 

Pseudomonas aeruginosa ExoU in yeast also resulted in a loss in cell viability and 

fragmented vacuolar membranes (Valdivia, 2004).   

 

 1.10.5 Inhibition of MAP Kinase Signalling 

Yeast encodes mitogen-activated protein kinase (MAPK) signalling cascades such as, 

the mating pathway (Fus3), the invasive growth pathway (Kss1), the hyperosmotic 

growth (HOG) pathway, the sporulation pathway (Smk1), and a second MAPK  

cascade, implicated in cell wall integrity (Mlp1) (Kramer et al., 2007). S. flexneri TTS 

OspF has been shown to inhibit both yeast and mammalian MAPK phosphorylation 

and subsequently, inhibit signalling pathways such as those involved in cell wall 

biogenesis (Kramer et al., 2007).  

 

 1.10.6 Summary of Bacterial Protein Expression in Yeast 

As described above, S. cerevisiae can be employed as a model organism to screen for 

and study the function of putative bacterial virulence factors. Following their 

identification and characterisation in yeast, genes encoding putative virulence proteins 

can be mutated, and the consequences in terms of infectivity and virulence can be 

assessed. The encoded proteins can then be further characterised for their specific 

roles in virulence (Lesser and Miller, 2001).  
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 1.10.7 Yeast Vacuoles  

Chapter 1.10.4 describes the ability for bacterial virulence factors to affect the 

functioning of the endomembrane system of mammalian cells by arresting vesicular 

and endosomal trafficking, inactivating signalling lipids, or degrading membranes 

(Valdivia, 2004). Thus, as a consequence of microbial virulence factor expression, the 

yeast vacuole may be anticipated to undergo physiological and morphological 

changes. Interruptions to the endosomal trafficking pathways by putative virulence 

proteins may potentially see a halt in vacuolar fusion as the yeast cell attempts to 

mimic mammalian cells in an attempt to circumvent autophagic degradation.   

 

The yeast vacuole is the counterpart of mammalian lysosomes. Within the cell, this 

single membrane structure is generally found in low numbers (usually 1-3) with a 

diameter of 5-8 µm. Yeast vacuoles are versatile organelles and play a vital role in: 

proteolysis cleavage of proteins; turnover of macromolecules; storage of phosphates, 

amino acids, nutrients, ions and metals; buffering the cytoplasm pH; and maintaining 

water and ion homeostasis (Weisman, 2003).  

 

Due to the many biological processes occurring within the vacuole, the vacuolar 

membrane is in a constant state of regulated flux with fusion and fission which is 

attributed to: vacuole inheritance (the segregation and migration of the vacuole 

towards newly forming buds); endocytic and biosynthetic membrane transport 

pathways; and autophagic pathways (fusion of the autophagosome to the vacuole). 
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The stringent regulation of such processes ensures that the vacuole maintains a proper 

morphology (Efe et al., 2005). Some of these pathways will now be elaborated on.  

 

1.10.8 Screening for Mutants Defective in Vacuole Inheritance 

Yeast mutants that are defective in vacuole inheritance may be screened for vacuole 

morphology and then can be further subdivided according to their ability to correctly 

localise the soluble vacuolar glycoprotein carboxypeptidase Y (CPY) to the vacuole. 

In the absence of a sorting signal, the CPY is secreted rather than being sorted to the 

vacuole. These Vacuolar Protein Sorting mutants (vps mutants) in S. cerevisiae are 

involved in biosynthetic transport and may be divided into six distinct classes, 

namely: vps A, B, C, D, E & F (Raymond et al., 1992) (Table 1.7).  
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Table 1.7: Classification of vacuole inheritance mutants (Raymond et al., 1992) and (Bowers 

and Stevens, 2005) 
CLASS DESCRIPTION GENES 

Class A vps 
mutants 

Vacuole morphology is similar to wild-type 
cells, but slightly perturbed. 1-2 vacuoles per 
cell. Less prominent vacuolar segregation 
structures. CPY secretion is variable.  
 

vps8, vps10, vps13, 
vps29, vps30, vps35, 
vps38, vps55, vps63, 

vps70, vps74  

  Class B vps 
mutants 

Large number of small fragmented vacuoles. 
Defect in V-ATPase assembly. Two 
distinguishable subgroups: where in one group 
the vacuole fragments align along the mother 
cell to bud axis, and in the other group the 
fragmented vacuoles were randomly dispersed 
(vps39, vps41 & vps43). Secreted high level of 
CPY.  
 

vps5, vps17, vps39, 
vps41, vps43, vps51, 
vps52, vps53, vps54, 
vps61, vps64, vps66, 
vps69, vps71, vps72, 

vps73, vps75 

Class C vps 
mutants 

Do not possess organised vacuoles. Defective 
in CPY sorting.  
 

vps11, vps16, vps18, 
vps33 

Class D vps 
mutants 

Defects in vacuole inheritance and acidification 
of the vacuole. Failed to assemble membrane 
subunits of the V-ATPase onto the cytoplasmic 
surface of the vacuole. Single large vacuoles 
eventuated through the failure to form 
segregation structures, buds receive little or no 
vacuolar material from mother cells. No defects 
in CPY sorting.  
 

vps3, vps6, vps 8, vps9, 
vps15, vps19, vps21, 

vps34, vps45 

Class E vps 
mutants 

Normal vacuolar morphology. Exaggerated 
prevacuolar or endosome-like organelles. 
Secreted modest amounts of CPY.  

vps2, vps4, vps20, 
vps22, vps23, vps24, 
vps25, vps27, vps28, 
vps31, vps32, vps36, 
vps37, vps44, vps46, 

vps60 

Class F vps 
mutants 

Vacuolar morphology is intermediate between 
wild-type cells and vacuolar morphology of 
class B mutants. Characterised as large central 
vacuoles often surrounded by smaller vacuolar 
compartments. Severe CPY sorting defects.  

vps1, vps26, vps62, 
vps65, vps68, vps71 
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1.11 YEAST TRAFFICKING PATHWAYS 

In S. cerevisiae, aside from autophagy, proteins are delivered to the vacuole through 

the yeast secretory pathway (Stevens et al., 1982). It is in the late Golgi that soluble 

vacuolar proteins are sorted and targeted to the vacuole, cell surface or endosomes 

(Graham and Emr, 1991). There are essentially three biosynthetic pathways employed 

by yeast to sort newly synthesised proteins from the Golgi to the vacuole, namely: the 

CPY pathway which involves the movement of cargo through the endosome-like 

structure titled prevacuolar compartment (PVC); the alkaline phosphatase (ALP) 

pathway which bypasses the PVC (Wickner and Haas, 2000); and the Multivesicular-

Body sorting (MVB) pathway. There are over 70 proteins involved in efficient protein 

trafficking from the yeast late Golgi to the vacuole. Many of these proteins have 

functional orthologues in higher order organisms (Bowers and Stevens, 2005).  

  

The CPY and endocytic pathways both converge at the late endosome/MVB. While 

other hydrolases may take the same route – interacting with Vps10, the pathway is 

titled the ‘CPY-pathway’ due to the main cargo being transported. As illustrated by 

Figure 1.9, CPY is synthesised and transported across the ER to the Golgi (Bowers 

and Stevens, 2005). The protein then binds to the receptor Vps10p in the late Golgi. 

The CPY/Vps10p complex proceeds through the late endosome (titled LE, Figure 1.9) 

where the complex dissociates, allowing the recycling of Vps10p back to the Golgi 

and sorting the CPY to the vacuole where it develops to the mature form – mCPY, 

following cleavage (Bowers and Stevens, 2005). The CPY pathway is the default 

transport pathway in most yeast.  
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The ALP pathway also is named according to its main cargo – alkaline phosphatase, 

(Bowers and Stevens, 2005) and is signal mediated (Conibear and Stevens, 1997). 

Proteins entering the ALP pathway are sorted into classes of vesicles at the Golgi but 

completely bypass the PVC (Figure 1.10). Vesicles of the ALP and CPY pathways 

fuse with the vacuole via the SNARE complex (Piper et al., 1997).  

 

Proteins may also be sorted into MVB for many cellular processes. Early and late 

endosomes can be distinguished on the basis of their morphological appearance. Late 

endosomes typically have a multivesicular appearance and are thus referred to as 

MVB (Katzmann et al., 2002). The contents of the MVB (such as CPY) are delivered 

into the vacuole through the fusion of the limiting membrane of the MVB with the 

vacuolar membrane (Katzmann et al., 2002). 
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Figure 1.9: The CPY sorting pathway (Bowers and Stevens, 2005). CPY is 
synthesised and transported across the ER to the Golgi. The protein then binds to the 
receptor Vps10p in the late Golgi. The CPY/Vps10p complex proceeds through the 
late endosome, where the complex dissociates, allowing the recycling of Vps10p back 
to the Golgi and sorting the CPY to the 
 

 

Figure 1.10: Protein trafficking pathways in S .cerevisiae (Bowers and Stevens, 
2005). Proteins entering the ALP pathway are sorted into classes of vesicles at the 
Golgi but completely bypass the PVC. The contents of the MVB (such as CPY) are 
delivered into the vacuole through the fusion of the limiting membrane of the MVB 
with the vacuolar membrane.  
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1.12 VACUOLAR FUSION AND MEMBRANES 

Vacuole fusion is divided into three distinct stages namely, “priming” which prepares 

the vacuoles for attachment, “docking” which includes the tethering of vacuoles for 

“fusion” leading to the combining of the vesicle to the vacuole  (Wang et al., 2002).  

 

The process of priming occurs on separate vacuoles in preparation for subsequent 

docking events (Mayer et al., 1996). The ATP-dependent priming, is initiated by 

Sec18p ATPase (Mayer et al., 1996) and involves the co-chaperones Sec18p/NSF, 

Sec17p/α-SNAP, and LMA1 (low-Mr activities) (Seeley et al., 2002). During the 

priming stage, the cis-SNARES  (same membrane) also disassemble with the help of 

Sec18 and Sec17 (Ostrowicz et al., 2008), allowing for trans (between vesicles) 

interaction (Seeley et al., 2002). Priming allows for the release of the HOPS 

(Ho

  

motypic fusion and vacuole protein sorting) complex from the vacuolar 

membrane. Sometimes also referred to as the VPS class C complex – required for 

Golgi-to-vacuole protein transport (Sato et al., 2000), this group consists of six 

proteins (four of which belong to the VPS class C): Vps11p/Pep5p, Vps16p, 

Vps18p/Pep3p, Vps33p (Sec1p homologue), Vps39p/Vam6p (nucleotide exchange 

factor for Ypt7p) and Vps41p/Vam2p, which upon release gets transferred to Ypt7p 

(Price et al., 2000) catalysing the conversion to its active GTP form (Seeley et al., 

2002). Ypt7p is a GTPase from the Rab/Ypt family. Vps39p and Vps41p belong to 

the VPS class B category.  
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Docking is the physical attachment of vacuole membranes. It involves two successive 

stages, a reversible tethering reaction and a subsequent trans-SNARE pairing 

(Ungermann and Wickner, 1998). Fusion terminates with the release of the boundary 

membrane into the vacuole lumen which will eventually be degraded (Wang et al., 

2002).  

 

The vacuolar membrane is a dynamic structure in a constant state of membrane fission 

and fusion which is dictated by the cell cycle. The balance between fission and fusion 

must be maintained to ensure vacuole integrity. S. cerevisiae relies on vacuolar       

H+

 

-ATPase (V-ATPase) to equilibrate fission and fusion  (Baars et al., 2007). Fusion 

has been solely attributed to the physical presence of the membrane sector of the      

V-ATPase complex, while fission is dependent on the proton translocation function of 

the complex (Baars et al., 2007). In mutants lacking V-ATPase function – the cells 

contain a large single vacuole, whereas, multiple small vacuoles are characteristic of 

mutants defective in vacuolar fusion (Takeda et al., 2008).   

Docked vacuoles – in preparation for fusion, have three characteristic membranes, 

they are, outside, boundary and vertex membranes (refer to Figure 1.11). In vacuole 

clusters, the outside membrane is defined as not being in contact with other vacuoles, 

while the boundary membrane does make contact with adjacent vacuoles. The vertex 

is the membrane connecting the boundary and outside membranes (Wang and 

Klionsky, 2003).  
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Vacuolar fusion occurs at the vertex rings around the disc of apposed boundary 

membranes (Wang and Klionsky, 2003), and not at the boundary membrane as 

reported in previous research. This vertex fusion is completed with the boundary 

membrane remaining in the lumen of the newly fused organelle. Several proteins 

essential for the docking and fusion of vacuoles are enriched at vertices.  
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Figure 1.11: Docked vacuolar membrane (Wang and Klionsky, 2003). Following 
vacuolar priming, vacuoles dock in a cluster in preparation for fusion. There are three 
membranes namely, the outside, boundary and vertex membranes. The outside 
membrane does not make contact with other vacuoles, while the boundary membrane 
does make contact with adjacent vacuoles. The vertex is the membrane connecting the 
boundary and outside membranes. Fusion occurs at the vertex membrane and results 
with the boundary membrane remaining in the lumen.   
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1.13 SCOPE AND AIM OF STUDY 

Following internalisation into mammalian cells, B. pseudomallei escapes from the 

phagosome to continue its infection cycle. At the commencement of this research in 

2006, a literature search was performed to identify the general virulence factors 

employed by gram-negative bacteria to escape from their confining phagosomes. 

Initially, a list of 22 virulence factors was compiled. Further bioinformatics analysis 

identified five of the 22 open reading frames (ORF) as sharing significant homology 

with a sequence within the B. pseudomallei genome namely: BPSS1531 (BipC), 

BPSS1532 (BipB), BPSL0670, BPSS1394 (BpscN) and BPSS0670. B. pseudomallei 

mutants of BPSS1529 (BipD) and BPSS1539 were identified as being confined to the 

phagosome. Hence these two genes along with the five ORFs identified as having a  

B. pseudomallei homologue were selected for characterisation.    

 

In Chapter 3, the seven B. pseudomallei ORFs were expressed in S. cerevisiae and the 

cells were observed for any morphological or physiological changes which may occur 

under conditions when autophagy is induced. So, cells were grown under nitrogen 

starvation conditions to induce autophagy, then stained with FM4-64 to label the 

vacuole membranes and imaged. Cells expressing B. pseudomallei products which 

perturb intracellular vesicle trafficking will potentially have notable changes in the 

vacuolar morphology when imaged. Yeast cells expressing the B. pseudomallei ORFs 

were also co-transformed with plasmids expressing either the cytosolic, mitochondrial 

or nucleus targeted Rosella biosensor. This biosensor is composed of a pH-sensitive 

variant of GFP linked to a pH-stable variant of the RFP (Rosado et al., 2008). When 

cells are subjected to conditions that induce autophagy, delivery of the specifically 
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labelled organelle or cytosol to the vacuole results in an accumulation of red 

fluorescence to the vacuole as the pH-sensitive GFP is quenched in the acid vacuole 

but red is maintained. Yeast cells expressing the B. pseudomallei ORFs were observed 

for any influence that the expression of the encoded foreign proteins may have on 

cytosolic, mitochondria or nucleus turnover. These yeast cells tended to have a   

multi-vacuolar morphology with reduced cytosolic and mitochondrial turnover. 

However, there was no apparent reduction in nucleus turnover.  

 

Given the influence specific B. pseudomallei ORFs had on vacuolar morphology and 

organelle turnover in S. cerevisiae, mutants of each of these ORFs in B. pseudomallei 

were attempted with the intention of determining their role in bacterial infection of 

mammalian cells. Using the double cross-over allelic exchange method, three deletion 

mutants were successfully constructed in B. pseudomallei namely, BPSS1532 (bipB), 

BPSL0670 and BPSS1394 (bpscN). Chapter 4 reports the characterisation of 

BPSS1532 and BPSL0670 mutants in in vivo studies to determine their virulence in 

BALB/c mice. Further in vitro studies were conducted to investigate the ability of 

these mutants to: survive and replicate in host cells, co-localise with GFP-LC3, 

produce actin tails and induce MNGC formation in macrophage-like RAW264.7 cells.  

 

In Chapter 5 a non-polar deletion mutant BPSS1394 (bpscN) was characterised using 

similar in vivo and in vitro experimental approaches. BPSS1394 is a predicted TTSS1 

ATPase. TTSS1 and TTSS2 have previously been reported to not be involved in       

B. pseudomallei virulence in a hamster infection model. This study analysed the 

BPSS1394 mutant with the intention of establishing the importance of the TTSS1 
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BPSS1394 gene in B. pseudomallei pathogenesis. A virulence trial was carried out to 

demonstrate the importance of this gene in infection of a mouse model. Data obtained 

from the trial showed that the mutant bacteria was attenuated for virulence and 

therefore the infected mice survived for the length of the trial, whilst the mice infected 

with the wild-type bacteria displayed clinical manifestations of melioidosis and was 

therefore euthanased early in the trial. This suggests that secreted TTSS1 effectors are 

likely to be required for infection and virulence in human infection. Thus, further 

research could be carried out to elucidate the role of TTSS1 effectors, and potentially 

TTSS2 effectors in pathogenesis. 
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CHAPTER TWO 

MATERIALS & METHODS
 

 

 

 

 

 

 



 

61 
 

2.1 STRAINS & VECTORS 

 

Escherichia coli strain K12 DH5α (Bethesda Research Laboratories, Rockville, USA) 

with the genotype: F–, ø80dlacZΔM15, Δ(lacZYA -argF)U169, deoR, recA1, endA1, 

hsdR17(rK–, mK+), phoA, supE44, λ–, thi-1, gyrA96 and relA1, was primarily used 

for amplification of plasmids and transformations involving the rapid ligation vector 

pGEM-T (Promega, Madison, USA), pBluescriptSK phagemid (Stratagene, La Jolla, 

USA), and pAH19 storage vector (Hinnebusch and Fink, 1983). The K12 SM10λpir 

strain (Milton et al., 1992), with the genotype: thi-1, thr, leu, tonA, lacY, supE, 

recA::RP4-2-Tc::Mu, Kmr and , was used for conjugations into B. pseudomallei 

with the suicide vector pDM4 ( pir-dependent, CmR and sacBR negative selection; 

(Milton et al., 1996)). The S17-1λpir strain (Simon et al., 1983) with the genotype: 

TpR, SmR, recA, thi, pro, hsdR-M+RP4: 2-Tc:Mu: Km, Tn7, λpir, was used for 

conjugations in B. pseudomallei with the complementation vector pBHR1 (mob, rep, 

CmR and KanR

 

; (Szpirer et al., 2001)).  

The parental yeast S. cerevisiae BY4741 strain (Research Genetics, Huntsville, AL, 

USA) with the genotype: MATa, his3Δ1, leu2Δ0, met15Δ0 and ura3Δ0, was employed 

for all the yeast work. Strains expressing the pAH19 vector (URA3 selectable marker) 

and Rosella fluorescent biosensor in the pAS1NB vector (LEU2 selectable marker), 

(Rosado et al., 2008), were selected on the basis of complementation of uracil and 

leucine auxotrophies by the respective vector-borne ura3 and leu2 genes.   

 



 

62 
 

The B. pseudomallei K96243 strain (source: Dr Brenda Govan, James Cook 

University, Townsville, Australia) is a fully sequenced Thai clinical isolate (Holden et 

al., 2004). The wild-type bacterium contains a gentamicin resistance gene, which is 

used as an antibiotic selection marker when plated on an agar plate containing          

64 µg/mL gentamicin. This concentration is sufficient for killing contaminants but not    

B. pseudomallei K96243.  

 

 

2.2 GROWTH MEDIA 

All materials, unless otherwise stated, were purchased from Merck (Kilsyth, Victoria, 

Australia). Media were autoclaved at 121°C, 405-506 kPa for 20 m. Agar plates were 

made by adding 1.5% w/v agar – with the exception of B. pseudomallei motility assay 

plates which required 0.4% w/v agar. Amino acid supplements and antibiotics were 

added to the medium after autoclaving, when it had cooled to 50°C. All yeast and 

bacterial cultures were grown at 28°C and 37°C respectively, broth cultures were 

incubated with shaking at 200 rpm.  

 

2.2.1 Yeast Media  

Table 2.1 Protocol for the preparation of YEPD 
Yeast Extract Peptone Dextrose (YEPD) 

Yeast extract 1% w/v 

Peptone 1% w/v 

Glucose 2% w/v 
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Table 2.2 Protocol for the preparation of YMM 
Yeast Minimal Medium (YMM) 

Yeast nitrogen base without 

amino acids & ammonium 

sulphate 

0.67% w/v 

Glucose 2% w/v 

 

Table 2.3 Protocol for the preparation of SMM 
Saccharomyces Salts Medium (SMM) 

Yeast extract 1% w/v 

(NH4)2SO 0.12% w/v 4 

KH2PO4 0.1% w/v 

CaCl 0.01% w/v 2 

FeCl3 0.0005% w/v 

MgCl2 0.07% w/v   

NaCl  0.05% w/v 

 

Table 2.4 Protocol for the preparation of Starvation Medium 
Starvation Medium  

Yeast nitrogen base without 

amino acids & ammonium 

sulphate 

0.17% w/v 
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Table 2.5 Protocol for the preparation of Glycerol Stock 
15% Glycerol Stock Storage –  

Yeast & Bacterial 

Cell Suspension  300 µL  

Glycerol (50% stock) 100 µL 

 

2.2.2 Bacterial Media 

Table 2.6 Protocol for the preparation of LB 
Luria-Bertani Broth (LB) 

Yeast extract 1% w/v 

Tryptone 1% w/v 

NaCl 0.5% w/v 

* Agar at 0.4% w/v added for motility assay 
plates 
* Supplemented with ampicillin (10 µg/mL) or 
tetracycline (12.5 or 25 µg/mL) as required, after 
autoclaving 
 
 

Table 2.7 Protocol for the preparation of 2 YT 
2 YT Medium 

Yeast extract 1% w/v 

Tryptone 1.6% w/v 

NaCl 0.5% w/v 
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Table 2.8 Protocol for the preparation of Ashdown Medium 
Ashdown Medium 

Tryptone soya broth 1% w/v 

Glycerol 42% v/v 

Natural red (1% v/v stock) 0.5% v/v 

Crystal violet (0.1% v/v stock) 0.5% v/v 

* Supplemented with gentamicin (64 µg/mL) 
or tetracycline (25 µg/mL) as required 

 
 

Table 2.9 Protocol for the preparation of Sucrose Medium 
Sucrose Medium 

Yeast extract 1% w/v 

Tryptone 1% w/v 

Sucrose 20% w/v 

 

 

2.3 MOLECULAR BIOLOGY TECHNIQUES 

2.3.1 Construction of B. pseudomallei Mutants 

The B. pseudomallei deletion mutants were constructed by double cross-over allelic 

exchange. Primers (Table 4.2) were used to amplify an approximately 1 kb fragment 

upstream and downstream of the coding sequence to encompass approximately 100 bp 

of the coding sequence.  The upstream fragment was flanked by XbaI and BglII, 

whilst the downstream fragment was flanked by BglII and XbaI. These two fragments, 

together with the BglII-digested tetracycline tetA(C) gene cassette, were introduced by 

a three-way ligation into pBluescriptSK phagemid. The resulting plasmid was 
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digested with XbaI, and the mutagenesis cassette recovered and ligated into          

XbaI-digested pDM4. This construct was then transformed in E. coli SM10 λpir for 

conjugation into B. pseudomallei.  

 

2.3.2 Complementation of B. pseudomallei Mutants 

A complementation construct was generated using primers (Table 5.2) to amplify a 

1,374 bp fragment, spanning the entire bpscN coding region from B. pseudomallei 

K96243. The fragment was digested with DraI and NcoI to be ligated into the pBHR1 

mobilisation plasmid (University of Louisville, Louisville, KY, USA). The resulting 

pBHR1::bpscN plasmid was introduced into E. coli S17-1 and subsequently 

conjugated into the B. pseudomallei bpscN mutant strain.  

 

2.3.3 Polymerase Chain Reaction 

Polymerase chain reaction (PCR) was employed to amplify desired open reading 

frames (ORF) from B. pseudomallei genomic DNA and as a diagnostic measure to 

determine the presence and orientation of cloned ORFs. PCR amplifications from the 

GC-rich B. pseudomallei genomic DNA were carried out using either the LA Taq 

(TaKaRa, Shiga, Japan) or KOD (Novagen, Madison, USA) polymerase with GC-rich 

specific buffers provided by the manufacturers.  
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Table 2.10 Protocol for the preparation of PCR mixture for Takara polymerase 
PCR mixture for TaKaRa LA Taq 

Template 1 µg 

Primer 1 0.2-1 µM final conc. 

Primer 2 0.2-1 µM final conc. 

dNTP (2.5 mM each) 8 µL 

2XGC buffer (5 mM Mg+2) 25 µL 

TaKaRa LA Taq 0.5 µL 

Sterilised water up to 50 µL 

 

 
Table 2.11 Protocol for the preparation of PCR mixture for KOD polymerase 

PCR mixture for KOD 

Template 10-500 pg/1 µL 

Primer 1 0.4 µM final conc. 

Primer 2 0.4 µM final conc. 

dNTP (2 mM each) 0.2 mM 

KOD MgSO4 (25 mM) 1.5 mM 

DMSO 1.25 uL 

10 X KOD buffer * 2.5 µL 

KOD (2.5 U/µL) 0.02 U/µL 

Sterilised water up to 25 µL 

* (1.2 M Tris-HCl, 100 mM KCl, 60 mM 
(NH4)2SO4

 

, 1% Triton X-100, 0.01% BSA, pH 
8.0) 
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PCR Cycle Conditions  

Table 2.12 PCR cycle conditions for Takara and KOD polymerase 
TaKaRa LA Taq KOD 

Cycle Temperature Time Cycle Temperature Time 

1 94°C 5 m 1 94°C 2 m 

2-30 

94°C 30 s 

2-35 

94°C 20 s 

55°C 30 s 58°C 30 s 

72°C 90 s 70°C 4 m 

Hold 72°C 7 m Hold 72°C 7 m 

Pause 4°C  Pause 4°C  

 

2.3.4 Agarose Gel Electrophoresis  

A quantity of DNA product derived from either PCR amplification, restriction 

enzyme digestion or purification processes, was run on 1% agarose gels in the 

MGTBE running buffer (Table 2.13) at pH 8.0. Gels were run at 90 V for 90 m. A 

HindIII-digested MassRuler (Promega, Madison, WI, USA) was run as a standard, 

allowing for the size and concentration of DNA samples to be quantified. As required, 

gel slices containing single DNA bands were excised for further manipulation and 

purified using a gel extraction kit (Qiagen, Alameda, Province, Canada).  
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Table 2.13 Protocol for the preparation of MGTBE 10X Buffer 
MGTBE 10X Buffer 

Tris 107.7 g w/v 

EDTA  8.4 g w/v 

Boric acid 55.5 g w/v 

Water Up to 1 L 

 * Autoclave mixture 

 

2.3.5 DNA Restriction Digests 

DNA products that were to be linearised or contained the same restriction site at the 5’ 

and 3’ were subjected to restriction endonuclease digestion with a single enzyme. 

Products flanked by two different restriction sites required double digestion. All 

restriction enzymes used were obtained from Promega, and used in reactions 

containing optimal buffers (60mM Tris-HCl, 500mM-1.5M NaCl, 60mM MgCl2

 

 and 

10mM DTT) provided by the manufacturer. Unless otherwise stated, all restriction 

digests were incubated at 37°C for 3 h.  

Table 2.14 Protocol for the preparation of digestion mixture for Single enzyme digest 

Single Digestion 

DNA (80 ng/µL) 5 µL 

RE 10X Buffer 3 µL 

Restriction Enzyme (10 u/µL) 3 µL 

Acetylated BSA (10 µg/µL) 1 µL 

Sterilised water 19 µL 
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Table 2.15 Protocol for the preparation of digestion mixture for Double enzyme digest 
Double Digestion 

DNA (80 ng/µL) 20 µL 

RE 10X Buffer 6 µL 

Restriction Enzyme 1 (10 u/µL) 2 µL 

Restriction Enzyme 1 (10 u/µL) 2 µL 

 

All vectors that underwent restriction enzyme (RE) digestion were subsequently 

dephosphorylated with Calf Intestine Alkaline Phosphatise (CIAP, Promega), to 

prevent re-ligation. The dephosphorylation mixture was incubated at 37°C for 1 h.  

 

Table 2.16 Protocol for the preparation of Dephosphorylation mixture 
Dephosphorylation 

DNA RE digest sample 30 µL 

Alkaline Phosphatase 10X 

Reaction Buffer* 
6 µL 

CIAP (0.01 µ/µl) 2 µL 

Sterilised water 12 µL 

* (50mM Tris-HCl pH 9.3, 1mM MgCl2, 0.1mM 
ZnCl2

 

, 1mM spermidine) 

Enzyme restriction and dephosphorylation samples were subsequently purified using 

PCR purification kits (Qiagen), according to the manufacturer’s protocol.  
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2.3.6 DNA Ligation 

Ligation mixtures adhered to a vector-insert ratio of 1:3. Ligations were performed 

using LigaFast Rapid T4 DNA ligase (Promega) at 37°C for 30 m – 1 h. DNA of 

ligation reactions was subsequently transformed into competent E. coli DH5α and 

amplified.  

 

Table 2.17 Protocol for the preparation of Ligation mixture for T4 DNA Ligase 
Ligation Reaction Mixture 

Vector DNA 33 ng 

Insert DNA 100 ng 

2X Rapid Ligation Buffer 2.5 µL 

T4 DNA Ligase 0.5 µL 

* 60mM Tris-HCl pH 7.8, 20mM MgCl2

 

, 20mM 
DTT, 2mM ATP and 10% PEG 

 
Bacterial plasmids were extracted from E. coli using the commercially available 

Wizard Plus SV Miniprep DNA Purification System (Promega).  

 

2.3.7 DNA Sequencing  

Nucleotide sequencing utilised a procedure based on the use of Big Dye (Table 2.18) 

(Applied Biosystems, Carlsbad, CA, USA) as supplied by Micromon (Monash 

University). The Micromon protocol and clean-up procedures are available at: 

(http://www.micromon.monash.org/dna-seq-reaction-param.html). 

 

http://www.micromon.monash.org/dna-seq-reaction-param.html�
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Table 2.18 Protocol for the preparation of Sequencing Reaction mixture 
Sequencing Reaction Mixture 

Template DNA 300 ng 

Primer  3 pmole 

Buffer 5X* 3.5 µL 

Big Dye 1 µL 

* (400mM Tris pH 9.0, 10mM MgCl2) 

 

Table 2.19 Sequencing conditions for Big Dye 
Sequencing Conditions for Big Dye 

Cycle Temperature Time 

1 96 °C 60 s 

2-30 

96 °C 10 s 

50 °C 5 s 

60 °C 4 m 

Hold 5 °C 2 m 

Pause 4 °C  
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2.4 TRANSFORMATIONS & CONJUGATION 

2.4.1 Chemically Made Competent E. coli 

The E. coli DH5α used for plasmid amplification, and SM10 conjugation strains were 

made chemically competent using rubidium chloride treatment (Glover, 1985), prior 

to being transformed with DNA. Cells from an overnight bacterial culture were 

harvested (13,000g for 15 m at 4°C) and resuspended in 1/3 volume of RF1 solution 

for 1 h on ice. At all times the suspension was maintained either on ice or at 4°C. The 

cells were then pelleted by centrifugation again and resuspended in 1/12.5 volume of 

RF2 solution for 15 m on ice. The suspension was dispersed into sterile 1.5 mL 

microcentrifuge tubes suspended in a dry ice – ethanol bath. Once cells were frozen 

the tubes were stored at -80°C.  

Table 2.20 Protocol for the preparation of RF1 solution 
RF1 Solution – 40 mL 

RbCl (100 mM) 0.48 g 

MnCl2 0.40 g  (50 mM) 

K acetate (30 mM pH 7.5) 1.2 mL 

CaCl2.2H2 0.06 g O (10 mM) 

Glycerol (15% w/v) 6 mL 

* pH to 5.8 with 0.2 M acetic acid 
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Table 2.21 Protocol for the preparation of RF2 solution 
RF2 Solution – 20 mL 

RbCl (10 mM) 0.02 g 

MOPS (10mM) 0.4 mL 

CaCl2.2H2O (75mM) 0.22g 

Glycerol (15%w/v) 3 mL 

* pH to 6.8 with NaAc                                                           

* Both RF1 and RF2 solutions were sterilised with a 
25mm filter (Pall Life Science, Port Washington, NY, 
USA). 

 

2.4.2 Transformation of E. coli 

In accordance with the high-efficiency protocol (NEB, 2007), 100 ng of plasmid DNA 

(1 – 5 µL) was incubated with 50 µL of competent E. coli DH5α on ice for 30 m. The 

mixture was heat-shocked at 42°C for 60 s, and returned to ice for a further 5 m. The 

cells were then inoculated into 250 µL LB and underwent recovery for 1 h, with 

shaking at 240 rpm at 37°C. 60 µL of the suspension was subsequently plated onto 

LB agar containing specific antibiotics to select for specific plasmids.  

 

2.4.3 Chemically Competent S. cerevisiae 

The S. cerevisiae strain BY4741 was made competent using the commercially 

available S.c EasyComp Transformation Kit (Invitrogen, Carlsbad, CA, USA). 1 mL 

of an overnight culture was harvested by centrifugation (1,500 rpm for 2 m) and the 

pellet resuspended in 1 mL of solution 1 as provided by the manufacturer. Cells were 

pelleted by centrifugation again and resuspended in 100 µL of solution 2 as provided 
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by the manufacturer. The cell suspension was then dispersed into sterile 1.5 mL 

microcentrifuge tubes and stored at -80°C.  

 

2.4.4 Transformation of S. cerevisiae 

A mixture comprising 100 ng of vector DNA, 5 µL of competent S. cerevisiae cells 

and 50 µL of solution 3 (S.c EasyComp Transformation Kit; Invitrogen), was 

incubated for 1 h, with shaking at 120 rpm at 30°C. The entire cell suspension was 

subsequently plated on a yeast minimal medium plate supplemented with 30 µL of 

relevant amino acids (0.002% w/v).   

 

2.4.5 Conjugation between E. coli and B. pseudomallei 

Deletion mutants were constructed by double cross-over allelic exchange in               

B. pseudomallei K96243. Mutagenesis constructs were cloned so as to incorporate a 

tetracycline resistance cassette into the λpir-dependent pDM4 suicide vector which 

carries a gene for chloramphenicol resistance, and was introduced into the E. coli     

K-12 SM10 λpir strain. The SM10 strain was used as the donor strain to allow 

mobilisation of the pDM4 plasmid into B. pseudomallei K96243.   

 

Overnight cultures of the SM10 containing pDM4 and wild-type B. pseudomallei 

strains were sub-cultured to mid-log phase. 500 µL of both cultures were spotted 

together on LB agar plates which were then incubated overnight at 37°C, allowing for 

conjugation between E. coli and B. pseudomallei, and the transfer of the pDM4 vector 

into B. pseudomallei. The conjugants were resuspended in 200 µL phosphate buffered 
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saline (PBS) pH7.2 and plated on LB agar containing 64 µg/mL gentamicin to select 

for the B. pseudomallei; and 25 µg/mL tetracycline to select for cells carrying the  

mutated gene. Plates were incubated overnight at 37°C. The following day, 

transformants were selected and further characterised for their antibiotic profile by 

patching them onto LB agar plates containing either 64 µg/mL gentamicin and         

25 µg/mL tetracycline, or 64 µg/mL gentamicin and 50 µg/mL chloramphenicol. 

Patches showing both tetracycline and chloramphenicol resistance were denoted 

single cross-over mutants. Patches showing both tetracycline resistance and 

chloramphenicol sensitivity were denoted double cross-over mutants.  

 

2.4.6 Resolving Single-Crossover B. pseudomallei Mutants  

Single-crossover mutants were resolved according to the method of Logue et al 

(2009), based on a sacB counter-selection protocol which acts through activation of 

the sacB gene encoded in pDM4. Following overnight growth and sub-culturing in LB 

supplemented with 20% sucrose, transconjugants were plated onto 2YT agar. The 

resulting colonies were characterised for their antibiotic profile as described in 

Chapter 2.4.5 above. 
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2.5 ANALYSIS OF PROTEIN EXPRESSION IN YEAST 

2.5.1 Yeast Whole Cell Lysates 

Overnight cultures of yeast expressing B. pseudomallei proteins were grown to      

mid-log phase, and cells harvested at the equivalent of 5 mg of dry weight cells 

(OD650

 

 of 1.0 represents approximately 430 µg/mL) and then resuspended in 1 mL 

distilled water, 75 µL of 3.7 M NaOH and 11 µL of 2-mercaptoethanol. The 

suspension was incubated on ice for 10 m, after which 90 µL of 80% TCA was added 

followed by a further 10 m incubation on ice. The suspension was then centrifuged at 

13,000 rmp for 90 s and the pellet was washed with 1 mL cold acetone twice. The 

pellet was resuspended in 150 µL of 5% SDS and boiled for 5 m. After cooling, the 

suspension was centrifuged at 13,000 rpm for 90 s and the resulting supernatant 

transferred to a sterile 1.5 mL microfuge tube and mixed with an equal volume of 2X 

sample SDS/PAGE buffer (25% (v/v) 0.5 M stacking buffer with a pH of 6.8, 20% 

(v/v) glycerol, 40% (v/v) 20% SDS, 10% (v/v) 2-mercaptoethanol, 5% (v/v) water and 

bromophenol blue), in preparation for gel loading.    

2.5.2 Sodium Dodecyl Sulfate-PolyAcrylamide Gel Electrophoresis 

Protein lysates were run on SDS-PAGE gels comprising a 10% resolving gel (2 mL 

water, 1.25 mL of 3 M Tris resolving buffer pH 8.8, 1.67 mL Bis/Acrylamide, 25 µL 

of 20% SDS, 25 µL ammonium peroxidisulphate and 10 µL TEMED) and a 4% 

stacking gel (1.5 mL water, 625 µL of 0.5M Tris stacking buffer pH 6.8, 12.5 µL of 

20% SDS, 325 µL Bis-Acrylamide, 12.5 µL ammonium peroxidisulphate and 5 µL 

TEMED). Gels were run in running buffer (250 mM Tris, 1.92 M glycine and 1% 
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SDS) at 120 V for 90 m and subsequently prepared for either Western Immuno-

Blotting analysis or ElectroChemiLuminescence detection.      

 

2.5.3 Western Immuno-Blotting and ElectroChemiLuminescence (ECL) 
Detection 

Protein samples resolved on SDS-Polyacrylamide gels were transferred to PVDF 

membranes (Pall Life Science) at 90 V, for 1 h at 4°C. Membranes were then blocked 

in 5% skim milk and probed with the primary mouse anti-HA monoclonal antibody 

(Lithgow Lab, Monash University, Melbourne) and fluorescent secondary goat       

anti-mouse HRP-conjugated antibodies (Pierce, Rockford, MA, USA). Membranes 

were imaged on a Typhoon Trio imager using Image Quant software (GE Healthcare 

Life Sciences, Uppsala, Sweden). Protein bands expressing low signal required ECL 

detection.  Membranes to be analysed through ECL (reagents provided by Amersham, 

Piscataway, NJ, USA) were probed with an additional SuperSignal West Femto 

(Pierce) and x-ray imaged with 1 m exposure.  

 

 

2.6 OBSERVING YEAST ORGANELLE MORPHOLOGY AND 

TURNOVER 

Vacuolar morphology in yeast strains expressing B. pseudomallei proteins was 

observed by confocal laser scanning microscopy following 4 h incubation in 

starvation medium (Rosado et al., 2008) and 1 h incubation with 1 µL of FM4-64 

(Invitrogen, (Vida and Emr, 1995)). In a similar manner, organelle turnover was 

observed in cells transformed with Rosella biosensors, targeted to specific cellular 

compartments (Rosado et al., 2008). Strains were grown under non-starved (control) 
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or nitrogen-starved conditions to induce organelle turnover by autophagy. Cells were 

mounted with 0.2% (w/v) low melting point agarose and imaged using the FITC and 

TRITC channels, on an Olympus FV500 Confocal Laser Scanning Microscope 

(Nowikovsky et al., 2009).   

 

 

2.7   ANALYSIS OF BACTERIAL GROWTH 

The growth of mutant bacterial strains was compared to wild-type B. pseudomallei by 

optical density at 600 nm (OD600). B. pseudomallei strains were grown in 5 mL LB 

with and without tetracycline 25 µg/mL for 5 h with shaking (200 rpm) at 37°C. At 

this point, an OD600 reading was made and 100 µL of cells were then subcultured into 

a fresh 5 mL LB for overnight growth. The following day, all cultures were inoculated 

into fresh 20 mL LB at an OD600 of 0.05 and allowed to grow for 12 h at 37°C with 

shaking at 200 rpm. OD600

 

 was measured at 20 m intervals.  

 

2.8 TISSUE CULTURE OF MOUSE MACROPHAGE CELLS 

The mouse macrophage cell lines RAW 264.7 and RAW 264.7 stablely transfected 

with LC3-GFP (Cullinane et al., 2008) were cultured in Roswell Park Memorial 

Institute (RPMI) medium supplemented with 10% (v/v) of heat-inactivated fetal calf 

serum (Invitrogen), grown at 37°C with 5% CO2. At 15 h prior to B. pseudomallei 

infection, the relevant cell lines were seeded at 1.0 x 105 cells/well into 24-well trays. 
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RAW 264.7 cells were used for viable cell counts in survival assays and actin 

visualisation while GFP-LC3 transfected macrophages were used in autophagy related 

assays to identify the co-localisation of B. pseudomallei with GFP-LC3.   

 

 

2.9 B. PSEUDOMALLEI SURVIVAL ASSAY 

The ability of mutant and wild-type B. pseudomallei to survive and replicate within 

RAW 264.7 macrophage cells was measured by viable cell counts. Strains were 

grown overnight in LB medium with relevant antibiotics and subcultured for 3 h to 

reach mid-log phase. Macrophage cells were infected for 1 h at a multiplicity of 

infection (MOI) of 6:1, by using 20 µL of a 5x108 

 

bacteria/mL culture. At 1 h post 

infection, cells were washed with PBS and placed in fresh RPMI medium containing 

100 µg/mL ceftazidime and 800 µg/mL kanamycin to kill extracellular bacteria. At    

2 h, 4 h and 6 h post infection, wells were washed four times with 500 µL PBS to 

remove any extracellular bacteria. 50 µL of the final wash was plated on LB agar 

‘wash plates’ and incubated at 37°C for two days. The RAW 264.7 macrophages were 

incubated with 200 µL of 0.1% Triton X-100 for 10 m to lyse the cells. 100 µL of the 

bacterial lysis solution was plated on LB agar ‘lysis plates’ and grown at 37°C for two 

days.  

Numbers of bacterial colonies growing on ‘wash plates’ and ‘lysis plates’ were tallied 

and statistically analysed using T-tests and one-way ANOVA.  
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2.10 B. PSEUDOMALLEI INFECTION ASSAY 

The intracellular infectivity of mutant and wild-type B. pseudomallei was determined 

visually within macrophage RAW 264.7 cells expressing LC3-GFP. Cells were grown 

as a monolayer in 24-well trays containing cover slips. In a similar manner to the 

survival assay, both bacterial strains were grown overnight in LB supplemented with 

25 µL/mL tetracycline for the mutant strain and 64 µL/mL gentamicin for the        

wild-type strain, and subcultured to mid-log phase. Macrophages were infected for 1 h 

with mutant and wild-type B. pseudomallei at an MOI of 6:1. At this time the wells 

were washed four times with PBS and replaced with fresh RPMI containing 

ceftazidime (100 µg/mL) and kanamycin (800 µg/mL). At 2 h, 4 h and 6 h            

post-infection the macrophages were washed four times with PBS to remove 

extracellular bacteria. The PBS was replaced with 500 µL of 100% methanol and 

incubated at 37°C for 10 m to permeabilise the cells. The adhered infected 

macrophages on the cover slips were immunofluorescently-labelled.     

 

2.10.1 Immunofluorescent Labelling 

Where required, antibody solutions and washes were made with 1% (w/v) BSA PBS. 

The cells were incubated with the primary rabbit anti-B. pseudomallei outer 

membrane antibody (Cullinane et al., 2008) at a dilution of 1:100 for 1 h. Following 

three 10 m washes with shaking at 100 rpm at room temperature, the cells were 

incubated with the secondary goat anti-rabbit IgG Texas Red antiserum (Molecular 

Probes, Eugene, OR, USA) at a 1:250 dilution, for a further 1 h. Once again the wells 

were washed three times at 10 m intervals before cover slips containing the infected 

macrophages were mounted on glass slides. Internalised B. pseudomallei and 
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cytoplasmic LC3 were visualised by confocal microscopy using the green FITC and 

red TRITC channels. The green channel detects cytoplasmic LC3 while the red 

channel detects the B. pseudomallei. The images were scored for the internalised 

bacteria and compared to internalised bacteria co-localised with LC3. This ratio of   

co-localisation was identified for the wild-type and mutant strains in triplicate 

experiments and subsequently statistically analysed with T-tests.  

 

 

2.11 B. PSEUDOMALLEI ACTIN-BASED MOTILITY 

Intracellular B. pseudomallei employs actin-based motility to facilitate its spread 

within mammalian cells. B. pseudomallei strains were grown overnight in LB and 

sub-cultured to mid-log phase. The bacterial strains were inoculated into 24-well trays 

containing glass cover slips and macrophage RAW 264.7 cells, at an MOI of 6:1. At  

1 h post-infection, the wells were washed and the medium replaced with fresh RPMI 

supplemented with the antibiotics ceftazidime (100 µg/mL) and kanamycin (800 

µg/mL).  At time points 2 h, 4 h, 6 h and 8 h post-infection, the cells were washed 

three times with PBS and then fixed with 4.5% PFA for 15 m at 37°C. The PFA was 

then replaced with PBS in preparation for immunofluorescent labelling and actin 

staining.    
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2.11.1 Immunofluorescent Labelling and Actin Staining 

All antibody solutions and washes used 1% BSA PBS. As outlined in Chapter 2.10.1, 

cells were labelled with primary rabbit anti-B. pseudomallei outer membrane antibody 

(Cullinane et al., 2008) and secondary goat anti-rabbit IgG Texas Red antiserum 

(Molecular Probes). Following immunofluorescent labelling, wells were incubated for 

1 h with Phalloidin Alexa Fluor 488 at a dilution 1:100 (Molecular Probes) to stain 

intracellular actin. After washing the wells three times with PBS, the cover slips were 

mounted on glass slides. Internalised B. pseudomallei and intracellular actin were 

visualised by confocal microscopy.  

 

 

2.12 CONFOCAL LASER SCANNING MICROSCOPY  

The Olympus FV-500 confocal microscope in the Department of Biochemistry & 

Molecular Biology (Monash University, Melbourne) was used for all imaging. Yeast 

cells expressing organelle targeted biosensors utilised the FITC and TRITC lasers. 

Likewise, the same channels were utilised for B. pseudomallei in vitro infectivity 

assays in RAW 264.7 LC3-GFP cells. The 488 laser was used to visualise intracellular 

actin in macrophage cells.  

 

 

2.13 TRANSMISSION ELECTRON MICROSCOPY 

RAW264.7 cells were infected with wild-type or mutant B. pseudomallei strains at a 

MOI of 6. At 2, 4 and 6 h p.i., cells were fixed for 2 h with 2.5% glutaraldehyde in  
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0.1 M cacodylate buffer, pH 7.2. At this time, cells were harvested and postfixed for 

an additional 1 h in 1% (w/v) osmium tetroxide, followed by 1 h in 2% (w/v) uranyl 

acetate. Samples were then dehydrated, embedded in Epon resin, sliced to 70 nm 

sections and stained with lead citrate and uranyl acetate. Images were obtained using a 

Hitachi H-7500 Transmission Electron Microscope. A minimum of 150 cross-sections 

was imaged in each experiment and bacteria scored according to the presence and 

number of visible membranes in which they were encapsulated.   

 

 

2.14 ANIMAL COMPETITION ASSAYS 

In order to determine the in vivo growth rate of B. pseudomallei, an in vivo 

competition analysis of the wild-type and mutant strain was performed. As a means of 

comparison, an in vitro analysis was also performed simultaneously. Overnight 

cultures of wild-type B. pseudomallei and mutant strains grown in LB-supplemented 

with relevant antibiotics, were sub-cultured for 90 m to early-log phase, OD600nm of 

0.2 (corresponding to 2 x 108 bacteria/mL). Equal volumes of both cultures were 

combined, serial dilutions of the combined mixture made to 10-5

 

 and 100 µL were 

spread onto three LB agar plates. These plates represented bacterial inputs.  

For the in vitro growth analysis, 10 µL of the 10-2 dilution – corresponding to 4 x 104

 

 

bacteria, were inoculated in LB and the culture incubated at 37°C with shaking at   

200 rpm for 18 h. 100 µL of the culture was subsequently spread onto LB agar, 

denoted in vitro growth plates.  
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For the in vivo competitive assay, six eight-week old female BALB/c mice were  

intra-nasally infected with 20 µL of the 10-2

 

 dilution and housed at room temperature 

for 24 h in filtered sealed cages. At this time point, mice were killed in an ethically 

approved manner (Monash University Animal Ethics Committee approval                   

# SOBS/M/2008/2), with their spleens removed and homogenised in 3 mL PBS. 

Homogenate was spread onto three LB agar, denoted as in vivo plates.  

All LB plates were incubated at 37°C for a minimum of 24 h until visible colonies 

were apparent. At this point, 100 colonies from each plate, input, in vitro and in vivo, 

were picked randomly and patched onto non-selective LB agar and LB- tetracycline-

25 µg/mL, and grown overnight at 37°C. The presence and absence of patches on 

these plates identified the mutant strain and wild-type B. pseudomallei respectively. 

The colonies on all plates were enumerated and statistically analysed with a one-sided 

z test, to obtain a competitive index (CI) – ratio of mutant to wild-type bacteria in 

each individual study, and a relative competitive index (rCI) – difference between the 

in vitro CI and in vivo CI (Harper et al., 2004). Mutant strains displaying an rCI <0.10 

were considered attenuated in the mice model.  
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2.15 ANIMAL VIRULENCE ASSAYS 

In order to determine the level of attenuation, wild-type B. pseudomallei and mutant 

strains were grown in LB media supplemented with relevant antibiotics overnight. 

Strains were sub-cultured in fresh medium with appropriate antibiotics and grown for 

4 h to mid-log phase OD600nm of 0.8 (corresponding to 5 x 108 bacteria). Groups of 

seven, 6 to 8 week–old, female BALB/c mice were infected intranasally with 20 µL of 

wild-type or mutant at doses of 2 x 107 CFU or 2 x 105 CFU. Mice were housed at 

room temperature in filter sealed cages, observed for ten days and euthanased if 

moribund, in accordance with animal ethics requirements (Monash University Animal 

Ethics Committee approval # SOBS/M/2008/2). Survival data were displayed as 

Kaplan-Meier curves, and the difference in overall survival was assessed using 

Fisher’s exact test, and the difference in time to death was analysed using Log-rank 

Mantel-Cox test (Hiscox et al., 2011). 
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CHAPTER THREE 

SCREENING PUTATIVE BACTERIAL 
VIRULENCE EFFECTORS IN YEAST 
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3.1 Introduction 

 

Autophagy is a cellular process whereby cytosolic components maybe sequestered 

into double membrane vesicles, autophagosomes, and destined for lysosomal 

degradation. This process of autophagy is also employed to combat microbial 

infections, whereby pathogens can be enveloped in autophagosomes and directed to 

the lysosomes.  

 

Following infection of phagocytic and non-phagocytic cells, some intracellular 

pathogens such as S. flexneri, R. prowazekii and B. pseudomallei have been found to 

evade autophagy, an innate degradation response mechanism. Gong et al. (2011) 

described B. pseudomallei lacking the BopA protein to have delayed escape from 

phagosomes. As described in Chapter 1, these bacteria employ a variety of virulence 

factors, such as secreted proteins and toxins, to escape the phagosome/endosome, to 

subsequent autophagic capture or to suppress autophagosomal maturation.  

 

Of particular interest are the secreted bacterial proteins that assist microbes to escape 

the autophagic pathway by disrupting the membrane encapsulating them. It was 

postulated that B. pseudomallei may utilise similar effector proteins to also escape 

phagosomal confinement.  

 

A literature search was performed to identify the virulence factors employed by 

bacteria to escape from their confining phagosomes. Initially, a list of 22 virulence 
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factors was compiled. A BLAST-p search was performed for each sequence against 

the B. pseudomallei genome using Wasabi (Seemann, 2012). BLAST-p results 

revealing hits with low E-values (such as, less than 10-66

 

), high identity (more than 

20%), high positive matches (more than 40%) and low gap values were denoted as 

putative B. pseudomallei homologues. Using these criteria the bioinformatics analysis 

identified five sequences within the B. pseudomallei genome as sharing significant 

homology with one of the 22 virulence factor open reading frames (ORF). Table 3.1A 

& B summarises the available information concerning the five virulence factors 

having a homologue within the B. pseudomallei genome.  

B. pseudomallei virulence is largely attributed to proteins encoded in the Bsa 

(Burkholderia Secretion Apparatus) locus, found on the TTSS3 gene cluster 

(Wiersinga et al., 2006). TTSS3 is proposed to secrete BicA, BipB, BipC, BprA, 

BipD, BapA, BapB, BapC, BopE and BopA into a target cell prior to infection 

(Stevens et al., 2002), although definite evidence showing secretion is available only 

for BopE (Stevens et al., 2003). The BLAST-p searches found substantial homology 

with two of these TTSS3 proteins namely BipB and -C.  

 

Other work concerning putative effectors of B. pseudomallei, showed an insertion 

disruption mutant of BipD in the B. pseudomallei 576 strain to have impaired 

invasion, endosomal confinement and reduced proliferation (Stevens et al., 2004). 

Pilatz et al. (2006), found that the insertion disruption mutant BPSS1539 in the         

B. pseudomallei E8 strain was confined to intracellular vacuoles and displayed 

attenuated virulence. As deletion mutants of BPSS1529 (bipD) and BPSS1539 had not 



 

90 

been generated in the B. pseudomallei K96243 strain, both were also selected for 

characterisation experiments in this study, along with the five ORFs described in 

Table 3.1.  

 

Shohdy et al. (2005) utilised yeast as a method for screening potential                        

L. pneumophilia candidate effectors on the basis of their potential for altering 

endosomal traffic (Chapter 1.10.4). Sequences encoding the seven B. pseudomallei 

ORFs (Table 3.1) were expressed in the yeast S. cerevisiae BY4741 strain, with the 

intention of observing any morphological or physiological differences which may 

arise under nutrient starvation (autophagy induction) conditions. Given the 

importance of vesicle traffic in autophagy and the gene product descriptions in Table 

3.1, it was hypothesised that most of these proteins may affect the autophagy process 

in yeast by perturbing vesicle trafficking. Cellular changes which influence the rate of 

vesicle fusion to the vacuole may result in an altered vacuolar morphology.  
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Table 3.1A: Sequence homology between selected virulence factors and the B. pseudomallei genome.  

Protein Organism Description  B. pseudomallei 
Homologue 

Genome 
Location 

Positive 
(%)3

Putative function in  
B. pseudomallei  

Reference 

Ipa C S.  flexneri 

Forms membrane pores. 
Required for epithelia cell 
entry and phagosome 
escape.  
 

BPSS 1531 
Bip C 

Bsa (TTSS3) 
locus of 
chromosome 2. 

44 Putative cell invasion protein.  (Ogawa et al., 
2003) 

Ipa B S. flexneri 

Chaperoned by IpgC to 
form an invasion-
mediating protein 
complex.  
 

BPSS 1532 
Bip B 

Bsa (TTSS3) 
locus of 
chromosome 2. 
 

42 
Putative cell invasion protein. 
Predicted to be located in the 
bacterial inner membrane.  

(Ogawa et al., 
2003), 

(Guichon et 
al., 2001) 

Haemolysin R.  prowazekii 

Bacterial protein exotoxin. 
It may be involved in the 
disruption of phagosome 
membrane 
 

BPSL 0670 Chromosome 1 53 

Putative cation transporter 
efflux protein. Predicted to be 
located in the bacterial 
cytoplasm.  

(Whitworth et 
al., 2005) 

HrcN X. axonopodis 
Escape from endosomal 
vacuole. Also shares 
homology to BsaS.  

BPSS 1394 
BpscN 

Cluster 1 of 
the TTSS on 
chromosome 2.  

83 

Putative type three secretion 
associated protein SctN. 
Predicted to be located in the 
bacterial cytoplasm.  

(Whitworth et 
al., 2005) 

 

 

 
                                                
3 The percentage of similarity and exact identity between two amino acid sequences.  
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Table 3.1B: Sequence homology between selected virulence factors and the B. pseudomallei genome.  

Protein Organism Description  B. pseudomallei 
Homologue 

Genome 
Location 

Positive 
(%)4

Putative function in  
B. pseudomallei  

Reference 

AP003013 
 

Mesorhizobium 
loti 

Multidrug efflux protein BPSS 0670 Chromosome 2 65 
Putative transporter protein. 
Predicted to be located in the 
bacterial inner membrane.  

(Kaneko et al., 
2000) 

 
 

 BPSS 1529 
BipD 

Bsa (TTSS3) 
locus of 
chromosome 2. 

 Type three effector protein.  (Stevens et al., 
2004) 

 
 

 BPSS 1539 
Bsa (TTSS3) 
locus of 
chromosome 2. 

 Unknown.  (Pilatz et al., 
2006) 

 

 

                                                
4 The percentage of similarity and exact identity between two amino acid sequences.  
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Overview of Experimental Strategy 

DNA cassettes encoding the seven ORFs listed in Table 3.1 were amplified by PCR. 

In addition, the phosphoglycerate mutase BPSL0443 ORF was amplified to act as a 

negative control. Phosphoglycerate mutase is a non-secreted protein involved in 

carbohydrate transport and metabolism, and not therefore in determining the 

infectivity of B. pseudomallei.  

 

Yeast strains expressing each of the individual B. pseudomallei ORFs were subjected 

to nutrient and nitrogen starvation. Under such conditions, autophagy is induced in 

yeast cells as a means of obtaining nutrients and surviving starvation stress. As 

described in chapter 1, this process requires the intracellular trafficking of cellular 

components in membrane bound vesicles which subsequently fuse with the vacuole to 

undergo degradation.  

 

Yeast strains expressing the B. pseudomallei ORFs were also co-transformed with 

plasmids expressing the cytosolic-, mitochondrial- or nucleus- targeted Rosella 

biosensors (Rosado et al., 2008, Devenish et al., 2008). These cells were grown under 

nitrogen starvation conditions to induce autophagy, stained with FM4-64 to label the 

vacuole membranes, and imaged by confocal microscopy to determine the localisation 

of the biosensor. Each biosensor is composed of a pH-sensitive variant of green 

fluorescent protein (GFP) linked to a pH-stable variant of the red fluorescent protein, 

DsRed. Under autophagic conditions, the delivery of organelles (≥ pH 7.0) to the 

acidic vacuole (pH 4.8) results in highly diminished or no detectable fluorescence of 
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the GFP component. The accumulation of red fluorescence in the vacuole that may be 

observed is indicative of autophagic uptake of the labelled compartment. Following 

nitrogen starvation for 4, 6 or 20 h, the autophagic turnover of the cytosol, 

mitochondria, or nucleus can be observed respectively (Rosado et al., 2008, Devenish 

et al., 2008).   
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3.2 Results: 

Cloning B. pseudomallei Genes into the S. cerevisiae  

The B. pseudomallei genome has a 65% G+C content, making PCR amplification and 

cloning particularly challenging. For this reason, primers were designed to have 

minimum GC base content which in turn ensures the lowest possible annealing 

temperature for amplification. Each primer was designed to introduce nested SpeI and 

BamHI restriction sites at the 5’ end of the DNA cassette and nested BamHI, NotI and 

HindIII restriction sites at the 3’ end. Nucleotides encoding a single haemagglutinin 

(HA) epitope tag were included between the NotI and HindIII sites to facilitate 

possible detection of protein expression (Figure 3.1).  

 

Figure 3.1: The standard template utilised for the design of B. pseudomallei genomic 
DNA primers. Spe1 and BamH1 were introduced at the 5’ end of the cassette whilst 
the BamHI, NotI and HindIII were introduced at the 3’ end. An HA epitope tag was 
cloned between the NotI and HindIII sites.  

 

Each target ORF was amplified from B. pseudomallei K96243 genomic DNA using 

TAK (TaKaRa, Shiga, Japan) and KOD (EMD & Merck, Darmstadt, Germany) 

polymerases with GC-specific buffers specified by the manufacturers (Chapter 2.3.1). 

All cloned PCR products were sequenced to confirm the absence of PCR-derived 

infidelities (data not shown). The PCR products were cloned into the pAH19 yeast 

expression vector and transformed into the BY4741 strain (Chapter 2.1).   
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Vacuolar Morphology of Strains Expressing B. pseudomallei ORF 

The yeast strains expressing B. pseudomallei proteins were subjected to nitrogen 

starvation for 4 h. Wild-type BY4741 yeast expressing the empty pAH19 vector or 

BPSL0443 were also grown under the same conditions and served as negative 

controls. After 4 h cytoplasmic components will be sequestered into vesicles subject 

to vacuolar degradation (Rosado et al., 2008).  

 

Yeast strains expressing the empty pAH19 vector or a B. pseudomallei protein, under 

growing or starvation conditions were then stained with FM4-64 and imaged (Figure 

3.2A & B). When subjected to nitrogen starvation, the empty vector control strain and 

the strain expressing BPSL0443 exhibited a single vacuole phenotype. By contrast, the 

seven strains expressing a putative B. pseudomallei effector protein produced a    

multi-vacuole phenotype, with an increase in vacuole number following 4 h starvation 

(Figure 3.3). Under growing conditions all strains showed a high percentage of single 

vacuoles (65 - 95%). During starvation conditions the 70 – 75% of cells expressing 

the empty pAH19 vector or BPSL0670 maintained a single vacuole phenotype whilst 

strains expressing the B. pseudomallei effector protein only produced single vacuoles 

in 5 – 10% cells and, multiple vacuoles in approximately 90% of the cells.  

 

From the repertoire of B. pseudomallei proteins being studied, cells expressing 

truncated BPSS1529 or BPSS1532 proteins were retested to verify the phenotype 

produced by the full length effector proteins. The DNA cassette encoding the 

BPSS1529 and BPSS1532 ORFs was amplified so as to introduce truncations at either 
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the N or C-terminal end. Thus the BPSS1529∆C was cloned with 20% of the 

nucleotides deleted from the C-terminus. Two truncations of BPSS1532 were 

constructed each with 50% deletion at either the C or N-terminus (Figure 3.4). It was 

anticipated that such truncations may result in loss of ‘function’ of the full-length 

protein when expressed in yeast, resulting in a wild-type single vacuole phenotype.  

 

Confocal images of strains expressing BPSS1529∆C, BPSS1532∆N or BPSS1532∆C 

(Figure 3.5) revealed that in the absence of expression of the full-length protein, a 

single vacuole phenotype was observed under starvation conditions. Figure 3.6 shows 

the number of vacuoles produced by expression of the full length BPSS1529 and 

BPSS1532 as opposed to the truncated versions, under starvation conditions. The  

full-length proteins produced single vacuoles in only 10-20% of the imaged cells, 

whereas the truncated proteins yielded single vacuoles in 60-70% of the cells – similar 

to the control empty vector strain. Thus the multi-vacuole phenotype can be attributed 

to the expression of full-length B. pseudomallei proteins.  

 

As another means of verifying that the multiple vacuole phenotype was dependent on 

the expression of a putative effector protein, a strain expressing the BPSL0443 ORF 

was tested for vacuole phenotype under conditions of nitrogen starvation. BPSL0443 

encodes a cytosolic phosphoglycerate mutase, not involved in bacterial invasion of 

host cells, and therefore its expression would not be expected to affect vacuolar 

morphology. When grown under starvation conditions, this strain produced a 

predominantly single vacuole phenotype (Figure 3.3). This result suggests that not all 

B. pseudomallei proteins will interfere with vesicle transport and vacuole fusion, and 
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further supports the conclusion that the multiple vacuole phenotype observed for 

expression of putative B. pseudomallei effector proteins, derives from their 

perturbation of vesicular transport and/or vacuole fission/fusion in yeast.  
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                  Non-Starved              Starved  

 

Figure 3.2A: Expression of B. pseudomallei proteins in BY4741 produces a multiple 
vacuole phenotype under starvation conditions. The empty pAH19 vector expressed in 
BY4741 served as a negative control. Cells were either starved or not starved for 4 h 
and then stained with FM4-64.  
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                 Non-Starved                  Starved  

 

Figure 3.2B: Expression of B. pseudomallei proteins in BY4741 produces a multiple 
vacuole phenotype under starvation conditions. The empty pAH19 vector expressed in 
BY4741 served as a negative control. Cells were either starved or not starved for 4 h 
and then stained with FM4-64. 
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Figure 3.3: Enumeration of vacuoles in yeast strains expressing B. pseudomallei proteins. The empty pAH19 vector expressed in BY4741 served as a 
negative control. Cells were either starved, or not starved, for 4 h and then stained with FM4-64. 150 cells were scored in each of three replicate 
experiments.  
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Figure 3.4: The truncated versions of the BPSS1529 and BPSS1532 ORFs. The BclI 
site within either ORF was used to clone truncated fragments. The BPSS1529∆C was 
cloned with 20% of the nucleotides deleted from the C-terminus. Two truncations of 
BPSS1532 were constructed each with 50% deletion at either the C or N-terminus. 
This figure is not to scale.  
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Figure 3.5: Expression of the truncated versions of B. pseudomallei protein BPSS1529 
and BPSS1532. Cells were either starved, or not starved, for 4 h and then stained with 
FM4-64. The truncated sections are diagrammatically shown on the right.  

 

 

Figure 3.6: Enumeration of vacuoles in yeast strains expressing truncations of the          
B. pseudomallei proteins. The empty pAH19 vector expressed in BY4741 served as a 
negative control. Cells were either starved, or not starved, for 4 h and then stained with 
FM4-64. 150 cells were scored in each of five replicate experiments. 
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Cytosolic Turnover in Cells expressing B. pseudomallei Proteins 

 

As detailed in Chapter 1, autophagy is a cellular response to microbial infection, 

stress, nutrient starvation or chemical inducers (Ravikumar et al., 2010). In these 

experiments, autophagy was induced through nitrogen starvation. Under such 

conditions in yeast, some cytoplasm and/or organelle turnover can be observed using 

fluorescent biosensors. Depending on the time period of starvation, various organelles 

will be turned over. The 4 h starvation period used in these experiments was sufficient 

to initiate autophagy of the cytosol (Rosado et al., 2008, Devenish et al., 2008).  

 

Yeast strains expressing the selected B. pseudomallei ORFs were transformed with 

the vector pAS1NB expressing the cytosolic Rosella biosensor (Rosado et al., 2008). 

When subjected to nitrogen starvation conditions, cytosolic turnover is noted as the 

accumulation of red fluorescence in the vacuole along with the absence of green 

fluorescence in the vacuole. Such a phenotype can be observed in the control strains – 

wild-type cells expressing pAH19 empty vector or BPSL0443 (Figures 3.7A & B). In 

contrast, for each of the other B. pseudomallei proteins a lack of red fluorescence was 

observed in the vacuole. Note that the multi-vacuole phenotype observed using    

FM4-64 staining was confirmed in these experiments as fluorescent material is 

apparently excluded from the multiple vacuoles. This finding suggests that yeast 

strains expressing the B. pseudomallei proteins, have delayed cytosolic turnover when 

subjected to 4 h of nutrient starvation.  
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The truncated versions of BPSS1529 and BPSS1532 were also tested for cytosolic 

turnover (Figure 3.8).  In the absence of the full length B. pseudomallei proteins, red 

vacuoles were observed, indicating that the yeast cells sequester cytosolic components 

for degradation, following 4 h of nutrient starvation. These results indicate that the 

phenotype of delayed cytosolic turnover can be solely attributed to the effects on 

vesicle trafficking/vacuole fission/fusion caused by expression of the particular set of 

B. pseudomallei proteins being tested. A single vacuole phenotype for the truncation 

proteins of BPSS1529 and BPSS1532 is indicated by the green fluorescent image 

under starved conditions. 
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Figure 3.7A: B. pseudomallei proteins inhibit cytosolic autophagy in yeast under starvation 
conditions. Expression of the B. pseudomallei proteins with co-expression of the cytosolic 
biosensor in the BY4741 strain, either starved or not starved for 4 h. The empty pAH19 vector 
and BPSL0443 expressed in BY4741 served as a negative control. 
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Figure 3.7B: B. pseudomallei proteins inhibit cytosolic autophagy in yeast under starvation 
conditions. Expression of the B. pseudomallei proteins with co-expression of the cytosolic 
biosensor in the BY4741 strain, either starved or not starved for 4 h. The empty pAH19 
vector and BPSL0443 expressed in BY4741 served as a negative control. 
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Figure 3.8: Expression of truncated versions of the B. pseudomallei proteins in yeast 
allows cytosolic autophagy to occur under starvation conditions. Expression of the 
truncated BPSS1529 and BPSS1532 B. pseudomallei proteins with co-expression of the 
cytosolic biosensor in the BY4741 strain, either starved or not starved for 4 h. The 
truncated sections are diagrammatically shown on the right. 
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Mitochondrial Turnover in cells expressing B. pseudomallei Proteins 

 

Given the influence of the putative B. pseudomallei effectors on cytosolic turnover, 

the B. pseudomallei proteins were then tested for their influence on mitochondrial 

turnover by autophagy. After 6 h of nutrient starvation, S. cerevisiae BY4741 recruits 

mitochondria into the autophagic process (Rosado et al., 2008). Yeast strains 

expressing the B. pseudomallei ORFs were co-transformed with the pAS1NB vector 

expressing the mitochondrial Rosella biosensor. In cells subjected to nutrient 

starvation exceeding 6 h, recruitment of mitochondria for autophagic degradation is 

shown by diffuse red fluorescence coupled with the absence of green fluorescence in 

the vacuole. This diffuse red fluorescence can be observed in the control strain cells 

carrying the pAH19 empty vector or BPSL0443 (Figures 3.9A & B).  Cells grown 

under the same conditions and expressing the B. pseudomallei ORFs, showed little if 

any evidence of mitochondria turnover whilst maintaining the multi-vacuolar 

phenotype, as illustrated in Figure 3.9A & B.  
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Figure 3.9A: B. pseudomallei proteins inhibit mitochondria autophagy in yeast under starvation conditions. Expression 
of the B. pseudomallei proteins with co-expression of the mitochondrion biosensor in the BY4741 strain, either starved 
or not starved for 6 h. The empty pAH19 vector and BPSL0443 expressed in BY4741 served as a negative control. 
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Figure 3.9B: B. pseudomallei proteins inhibit mitochondria autophagy in yeast under starvation conditions. Expression of the  
B. pseudomallei proteins with co-expression of the mitochondrion biosensor in the BY4741 strain, either starved or not starved 
for 6 h. The empty pAH19 vector and BPSL0443 expressed in BY4741 served as a negative control. 
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Nucleus Turnover in Cells Expressing B. pseudomallei Proteins 

 

The expression of these B. pseudomallei ORFs evidentially perturbed cytosolic and 

mitochondrial turnover. These organelles can undergo macroautophagy but can also 

be turned over by microautophagy (Chapter 1.8).  Turnover of the nucleus in yeast is 

dependent solely on a microautophagic process. Turnover of the yeast nucleus can be 

detected during prolonged nutrient starvation exceeding 20 h using NAB35-Rosella 

(Mijaljica et al., 2007, Rosado et al., 2008, Devenish et al., 2008). Yeast strains 

expressing the B. pseudomallei ORFs were co-transformed with the pAS1NB vector 

expressing the nucleus biosensor. The autophagic turnover of nucleus membrane is 

observed as diffuse red fluorescence in the vacuole and the absence of green 

fluorescence in the vacuole. Such turnover is apparent in the control strains cells 

carrying the pAH19 empty vector or expressing BPSL0443. Turnover of the nucleus 

was evident in the red flaring of fluorescence from the nucleus into the adjacent 

multiple vacuole structures in cells expressing the B. pseudomallei ORFs (Figure 

3.10A & B). The presence of red fluorescence in the vacuole, illustrates that the 

process of nucleus autophagy is not inhibited in the presence of the B. pseudomallei 

proteins.  
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Figure 3.10A: B. pseudomallei proteins do not inhibit nucleus autophagy under starvation conditions. Expression 
of the B. pseudomallei proteins with co-expression of the nucleus biosensor in the BY4741 strain, either starved or 
not starved for 20 h. The empty pAH19 vector and BPSL0443 expressed in BY4741 served as a negative control. 
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Figure 3.10B: B. pseudomallei proteins do not inhibit nucleus autophagy under starvation conditions. Expression of the 
B. pseudomallei proteins with co-expression of the nucleus biosensor in the BY4741 strain, either starved or not starved 
for 20 h. The empty pAH19 vector and BPSL0443 expressed in BY4741 served as a negative control. 
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3.3 Discussion 

Five of the B. pseudomallei proteins tested in this study were selected on the basis of 

bioinformatics analysis as sharing high similarity to virulence factors employed by    

S. flexneri, R. prowazekii, M. loti and X. axonopodis. In the afore-mentioned bacteria, 

these factors were shown to contribute to bacterial evasion of microbial degradation. 

Hence, these proteins were chosen on the basis of their role as prospective effector 

proteins in autophagy evasion. When expressed in S. cerevisiae under autophagy 

inducing conditions, each of the selected B. pseudomallei proteins produced a 

phenotype that was atypical of normal yeast physiology.  

 

3.3.1 Vacuolar Phenotype 

Expression of each of the B. pseudomallei proteins in yeast under nitrogen starvation 

conditions resulted in a multiple vacuole phenotype. Such a phenotype may be 

attributed to impairment of the inability of the vacuoles to fuse. In Chapter 1.12  

vacuole fusion was described as involving “priming” which prepares the vacuoles for 

attachment, and “docking” which includes the tethering of vacuoles for “fusion” 

thereby leading to the fusion of the vesicle with the vacuole  (Wang et al., 2002). 

Priming allows for the release of the HOPS (Homotypic fusion and vacuole protein 

sorting) complex from the vacuolar membrane. Mutants that have a defect in the 

HOPS complex (also referred to as Class C vps) may produce a fragmented/multiple 

vacuole phenotype (see Chapter 1.10.8). The expressed B. pseudomallei proteins may 

interact with the HOPS complex directly, or lead to perturbation of its function to 

produce the multiple vacuole phenotype observed. Mutants defective in members of 

either class B or class C vacuolar protein sorting complex have been shown to 
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eventuate in fragmented vacuoles (Raymond et al., 1992). Studies of mutants in the 

class B vps family – in particular vps39, vps41 and vps43, have been found to produce 

a large number of small fragmented vacuoles which are randomly dispersed (Figure 

3.11) (Raymond et al., 1992, Bowers and Stevens, 2005). Images presented in Figures 

3.2A & B show a distribution of vacuoles within the yeast cell which is consistent 

with the class B vps mutant phenotype.  

 

Other speculations for the multiple vacuole phenotype include the interaction of the   

B. pseudomallei proteins with enolases and Bor1p. Decker and Wickner (2006) have 

identified a role for yeast enolase, a cytosolic glycolytic enzyme, in vacuole fusion. 

Deletion of either the gene encoding non-essential Eno1p, or reduction in the 

expression level of the essential Eno2p caused fragmented vacuoles in vivo, which 

was attributed to insufficient fusion. The deletion of both genes resulted in a more 

dramatic vacuolar fragmentation phenotype which is exacerbated by the prevention of 

normal protein sorting to the vacuole, leading to the inability of the vacuoles to fuse in 

vitro (Decker and Wickner, 2006).  

 

Human band 3 which binds glycolytic enzymes to membranes of mammalian 

erythrocytes has sequence homology to yeast Bor1p (Decker and Wickner, 2006). It 

localises to the vacuole and is required for the localisation of enolases and vacuolar 

fusion proteins, to the vacuole. Thus, loss of Bor1p results in the mislocalisation of 

enolases and vacuolar fusion proteins (Decker and Wickner, 2006). Since the cellular 

localisation of any of the B. pseudomallei proteins expressed in yeast is unknown, one 
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can only speculate on their possible intracellular interactions with Bor1p or Eno1p 

and Eno2p to influence vacuolar fragmentation or perturbation of their localisation.  

 

 

Figure 3.11: Confocal imaging of S. cerevisiae strain SF383-9D class B mutant vps41 
exhibiting fragmented vacuoles that are randomly dispersed (Raymond et al., 1992).  
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3.3.2 Influence on Autophagy 

In yeast, cytosol and mitochondria may be sequestered into double membrane 

structures destined for macroautophagy, or they may be directly engulfed by 

invagination of the vacuole membrane – microautophagy. The former process is a 

bulk degradation process which requires recruitment of the organelle and fusion of the 

autophagosome at the vacuolar membrane. In the presence of the putative                  

B. pseudomallei effector proteins, macroautophagy of the cytosol and mitochondria is 

stalled or significantly reduced. By contrast, the presence of the B. pseudomallei 

proteins appears to have little influence on nucleus turnover (Figure 3.10A & B). One 

partially characterised form of nuclear turnover uses the unique process of Piecemeal 

Microautophagy of the Nucleus (PMN). This process involves specific interactions at 

the nucleus-vacuole (NV) junctions where blebs are pinched from the nucleus to be 

released into the vacuole (Roberts et al., 2003), and does not require fusion of 

autophagosomes with the vacuolar membranes. The form of nuclear autophagy 

detected by the use of the NAB35 biosensor is denoted Late Nucleophagy (LN) which 

occurs after 20 h of nitrogen starvation, whereby turnover of the nucleus is observed 

as diffuse red fluorescence in the vacuole (Rosado et al., 2008). The mechanism is 

undefined but does not require all the components for macroautophagy and 

presumably also occurs by a microautophagic pathway.  

 

Characterisation of the expression of the putative B. pseudomallei effector proteins in 

yeast suggests a potential role in vesicle trafficking, as they influence vacuolar 

phenotype and autophagic uptake of the cytosol and mitochondria (by 

macroautophagy) in S. cerevisiae. On this basis an attempt was made to inactivate 
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each of these genes in the B. pseudomallei genome in order to determine whether 

mutant bacteria were defective in, infection and survival, in mammalian cells.    
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CHAPTER FOUR 

GENERATION AND CHARACTERISATION 
OF DELETION MUTANTS IN                                

B. PSEUDOMALLEI 
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4.1 Introduction 

In Chapter 3, seven ORFs within the B. pseudomallei genome were selected as 

potential bacterial effectors which play a role in the bacteria’s ability to evade 

phagosomal or autophagic degradation. Sequences encoding the seven                       

B. pseudomallei ORFs were expressed in the yeast S. cerevisiae BY4741 strain. Cells 

were characterised for their vacuolar morphology phenotype under nutrient starvation 

(autophagic) conditions. Expression of the B. pseudomallei ORFs induced a multiple 

vacuole phenotype. These cells also exhibited a decrease in cytosolic and 

mitochondrial turnover by autophagy. It is therefore apparent that, the proteins 

encoded by each of the ORFs can exert an influence on vacuolar morphology and 

organelle turnover in S. cerevisiae. Therefore, it was decided to attempt inactivation 

of each ORF in the B. pseudomallei genome in order to determine the effects of 

bacterial infection on mammalian cells.  

 

The generation of a deletion mutant for each ORF was attempted by double cross-over 

allelic exchange. Deletion mutants were derived in such a manner so as to result in a 

substantial number of nucleotides being removed from any individual ORF and to 

ensure that a functional product cannot be expressed. Being irreversible, deletion 

mutants are preferred for specific gene characterisation. In contrast, insertional 

mutants arise from the insertion of a vector construct within an ORF and create a 

disruption of the target ORF. In such mutants, there is a possibility for disruption of 

the expression of downstream genes (Stevens et al., 2004), therefore hindering the 

true characterisation of the target gene. Insertional mutations are potentially 

reversible, since a recombination event leading to the elimination of the inserted 

vector may restore the wild-type genome sequence.  
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Using the double cross-over allelic exchange method (Logue et al., 2009), deletion 

mutants were successfully constructed in B. pseudomallei K96243 for BPSS1532 

(bipB), BPSL0670 and BPSS1394 (bpscN), as outlined in Table 4.1. This chapter 

reports on the BPSS1532 and BPSL0670 mutants. The BPSS1394 mutant is reported 

on in the following chapter. Several attempts were made to construct double        

cross-over deletion mutations of the other four ORFs, but these were unsuccessful and 

were abandoned.  
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Table 4.1: Table describing the B. pseudomallei double cross-over deletion mutants to be characterised 

B. pseudomallei 
ORF Description Mutant Description Reference 

BPSS1532  
BipB 

Putative cell invasion protein. 
Type three secretion system 
associated protein. Predicted to be 
located in the bacterial inner 
membrane. 

A polar insertional mutant had reduced 
MNGC formation and cell-to-cell 
spreading, and was attenuated for 
virulence in BALB/c mice. 
  
Deletion mutant not previously 
published. 

(Suparak et al., 2005). 
 
 
Characterisation of deletion 
mutant reported in this 
chapter. 

BPSL0670 
Putative cation transporter efflux 
protein. Predicted to be located in 
the bacterial cytoplasm. 

Deletion mutant not previously 
published. 

 
Characterisation of deletion 
mutant reported in this 
chapter. 
 

BPSS1394  
BpscN 

Putative type three secretion 
associated protein SctN. Predicted 
to be located in the bacterial 
cytoplasm. 

Deletion mutant not previously 
published. 

Characterisation of deletion 
mutant reported in Chapter 5 
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Overview of Experimental Strategy 

The BPSS1532 and BPSL0670 deletion mutants were constructed by double        

cross-over allelic exchange. Mutagenesis constructs were generated by amplifying 

approximately 1 kb upstream and downstream of the target gene to encompass 

approximately 100 bp of the 5’ and 3’ coding sequence respectively. The primers for 

the upstream and downstream fragments were designed to incorporate XbaI and BglII 

restriction sites (Table 4.2). For the upstream construct, the 5’ primer contained an 

XbaI restriction site, and the 3’ primer contained a BglII site. For the downstream 

construct, the 5’ primer contained a BglII restriction site, and the 3’ primer contained 

an XbaI site. Figure 4.1A illustrates the template design of the mutagenesis constructs. 

Following PCR amplification, both fragments were introduced by a three-way ligation 

into XbaI-digested pBluescriptSK vector (Figure 4.1B). The pBluescriptSK clones 

were digested with BglII in preparation for insertional ligation of a tetracycline 

tetA(C) gene cassette (Figure 4.1C). The resulting plasmid was digested with XbaI to 

release the gene deletion cassette that was then ligated into XbaI-digested pDM4 

vector (Figure 4.1D), for subsequent introduction into the B. pseudomallei genome by 

conjugation.   

 

The BPSS1532 and BPSL0670 deletion mutants were characterised in vivo for their 

virulence in female BALB/c mice aged 6 – 8 weeks. Competition assays (Materials 

and Methods, Chapter 2.14) were performed to determine the relative Competitive 

Index (rCI), whereby an rCI less than 0.10 was deemed partial attenuation and an rCI 

of less than 0.05 as complete attenuation. In addition, the mutants were characterised 

for their ability to survive and replicate intracellularly in mouse macrophage-like 

RAW 264.7 cells (Cullinane et al., 2008). Further in vitro studies were carried out in 
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RAW 264.7 cells stably expressing LC3-GFP to facilitate determination of the degree 

of mutant co-localisation with the autophagic marker LC3, and their ability to spread 

via actin motility.  
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Figure 4.1: The standard template utilised for the design of constructs for creating    
B. pseudomallei mutants. Mutagenesis constructs were generated by amplifying 
approximately 1 kb upstream (titled UP) and downstream (titled DOWN) of the target 
gene to encompass approximately 100 bp of the 5’ coding sequence and 3’ coding 
sequence respectively (A). For the UP construct, the 5’ primer specified an XbaI 
restriction site, and the 3’ primer specified a BglII site. For the DOWN construct, the 
5’ primer specified a BglII restriction site, and the 3’ primer specified an XbaI site. 
Following PCR amplification both fragments were introduced by a three-way ligation 
into XbaI-digested pBluescriptSK vector (B). The pBluescriptSK clones were 
digested with BglII in preparation for insertional ligation of a tetracycline tetA(C) 
gene cassette (C). The resulting plasmid was digested with XbaI to release the gene 
deletion cassette that was then ligated into XbaI-digested pDM4 vector (D). 
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Table 4.2: Mutagenesis primers used to generate BPSS1532 and BPSL0670 deletion mutants 

Primer Sequence Description a 

mutBipB-U5’ GGGCGATCTAGACGCGGACAA
C 

Forward primer upstream of 
BPSS1532; specifying an 
XbaI site 

mutBipB-U3’ GTACGCAGATCTCGACAGCGT
GCCGAG 

Reverse primer upstream of 
BPSS1532; specifying a BglII 
site 

mutBipB-D5’ ATGTACAGATCTAAGCTGCTC
GGCGATC 

Forward primer downstream 
of BPSS1532; specifying a 
BglII site 

mutBipB-D3’ CCGCGTTCTAGAGCTTGAGCT
C 

Reverse primer downstream 
of BPSS1532; specifying a 
XbaI site 

mutBpsl0670-U5’ GGCGCTTCTAGAGCGCGAGAT
GGCGATG 

Forward primer upstream of 
BPSL0670; specifying an 
XbaI site 

mutBpsl0670-U3’ CAGACGAGATCTCAGCGAGCG
TTTTTC 

Reverse primer upstream of 
BPSL0670; specifying a BglII 
site 

mutBpsl0670-D5’ AACGAAAGATCTGGCACCGAT
TTCTCCGAC 

Forward primer downstream 
of BPSL0670; specifying a 
BglII site 

mutBpsl0670-D3’ CGACGCTCTAGAGGCGGCCCG
GCCGTTTC 

Reverse primer downstream 
of BPSL0670; specifying a 
XbaI site 

3325 AGGTCGAGGTGGCC Forward primer at 5’ of 
tetA(C) cassette  

4629 ATTTGCCGACTACCTTGGTG Reverse primer at 3’ of 
tetA(C) cassette 

5116 ATCAGGGACAGCTTCAAGGA 
Reverse primer embedded at 
nucleotide position 182 of 
tetA(C) cassette 

5424 GCTGTCGGAATGGACGATAT 
Forward primer embedded at 
nucleotide position 1,081 of 
tetA(C) cassette 

a 

  

Bold type face indicates nucleotides specifying restriction sites. 
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4.2 Results 

BPSS1532 and BPSL0670 Mutagenesis 

Genomic DNA was extracted and purified from B. pseudomallei K96243 to serve as 

the template for PCR amplifications (Chapter 2.3). The BPSS1532 mutagenesis 

construct was generated using mutBipB-U5’ and mutBipB-U3’ primers (Table 4.2) to 

amplify a 900 bp fragment spanning 804 bp upstream of the BPSS1532 coding 

sequence, plus 96 bp of the 5’ coding sequence, flanked by XbaI and BglII restriction 

sites. The mutBipB-D5’ and mutBipB-D3’ primers (Table 4.2) were used to amplify a 

960 bp fragment encompassing 162 bp at the 3’ end of the coding sequence and       

798 bp downstream of the ORF, flanked by BglII and XbaI restriction sites. PCR 

products of the expected size were amplified for BPSS1532 (Figure 4.2). The 

intensity of the bands in lanes 4 and 5 suggested that the amplification of DNA 

produced for the downstream fragment was much less efficient than for the upstream 

fragment. Low DNA yields from PCR amplification are common, when using the 

GC-rich template of B. pseudomallei, the GC content for the BPSS1532 and 

BPSL0670 ORFs is 70% and 64% respectively. In an attempt to increase the DNA 

yield of PCR products, conditions were optimised by varying the concentrations of 

additions such as betaine, DMSO and magnesium, varying the annealing temperature, 

varying primer and template concentrations, and using alternative polymerases. These 

alternative conditions did not significantly increase DNA yield for the PCR 

amplification of the BPSS1532 downstream fragment (data not shown).  
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Figure 4.2: PCR amplification of BPSS1532 mutagenesis constructs.                      
Lane 1: Fermentas MassRuler DNA Ladder. The positions of relevant size markers 
(bp) are shown on the left. Lanes 2 and 3 display independent PCR amplification 
products for the BPSS1532 upstream fragment. Lanes 4 and 5 display independent 
PCR amplification products for the BPSS1532 downstream fragment.   
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Following purification by QIAGEN PCR clean-up kits, the upstream and downstream 

fragments were introduced following three-way ligation into the XbaI-digested 

pBluescriptSK vector. Colonies produced from transformation of this ligation reaction 

into E. coli DH5α cells were screened by PCR using the mutBipB-U5’ and    

mutBipB-D3’ mutagenesis primers. This primer pair should amplify a 1,860 bp 

product if the up and down fragments assemble correctly. Four colonies had produced 

a fragment of the correct size (Figure 4.3). DNA from the pBluescriptSK::BPSS1532 

clone “E” (Figure 4.3, lane 6), was digested with BglII to introduce the BglII digested 

tetracycline tetA(C) gene cassette (1,314 bp). The resulting mutagenesis construct, 

consisting of the upstream fragment, tetA(C) cassette and downstream fragment 

resulted in a 3,174 bp product. The pBluescriptSK::BPSS1532::tetA(C) clone was 

then digested with XbaI to liberate the 3,174 bp product, which was ligated into the 

XbaI-digested pDM4 vector (7,107 bp), for transformation into E. coli SM10 λpir 

cells. The pDM4::BPSS1532::tetA(C) clones were verified by restriction digests 

(Figure 4.4), and by nucleotide sequencing. Digestion of a correctly assembled 

construct with BglII is expected to yield an 8,967 bp vector/construct fragment and a 

tetA(C) insert fragment of 1,314 bp. Digestion with XbaI will result in a vector 

backbone fragment of 7,107 bp and a mutagenesis construct fragment of 3,174 bp. 

Clone “C” highlighted in lanes 3 and 8 (Figure 4.4) produced the expected banding 

profile.  The correct sequence identity of clone C was also confirmed by nucleotide 

sequencing (data not shown). 
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Figure 4.3: PCR amplification of pBluescriptSK::BPSS1532 clones using primer pair 
mutBipB-U5’ and mutBipB-D3’. Lane 1: Fermentas MassRuler DNA Ladder. The 
positions of relevant size markers (bp) are shown on the left. Lanes 2 through to 7 
display PCR amplification products from DNA of pBluescriptSK::BPSS1532 clones 
A to F. 

 

Figure 4.4: Restriction enzyme digestion analysis of four clones of the 
pDM4::BPSS1532::tetA(C) plasmid. Lanes 1 to 4 display restriction digestion 
products of clones A, B, C and D with BglII enzyme. Lane 5: Fermentas MassRuler 
DNA Ladder. The positions of relevant size markers (bp) are shown on the left. Lanes 
6 to 9 display restriction digestion products of clones A, B, C and D with XbaI 
enzyme. Clone C is highlighted in lanes 3 and 8 as producing the expected banding 
profile.  
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In a similar manner, the BPSL0670 mutagenesis construct was generated. Primers 

mutBpsl0670-U5’ and mutBpsl0670-U3’ (Table 4.2) were used to produce a 976 bp 

fragment encompassing 916 bp upstream of the coding sequence and 60 bp of the 5’ 

end of the ORF. The downstream fragment was amplified with primers mutBpsl0670-

D5’ and mutBpsl0670-D3’ (Table 4.2) to generate a 987 bp fragment spanning 780 bp 

downstream of the ORF and including 207 bp at the 3’ end of the coding sequence 

(Figure 4.5). These two fragments were introduced by a three-way ligation into the 

XbaI-digested pBluescriptSK vector. Following transformation of this ligation 

reaction into E. coli DH5α cells, two colonies were screened by PCR using the 

mutBpsl0670-U5’ and mutBpsl0670-D3’ mutagenesis primers. This primer pair 

should amplify a 1,963 bp product if the up and down fragments have assembled 

correctly (Figure 4.6). DNA of the pBluescriptSK::BPSL0670 clone “B” showed a 

product band of appropriate size (Figure 4.6, lane 3). DNA was then digested with 

BglII for the introduction of the BglII tetracycline tetA(C) gene cassette (1,314 bp). 

The resulting mutagenesis construct, consisting of the upstream fragment, tetA(C) 

cassette and downstream fragment formed a 3,277 bp product. Digestion with XbaI 

was used to liberate the 3,277 bp product, which was then ligated into XbaI-digested 

pDM4 vector, for transformation into E. coli SM10 λpir cells.  

 

DNA from four pDM4:BPSL0670:tetA(C) clones was verified by PCR screening 

(Figure 4.7). Clone C produced the appropriate PCR product profile (Figure 4.7, 

lanes 8 – 10) and was used for transformation. The correct sequence identity of clone 

C was also confirmed by nucleotide sequencing (data not shown). 
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Figure 4.5: PCR amplification of BPSL0670 mutagenesis constructs.                     
Lane 1: Fermentas MassRuler DNA Ladder. The positions of relevant size markers 
(bp) are shown on the left. Lane 2 displays BPSL0670 upstream fragment. Lane 3 
displays BPSL0670 downstream fragment.   

 

Figure 4.6: PCR amplification of pBluescriptSK::BPSL0670 clones using primer pair 
mutBpsl0670-U5’ and mutBpsl0670-D3’. Lane 1 showing Fermentas MassRuler 
DNA Ladder. The positions of relevant size markers (bp) are shown on the left. Lanes 
2 and 3 display PCR amplification products from DNA of pBluescriptSK::BPSL0670 
clones A and B. 
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Figure 4.7: PCR screening of pDM4:BPSL0670:tetA(C) clones. Lane 1: Fermentas 
MassRuler DNA Ladder. The positions of relevant size markers (bp) are shown on the 
left. Lanes 2 – 4: Clone A; lanes 5 – 7: Clone B; lanes 8 – 10: Clone C; lanes 11 – 13: 
Clone D. Amplification with primer pairs: was as follows: mutBpsl0670-U5’ and 
5116 (lane 2, 5, 8 and 11); 3325 and 4629 (lanes 3, 6, 9 and 12); and 5424 and 
mutBpsl0670-D3’ (lanes 4, 7, 10 and 13). Amplification with each primer pair should 
produce products of the following sizes: mutBpsl0670-U5’ and 5116, 867 bp; 
tetracycline primers 3325 and 4629, 1,314 bp; and 5424 and mutBpsl0670-D3’,      
987 bp. Clone C produced the appropriate PCR product profile 
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E. coli SM10 cells expressing the pDM4 mutagenesis constructs were grown 

overnight in LB medium at 37°C with shaking at 200 rpm, in preparation for 

conjugation with B. pseudomallei. The E. coli and wild-type B. pseudomallei were 

subcultured and grown to mid-log phase to reach an OD600

 

 0.6. Equal volumes of 

both cultures, were spotted together on LB agar plates and grown overnight at 37°C. 

Transconjugants were selected by plating on LB agar containing tetracycline           

(25 µg/mL) and gentamicin (64 µg/mL). Transconjugants were screened by patching 

onto LB agar containing chloramphenicol (40 µg/mL). Single cross-over 

transconjugants retaining the pDM4 plasmid displayed resistance to chloramphenicol. 

Double cross-over transconjugants displayed chloramphenicol sensitivity. Putative 

deletion mutants were initially confirmed with PCR amplification using either the 

BipB-5’ and BipB-3’ or Bpsl0670-5’ and Bpsl0670-3’ primer pair, and internal 

primers (Table 4.3). Subsequently putative mutants were subjected to DNA 

sequencing which verified the correct sequence of the BPSS1532 and BPSL0670 

deletion mutations in the B. pseudomallei genome (data not shown).   

Putative BPSS1532 deletion mutants were screened with the BipB-5’ and BipB-3’ 

primers (Table 4.3). PCR amplification of wild-type B. pseudomallei DNA template 

with this primer pair should produce a 1,174 bp fragment. Using these same primers 

on a double cross-over deletion mutant DNA template should yield a larger 1,711 bp 

fragment. This increase in fragment size is attributed to the presence of the inserted 

tetA(C) cassette. Template DNA of single cross-over mutants would yield products of 

both the wild-type band and the larger deletion mutant band. PCR amplification 

products were produced as expected for wild-type DNA template (Figure 4.8B, lane 
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1), two independent double cross-over mutant DNA templates (Figure 4.8B, lanes 2 

and 3) which produced a larger 1,711 bp product and a single cross-over DNA 

template (Figure 4.8B, lane 4).  

 

The BPSS1532 double cross-over mutant DNA templates were also PCR screened 

with internal primer pair internalBipB-5’ and internalBipB-3’ (Table 4.3). These 

primers were designed to amplify 877 bp within the deleted region of the BPSS1532 

mutagenesis construct. Therefore, use of this primer pair will produce a fragment for 

the wild-type and single cross-over DNA template, but will not yield any product with 

the double cross-over DNA template. The 877 bp fragment was present in the      

wild-type (Figure 4.8B, lane 5) and single cross-over (Figure 4.8B, lanes 8) DNA 

templates, but absent with both of the double cross-over DNA templates (Figure 4.8B, 

lanes 6 and 7). Therefore, the PCR screening confirmed the identity of the BPSS1532 

double cross-over mutant.  

  

In a similar manner, putative BPSL0670 deletion mutants were PCR screened with the 

Bpsl0670-5’ and Bpsl0670-3’ primer set (Table 4.3). Amplification with these 

primers using the wild-type B. pseudomallei template will produce the full length 

BPSL0670 ORF of 906 bp (Figure 4.9A). Using these primers on the double       

cross-over deletion mutant DNA template will yield a larger 1,604 bp fragment 

(Figure 4.9A) to account for the additional tetA(C) cassette. A single cross-over 

mutant template will yield both the wild-type band and the larger mutant band (Figure 

4.9B, lane 5). Amplification with the wild-type genome produced a 906 bp fragment 
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(Figure 4.9B, lane 2). As expected, amplification with two double cross-over mutant 

templates (Figure 4.9B, lanes 3 and 4) produced a larger 1,604 bp product. 

 

A subsequent screen with the internal primer pair internalBpsl0670-5’ and 

internalBpsl0670-3’ (Table 4.3), designed to amplify 570 bp within the deleted region 

of the BPSL0670 mutagenesis construct, was then carried out (see Figure 4.9B, lanes 

6 – 9). The use of this primer pair will produce a 570 bp fragment for both the      

wild-type and single cross-over template, but will not yield any product using the 

double cross-over template. The 570 bp fragment was observed in the PCR 

amplification products for wild-type (Figure 4.9B, lane 6) and single cross-over 

template (Figure 4.9B, lane 9), but absent for both of the double cross-over templates 

(Figure 4.9B, lanes 7 and 8). Therefore, the PCR screening confirmed the identity of 

the BPSL0670 double cross-over mutant.  
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Table 4.3: Primers used to verify BPSS1532 and BPSL0670 deletion mutants. 

Primer Sequence Description 
BipB-5’ ATGGATCCAAACATGTCATCG

GGAGTGCAGGGCGGAC 
Forward primer of BPSS1532 
coding region.  

BipB-3’ TTAGGATCCCACTGCGCGGGC
GTTACGCAGGATCAG 

Reverse primer of BPSS1532 
coding region 

internalBipB-5’ AGGCGGCGGCCGACGCGGCC
GAGCAGGCC 

Forward primer within 
deletion section of BPSS1532. 

internalBipB-3’ ATCGCGCCGGCGAGCTCGGCC
TTCTGCTGAT 

Reverse primer within 
deletion section of BPSS1532. 

Bpsl0670-5’ ATGGATCCAAACATGAACGA
TTCGTATCCCAGTCG 

Forward primer of BPSL0670 
coding region. 

Bpsl0670-3’ TCAGGATCCGTCTTCGCCCGC
CGAGCCGCTGCGCCG 

Reverse primer of BPSL0670 
coding region.  

internalBpsl0670-5’ GAGCCCGACTCGCGGGCCGA
GCTTCTC 

Forward primer within 
deletion section of BPSL0670. 

internalBpsl0670-3’ Reverse primer within 
deletion section of BPSL0670. 

GATCTCGGTCAGCGCGCGCAC
GCGGTAG 
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Figure 4.8: Panel A illustrates the expected configuration of the BPSS1532 double 
cross-over deletion and single cross-over insertional mutations integrated in the         
B. pseudomallei genome. The positions of primer pairs are shown as depicted by the 
red arrows – illustrating the 5’ and 3’ primers specific for ORF sequence, and the 
dotted green arrows – highlighting the positions of the internal primers.  

Panel B displays the PCR products of B. pseudomallei wild-type and BPSS1532 
mutant templates amplified with the BipB-5’ and BipB-3’ primer pair (lanes 1 – 4) 
and the internal primer pair (lanes 5 – 8). Wild-type template (lanes 1 and 5); double 
cross-over BPSS1532 mutant template (lanes 2, 3 and 6, 7) and  single cross-over 
mutant template (lanes 4 and 8). Lane 9 shows the Fermentas MassRuler DNA 
Ladder. The positions of relevant size markers (bp) are shown on the right. 
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Figure 4.9: Panel A illustrates the expected size configuration of the BPSL0670 
double cross-over deletion and single cross-over insertional mutants integrated in the 
B. pseudomallei genome. The position of primer pairs are shown as depicted by the 
red arrows – illustrating the 5’ and 3’ primer specific for ORF sequence, and the 
dotted green arrows – highlighting the positions of the internal primers.  

Panel B displays the PCR products of B. pseudomallei wild-type and BPSL0670 
mutant templates amplified with the Bpsl0670-5’ and Bpsl0670-3’ primer pairs (lanes 
2 – 5) and the internal primer pair (lanes 6 – 9). Lanes 1 and 10 show the Fermentas 
MassRuler DNA Ladder. The positions of relevant size markers (bp) are shown on the 
left and right. Wild-type template (lanes 2 and 6); double cross-over BPSL0670 
mutant template (lane 3, 4 and 7, 8) and single cross-over mutant template (lanes 5 
and 9).  
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The BPSS1532 and BPSL0670 Mutants are Partially Attenuated for Growth in 

BALB/c Mice: 

The BPSS1532 and BPSL0670 mutants were examined for their ability to grow in vivo 

in 6 – 8 week old BALB/c mice. Mice were co-infected intranasally with an inoculum 

containing equal volumes of wild-type B. pseudomallei and the mutant strain cultures 

grown to the same cell density (Materials and Methods Chapter 2.14). The in vivo 

relative growth assays were used to calculate the ratio of mutant bacteria retrieved 

from mouse spleen in comparison to the in vitro analysis. Statistical analysis using a 

one sided z test categorised mutants with rCI < 0.1 as highly attenuated for virulence 

and, 0.1 < rCI < 1.0 as partially attenuated for virulence. In five independent 

experiments the rCI for the BPSS1532 mutant was determined as: 1.02, 0.21, 0.03, 

0.47 and 0.52, and the rCI for the BPSL0670 mutant was determined to be: 0.72, 0.63, 

0.90, 0.40 and 0.64, indicating partial attenuation for virulence in vivo (Figure 4.10) 

(p<0.001). Only mutants showing high attenuation for growth were subjected to 

further in vivo testing for virulence (Materials and Methods, Chapter 2.14).    
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Figure 4.10: Scatter plot of in vivo relative growth assays for mutants BPSL0670, 
BPSS1532 and control bapB (Treerat et al., unpublished).  The experiment was carried 
out in three to five BALB/c mice aged between 6 – 8 weeks. Error bars show SEM.  
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The BPSS1532 Mutant has a Delayed Replication Rate in RAW264.7 Cells, 

whilst the BPSL0670 Mutant has Diminished Survival and Replicative Abilities.  

Given the partial attenuation of the BPSS1532 and BPSL0670 mutants as determined 

by the in vivo relative growth assays, these strains were examined for their growth 

characteristics in LB broth in vitro. The in vitro growth rates of both mutants, were 

similar to that of wild-type B. pseudomallei (Figure 4.11), suggesting that the ability 

of the mutant strains to survive in mice is not attributed to its growth rate.  

 

As described previously, wild-type B. pseudomallei is able to survive and replicate in 

macrophage RAW 264.7 cells over six hours p.i. (Cullinane et al., 2008). 

Accordingly, the survival and replication of mutant strains in macrophage cells were 

determined. Wild-type B. pseudomallei and mutant bacteria were used to infect 

macrophage RAW264.7 cells for 1 h at an MOI of 6 (Materials and Methods, Chapter 

2.9). Following macrophage lysis, samples were plated on LB and the intracellular 

bacteria enumerated. Lysates prepared at 2 h p.i. from cells infected with either    

wild-type B. pseudomallei or the BPSS1532, mutant produced similar CFU numbers. 

At 4 h p.i. the CFU for the BPSS1532 mutant had increased, but not to the same extent 

as wild-type, suggesting slightly delayed replication of the mutant in comparison to 

the wild-type bacterium. At 6 h p.i., again the numbers of mutant bacterial colonies 

increased, but not to the same extent as for wild-type bacteria (Figure 4.12A).   

 

The BPSL0670 mutant bacteria were allowed to infect macrophage RAW264.7 cells 

for 1 h at an MOI of 6. At 2, 4 and 6 h p.i. the macrophage cells were lysed and the 

bacteria retrieved were enumerated. At 2 h p.i. the numbers of mutant and wild-type 
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bacteria were similar. However, at 4 h p.i. there was a distinct decrease in the 

recovery of mutant bacteria. Compared to the wild-type, the BPSL0670 mutant 

showed a statistically significant decrease (p = 0.004).  At 6 h p.i. there was an even 

more pronounced difference in numbers (p = 0.0003) of mutant in comparison to 

wild-type bacteria (Figure 4.12B). This study clearly demonstrated decreased survival 

of the mutant BPSL0670 over the 6 h infection period.      
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Figure 4.11: Growth curves for each mutant strain compared to the wild-type           
B. pseudomallei. Panel A: BPSS1532 mutant; Panel B: BPSL0670 mutant. Error bars 
represent the SEM for three independent experiments. 
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Figure 4.12: Mutant survival and replication within RAW264.7 macrophage-like 
cells. Panel A: BPSS1532 mutant; Panel B: BPSL0670 mutant. Statistical significance 
(p<0.02) is apparent for BPSS1532 mutant at 6 h p.i., and BPSL0670 mutant at 4 and 
6 h p.i. in comparison to the wild-type. Error bars represent the SEM from nine 
biological replicates. 
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Mutant Co-Localisation with LC3-GFP as a Measure of Phagosomal Escape 

Recent research at Monash University, has explored the interaction between              

B. pseudomallei and host autophagic processes. Application of a combination of 

imaging technologies, principally confocal microscopy and EM, to the analysis of 

infected macrophage RAW264.7 cells stably expressing LC3-GFP has revealed that 

the intracellular bacteria are subject to LC3-associated phagocytosis (LAP) rather than 

canonical autophagy (Gong et al., 2011). However, the bacterial killing associated 

with LAP is generally low. In the case of B. pseudomallei, 75 % of the wild-type 

bacteria at 6 h p.i., have escaped degradation in phagosomes, and continue to survive 

in the cytosol (Chapter 5). 

 

Given the survival and replication data obtained for the BPSS1532 mutant, it was 

hypothesised that this strain would be able to evade intracellular degradation with 

similar efficiency to wild-type cells. To test this hypothesis, the BPSS1532 mutant 

strain was allowed to infect macrophage RAW264.7 cells stably transfected with 

LC3-GFP at an MOI of 6. At 2 h, 4 h and 6 h p.i., samples were fixed and analysed 

for co-localisation of the mutant bacteria with LC3-GFP (Figure 4.13A). There was a 

decrease in co-localisation for the BPSS1532 mutant, similar to that observed for 

wild-type bacteria at all time points (Figure 4.13A). Scoring of bacterial                   

co-localisation with LC3-GFP puncta (Figure 4.13B) revealed that the mutant strain 

was able to evade intracellular killing as effectively as the wild-type bacteria.   
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The BPSL0670 mutant showed a decrease in intracellular survival over 6 h following 

infection of macrophage RAW264.7 cells. This decrease in CFU numbers was 

hypothesised to be attributed to intracellular killing by LAP in the macrophage cells. 

To test this hypothesis, RAW264.7 LC3-GFP cells were infected with BPSL0670 

mutant bacteria at an MOI of 6. At 2 h and 4 h p.i., the mutant bacteria showed a 

statistically significant decrease in LC3 co-localisation, compared to the wild-type. 

However, over the next two hours co-localisation of the mutant bacteria did not 

decrease further whereas at 6 h p.i. the co-localisation with LC3 for wild-type bacteria 

was less than at 4 h p.i. (Figure 4.14B). Although the percentage of bacteria              

co-localised with GFP was low, overall these data are consistent with decreased 

survival and replication for BPSL0670 mutant bacteria (Figure 4.12B).  
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Figure 4.13: Co-localisation of wild-type and BPSS1532 mutant bacteria with         
LC3-GFP. (A) Bacterial co-localisation with LC3-GFP was defined by the presence of 
labelled bacteria (red fluorescence) which were fully overlaid by intense green (yellow 
fluorescence) or fully contained within a green ring. Scale bar = 10 µm.                      
(B) Quantitative analysis of bacterial co-localisation with LC3-GFP. The experiment 
was performed in biological triplicates and data are presented as the mean ± SEM.  
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Figure 4.14: Co-localisation of wild-type and BPSL0670 mutant bacteria with LC3-GFP. 
(A) Bacterial co-localisation with LC3-GFP was defined by the presence of labelled 
bacteria (red fluorescence) which were fully overlaid by intense green (yellow 
fluorescence) or fully contained within a green ring. Scale bar = 10 µm. (B) Quantitative 
analysis of bacterial co-localisation with LC3-GFP. The experiment was performed in 
biological triplicates. The experiment was performed in biological triplicates and data are 
presented as the mean ± SEM.  
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The BPSS1532 and BPSL0670 Mutants Maintain the Ability to Polymerise Actin 

Tails  

Following infection and escape from phagosomes, wild-type B. pseudomallei are able 

to polymerise an actin tail by manipulating the host actin. Employing actin-based 

motility, B. pseudomallei is then able to form membrane protrusions into adjacent 

cells continuing its cell-to-cell spread (Stevens et al., 2006). To determine whether the 

ability to form actin tails was altered in mutant bacteria, RAW264.7 LC3-GFP cells 

were infected with mutant bacteria and after 6 h were fixed, immune-histochemically 

stained and imaged.  

 

At 6 h p.i. actin tails were observed in the BPSS1532 and BPSL0670 mutant strains 

(Figure 4.15). This phenotype appeared identical to that of the wild-type strain. Thus 

it seems unlikely that a change in actin tail phenotype contributes to the partial 

attenuation phenotype observed for both mutants in the in vivo competition assay. In 

addition, the staining of the nucleus shows a clumping phenotype suggesting the 

formation of MNGC at 6 h p.i., similar to the wild-type. 
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Figure 4.15: RAW264.7 LC3-GFP macrophage-like cells were infected with B. pseudomallei wild-type, bipB or BPSL0670 
mutant bacteria and viewed at 6 h p.i. Bacteria were labelled with primary rabbit anti–B. pseudomallei OMP and secondary 
goat anti–rabbit IgG Texas Red antiserum. Actin was stained with Phalloidin Alexa Fluor 488. Nuclei were stained with 
DAPI. Bacteria (red fluorescence) have actin tails (green fluorescence) protruding at one pole. Nucleus (blue fluorescence). 
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4.3 Discussion 

The double cross-over allelic exchange method was employed to generate deletion 

mutations of BPSS1532 and BPSL0670 in the B. pseudomallei K96243 strain. This 

chapter has focused on the derivation of the BPSS1532 and BPSL0670 deletion 

mutants and their phenotypic characterisation.   

 

4.3.1 Double Cross-Over Deletion Mutant BPSS1532 

Firstly, mutant bacteria were tested for attenuation of virulence in vivo. Using the in 

vivo relative growth assay, the BPSS1532 mutant appeared to be only partially 

attenuated for virulence in mice. This suggests that the mutant is able to survive the 

immune response initiated in mice. Subsequent analysis of bacterial survival and 

replication in cultured murine RAW264.7 LC3-GFP macrophage-like cells showed no 

significant difference from wild-type bacteria over the 6 h infection period. Consistent 

with this finding, the level of co-localisation between mutant bacteria and LC3-GFP 

decreased over 6 h essentially in parallel with wild-type bacteria. These results 

suggest that mutant bacteria are able to escape the phagosome and evade intracellular 

killing as efficiently as wild-type bacteria.  

 

The only other BPSS1532 mutant of which there are published data was reported by 

Suparak et al. (2005). However, they generated a single cross-over insertional polar 

BPSS1532 mutant that was attenuated for virulence and had reduced cell-to-cell 

spread and MNGC formation. The virulence trial performed by Suparak et al. was 

conducted over 42 days using BALB/c mice that were infected intranasally. Mice 
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infected with the wild-type strain all died within 5 – 11 days, whereas 5 of 6 mice 

infected with the mutant strain survived until the termination of the experiments. By 

comparison, for the deletion mutant reported here an assay was conducted, whereby 

BALB/c mice were co-infected with wild-type and mutant bacteria for 18 h. This 

study found the BPSS1532 mutant to be only partially attenuated for growth in vivo. 

On this basis it was decided not to proceed to an in vivo test of virulence using the 

mouse model over a longer time frame.  

 

Suparak et al. (2005) assessed the ability of their BPSS1532 mutant to form MNGC in 

J774A.1 murine macrophage-like cells. They found reduced MNGC formation in cells 

infected by the mutant bacteria in comparison to wild-type bacteria at time points up 

to 12 h post infection. At 24 h they observed an increased level of MNGC formation 

following infection with mutant bacteria, which were still less than that in cells 

infected by wild-type bacteria. RT-PCR was used to establish that this mutant had a 

polar effect that disrupted expression of downstream bipC and bipD genes. A bipD 

mutant is unable to escape from endocytic vacuoles/phagosomes (Stevens et al., 2002, 

Gong et al., 2011), a requirement of cell-to-cell spread. It is therefore possible that the 

reduced level of MNGC formation and cell-to-cell spread observed, were due to the 

disrupt ion of the bipC and bipD. The BipB protein is a structural component situated 

at the tip of the TTSS needle (Sun and Gan, 2010). Disrupt ion of the bipB gene may 

result in inaccurate assembly of the needle tip and subsequent hindrance to protein 

secretion through the needle. Suparak et al. (2005) assessed the effect of their 

BPSS1532 mutant on the secretion of effector proteins by analysing the detection of 

BopE in whole-cell and secreted protein fractions. BopE was detected in their sample 

(data not shown). The effector secretion “phenotype” of the BPSS1532 deletion 
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mutant has not been determined, but future experiments could test this by determining 

the ability of mutant bacteria to secrete BopE. The unhindered secretion of BopE will 

verify that the TTSS is still functional in the deletion mutant.  

 

4.3.2 Double Cross-Over Deletion Mutant BPSL0670 

The BPSL0670 deletion mutant was also found to be partially attenuated for virulence 

in BALB/c mice and showed diminished survival and replication compared to      

wild-type bacteria following infection of cells in culture. A two-fold increase in the 

co-localisation of mutant bacteria with LC3-GFP at 6 h p.i. (compared with wild-type 

bacteria) correlated with its decreased survival and replication. Inactivation of the 

BPSL0670 gene had no apparent influence on the ability of mutant bacteria to 

polymerise actin tails, or the formation of MNGC. 

 

There are few clues in the literature as to the function of the BPSL0670 gene product. 

The B. pseudomallei BPSL0670 gene shares 42.9% identity to the S. enterica serovar 

Typhimurium corC gene – a component of the CorA system. The CorA magnesium 

transport system of S. enterica serovar Typhimurium mediates the influx and efflux of 

magnesium by means of the products of four genes: corA, corB, corC and corD. 

Gibson et al. (1991) found that mutations of the corC gene had minimal effects on 

cation influx (threefold increase in cobalt uptake), but more drastic effects on cation 

efflux, specifically in the case of magnesium. Magnesium transport systems were 

transcribed a thousand fold higher upon S. enterica serovar Typhimurium infection of 

epithelial cells, due to the lack of intravacuolar magnesium. However, the absence of 

a functional CorA system had no apparent effect on the invasion efficiency or     



 

156 

short-term survival of S. typhimurium in eukaryotic cells (Smith et al., 1998). If the 

BPSL0670 gene product functions as a cation transporter efflux protein then its 

deletion does not significantly affect bacterial invasion or intracellular growth under 

the conditions tested. The magnesium concentration in the soil where B. pseudomallei 

grows is undetermined. Future experiments could determine whether BPSL0670 

mutant bacteria may display altered infectivity or growth phenotype in medium of 

varying magnesium concentrations.  
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5.2 Introduction 

This chapter presents the generation and characterisation of a Type III Secretion 

System cluster 1 (TTSS1) BPSS1394 – BpscN, deletion mutant in the form of a 

published journal article (D’Cruze et al., 2011). The Introduction Chapter (Chapter 

1.4.1) gives an overview of the TTSS gene clusters in B. pseudomallei. Table 1.1 of 

that chapter indicates that the BPSS1394 gene is located in TTSS1 and illustrates its 

homology with the TTSS3 gene BsaS, a putative ATPase. The positioning of the BsaS 

protein at the core of the B. pseudomallei needle structure (Introduction Chapter 

Figure 1.5) suggests that it has a pivotal role in the functioning of the TTSS3.  It was 

hypothesised therefore, that a BPSS1394 deletion mutant, given the homology of the 

BPSS1394 gene to the BsaS gene, would have a deleterious effect on the function of 

the B. pseudomallei secretion apparatus.  

 

The functions of genes within the TTSS1 and TTSS2 clusters are essentially 

uncharacterised. Warawa and Woods (2005) reported that TTSS1 and TTSS2 were 

not involved in the virulence of B. pseudomallei in hamsters. However, the results 

reported in this chapter identify a role for the BPSS1394 gene in virulence of infection 

in mice. To the best of my knowledge, this is the first study that suggests a role for 

TTSS1 (and potentially TTSS2) in the infectivity and pathogenicity of                       

B. pseudomallei in mice.  
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6.0 CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 INTRODUCTION 

This project set out to use knowledge of virulence factors employed by other bacteria 

to circumvent their degradation, to identify possible B. pseudomallei virulence factors. 

As described in Chapter 3 bioinformatics analysis identified five putative homologues 

of virulence factors for other bacteria, within the B. pseudomallei genome. In 

addition, two other ORFs within the B. pseudomallei genome were selected for 

analysis, as previous research suggested that the respective mutants had impaired 

functioning of the TTSS3. Of the seven ORFs studied, five were putative TTSS 

associated proteins. These ORFs were selected on the basis that the corresponding     

B. pseudomallei mutants having defective TTSS3 would be unable to escape from the 

phagosome, form actin tails or replicate within macrophage cell lines. It was 

hypothesised that these genes may play a role in assisting B. pseudomallei to evade 

autophagic degradation.  

 

 

6.2  INSIGHTS FROM EXPRESSION OF B. PSEUDOMALLEI ORFs IN 

YEAST 

The research presented in this thesis has identified that putative virulence factors 

encoded in the K96243 B. pseudomallei genome, may interact with the vesicle 

trafficking pathways, including autophagic pathways. The ORFs were initially 

characterised by expression in the yeast S. cerevisiae. For the purpose of this research, 

yeast was used as a “diagnostic” for the ORF-encoded proteins having an effect on 

vesicle traffic, for example formation of the autophagosome or its fusion with the 
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vacuole, or membrane interactions as evidenced by changes in vacuole morphology 

and numbers.  

 

Expression of all seven ORFs in the yeast model produced a multiple vacuolar 

morphology, which may be attributed to the influence these putative effector proteins 

have on vacuole membrane fusion and fission. In addition, the expression of these 

ORFs had an apparent influence on organelle turnover during starvation conditions. 

There was an evident decrease in macroautophagic turnover, as illustrated by the 

reduced red cytosolic and mitochondrial fluorescence in the vacuole. However, the 

process of nucleophagy was not hindered, as evident through the red nuclear-derived 

fluorescence in the vacuole. Overall these result suggests that whilst the presence of 

the B. pseudomallei ORFs may influence the “vesicle-based” trafficking of cargo to 

the vacuole (as seen by the lack of cytoplasm and mitochondrial turnover), it does not 

affect a process (nucleophagy) where discrete vesicles are not formed and trafficked 

to the vacuole.   

 

Given the influence of these putative effector ORFs when expressed in yeast, the 

decision was made to generate a deletion mutant for each ORF in the B. pseudomallei 

genome. Deletion mutants were successfully constructed for the BPSS1532, 

BPSL0670 and BPSS1394 ORFs. Using in vivo relative growth assays, the BPSS1532 

and BPSL0670 mutants appeared to be partially attenuated for virulence in mice. In 

the same experiment, the BPSS1394 mutant exhibited attenuation for virulence with in 

vitro experiments showing a reduced ability to survive and replicate in RAW 264.7 

cells. In an attempt to identify the method by which the bacteria are degraded, TEM 
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was performed. Data from the images acquired, indicated the mutant and wild-type 

bacteria were confined in single membrane structures characteristic of LC3-associated 

phagocytosis (LAP) (see Chapter 6.3), rather than double membrane structures typical 

of canonical autophagy.  

 

6.3  BACTERIA EVADING AUTOPHAGY 

Chapter 1.8 reviews the role for autophagy as a cellular homeostatic mechanism for 

the removal of obsolete or damaged organelles. In recent years, a significant focus of 

the autophagy field has been its role in immunity, particularly, the degradation of 

invading bacteria, viruses, fungi and parasites (Orvedahl and Levine, 2008), termed 

xenophagy. The degradation of intracellular pathogens serves a dual purpose in 

liberating metabolites that may have been utilised during pathogen infection 

(Orvedahl and Levine, 2008).  

 

Canonical phagocytosis dictates that invading pathogens encapsulated in a phagosome 

are trafficked to the lysosome for degradation. Some pathogens such as S. aureus,     

P. gingivalis and L. pneumophilia have devised ways to manipulate the membrane 

trafficking pathways in order to delay their degradation or increase the longevity of 

their replicative niches (Ogawa et al., 2011). Figure 6.1 illustrates the mechanisms by 

which pathogens may attempt to circumvent degradation by either escaping from the 

host phagosome, preventing acquisition of autophagic markers or stalling the 

auto/phagolysosome maturation. S. flexneri employs virulence factors to escape the 

host phagosome and continue its infectivity (Ogawa et al., 2005). In the case of         
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C. burnetii, the bacterium reside in an acidic vacuole that gradually acquires the 

autophagic marker LC3 (Colombo et al., 2006). The C. burnetii-containing vacuole 

interacts with autophagosomes to delay the arrival of hydrolytic enzymes (Lerena et 

al., 2010) by delaying fusion with the lysosome (Deretic and Levine, 2009). Some 

bacteria, such as S. pyogenes and M. tuberculosis, after escaping phagosomes can be 

effectively cleared by autophagy (Nakagawa et al., 2004). Similar to S. flexneri,        

B. pseudomallei employs virulence factors such as BopA (Cullinane et al., 2008) to 

escape from the phagosome into host cytosol, thereby maintaining the infection. 
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Figure 6.1: How pathogens interact with autophagy (D'Cruze and Devenish, 2011). 
Intracellular pathogens may escape into the cytosol and continue to spread, or 
suppress phagosomal maturation, to reside in their phagosome. Alternatively, 
pathogens may succumb to degradation.  
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6.4  LC3-ASSOCIATED PHAGOCYTOSIS 

Since the commencement of my studies, a new bacterial degradation pathway has 

emerged which is distinct from canonical macroautophagy, namely LC3-associated 

phagocytosis (LAP). The LAP degradation pathway differs from canonical autophagy, 

in the sense that the bacterium may remain within a phagosome to which are recruited 

autophagy proteins such as LC3. The bacterium can then be killed within a        

single-membrane structure (Sanjuan et al., 2009). Research carried out at Monash 

University has identified that B. pseudomallei can be degraded by the LAP pathway. 

While bacterium can co-localise with GFP-LC3, potentially indicative of being within 

an autophagosome, EM analysis revealed that intracellular B. pseudomallei either 

reside in a single membrane compartment (phagosomes; Figure 6.2) or are free in the 

cytosol (Gong et al., 2011). Figure 6.3 summaries the pathways B. pseudomallei may 

follow, following infection into macrophages. Post infection, the bacterium may 

escape from the phagosome to enter the host cytosol. At this point, the bacterium may 

continue to be infective residing in the host cytoplasm, or potentially be sequestered 

within an autophagosome (A) to be degraded through the action of the canonical 

autophagic pathway. Alternatively, the bacterium-containing phagosome may be 

encapsulated in an autophagosome and the bacterium degraded by the canonical 

autophagic pathway (B). The LAP pathway (C) illustrates the recruitment of LC3 onto 

the membrane of bacteria-containing phagosomes then subsequent fusion with 

lysosomes and degradation of bacteria. Phagosomes containing bacteria may directly 

fuse with lysosomes to give rise to canonical phagolysosomal degradation (D).  
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TEM data acquired at Monash University (Gong et al., 2011) have identified only 

very rare instances of B. pseudomallei encapsulated within multiple membrane 

structures following infection in RAW 264.7 cells. Hence the current view is that      

B. pseudomallei cells that are unable to escape from the phagosome will most likely 

be subjected to LAP rather than canonical autophagy. However, since 75% of      

wild-type bacteria escape the phagosomes (at 6 h p.i) (D'Cruze et al., 2011) and evade 

the LAP, a significant question remains to be answered. Why are the bacteria that 

escape to the cytosol not targeted and degraded by canonical autophagy?  
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Figure 6.2: Transmission electron micrograph of RAW264.7 cells at 2 h p.i. with     
B. pseudomallei (magnification x600). Intracellular bacteria are observed almost 
exclusively within single-membrane compartments (yellow arrow) and not       
double-membrane autophagic compartments (D’Cruze, unpublished).  
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Figure 6.3: B. pseudomallei clearance whereby cytosolic B. pseudomallei can become 
encapsulated by the phagophore, subsequently leading to lysosomal fusion (A), bacteria 
encapsulated in the phagosome becomes enveloped by the phagophore to induce 
lysosomal degradation (B), membrane-bound bacteria recruits LC3 for subsequent fusion 
with the lysosome (C), or the membrane-bound bacteria may directly converge with 
lysosome to undergo phagolysome (D) (Gong et al., 2011).  
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6.5  UBIQUITINATION  

Another emerging paradigm in autophagic targeting of intracellular bacteria is 

ubiquitination-mediated autophagy. Following internalisation into host cells, some 

bacteria that either escape into the cytosol or damage their endosomal membrane may 

potentially be ubiquitinated and targeted for autophagy. The current model (as 

illustrated in Figure 6.4), whilst lacking biochemical evidence, hypothesises the 

ubiquitin (Ub) to be deposited directly onto the bacterium, and protein adaptors such 

as p62 or NDP52, to simultaneously bind to both the Ub and LC3, thereby linking it 

to the autophagic membranes  (Fujita and Yoshimori, 2011).  

 

Recent studies have described S. pyogenes, L. monocytogenes and M. marinum as   

co-localising with poly-Ub to eventually result in autophagic degradation. A second 

scenario is observed during infection of HeLa cells by S. flexneri, which results in the 

internalised bacterium being encapsulated by the host membrane vacuole. In order to 

gain access to the host cytosol, the bacterium ruptures the surrounding vacuolar 

membrane. The vacuolar remnants induce an inflammatory response and can be 

observed to co-localise with inflammasome components and caspase-1 (Dupont et al., 

2009). These authors provided evidence that proteins associated with the membrane 

remnants undergo polyubiquitination, thereby targeting them to autophagy and 

subsequently reducing the inflammation response and enhancing bacterial survival.  

 

Some bacteria such as L. monocytogenes and S. enterica serovar Typhimurium, have 

evolved mechanisms to benefit from their interaction with the ubiquitin system.        

L. monocytogenes employs the bacterial toxin Listeriolysin O (LLO) to escape from 
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the phagosome into the host cytoplasm. The host immune response is to eliminate the 

LLO by subjecting the toxin to ubiquitination and proteolysis. However, down 

regulation of LLO is advantageous for some strains that tend to either over express 

LLO or produce LLO with mutations, as over production of the toxin by some strains 

increases the toxicity of the host cell and potentially produces virulence defects 

(Steele-Mortimer, 2011). Preliminary data suggest that S. Typhimurium encodes two 

effectors, SseL and AvrA, with deubiquitinase activity to down regulate the immune 

signalling thereby giving rise to an anti-inflammatory effect, and thus promoting 

bacterial survival (Steele-Mortimer, 2011). AvrA which is translocated by TTSS1 

shares homology with Y. enterocolitica YopJ, an effector that negatively regulates 

NFκB and MAPK signalling. In this manner, AvrA acts to deubiquitinate IκBα and  

β-catenin to produce an anti-inflammatory effect (Steele-Mortimer, 2011). 

 

Deubiquitinases work to reverse the ubiquitination process, thereby potentially 

interfering with signalling intermediates, thus promoting intracellular bacterial 

survival. The tssM deubiquitinase of B. mallei shares 100% identity to the tssM gene 

of B. pseudomallei (Tan et al., 2010). The tssM deubiquitinase encoded by                

B. pseudomallei T6SS gene cluster 1 (Burtnick et al., 2011) was reported to modulate 

the host innate immune response (Tan et al., 2010). Mice infected with the tssM 

mutant provoked a hyper inflammatory host response resulting in faster death (Tan et 

al., 2010). Current research at Monash University is also focusing on the cellular 

response to a B. pseudomallei tssM mutant. It is hypothesised that the deubiquitinase 

activity of TssM may facilitate B. pseudomallei survival by assisting the bacterium to 

avoid canonical autophagy (Gong et al., 2011).   
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The B. pseudomallei K96243 genome encodes six T6SS gene clusters; TssM is 

encoded by T6SS gene cluster 1 (Burtnick et al., 2011). T6SS are also encoded in the 

genomes of V. cholerae, P. aeruginosa, E. coli and B. mallei (Bingle et al., 2008). 

Despite being first described in 2006 (Pukatzki et al., 2006) the function of T6SS  in 

infection remains largely uncharacterised and clearly warrants further investigation.  
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Figure 6.4: Diagrammatic representation of ubiquitination-mediated autophagy 
(adapted from Fujita and Yoshimori, 2011). Following the ubiquitination of bacteria, 
protein adaptors such as p62 or NDP52, simultaneously bind to both the Ub and LC3, 
thereby linking it to the autophagic membranes. Consequently, the bacterium 
undergoes degradation. 
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6.6  GENETICALLY MANIPULATING B. PSEUDOMALLEI 

The discovery of novel vaccines and therapeutic targets is dependent on the ability to 

manipulate bacterial genomes (Mima et al., 2011). Molecular manipulation of the      

B. pseudomallei genome is often arduous for reasons including the GC content of the 

genome and the consequent difficulty in PCR amplification of genomic fragments, 

and the need to introduce foreign DNA by conjugation, as direct transformation of the    

B. pseudomallei K96243 strain is presently not achievable. Kang et al. (2011) have 

devised a system which they assert, will more readily produce gene inactivation in the 

genome of some B. pseudomallei strains. The system employs phage λ-Red proteins 

to transform DNA fragments into the naturally transformable B. pseudomallei  1026b 

strain (Kang et al., 2011). However, this group was unable to transform the             

non-naturally transformable B. pseudomallei K96243 strain or B. mallei ATCC2334 

strain. Research carried out at Monash University uses the K96243 strain, principally 

because of its fully sequenced and annotated genome.  

 

In the future, should it prove possible to optimise the electrotransformation protocol 

of Kang et al., to accommodate transformations of the K96243 genome, this system 

can potentially be utilised to construct the other B. pseudomallei mutants, which this 

project initially aimed to achieve. In addition to generating mutants in the BPSS1531, 

BPSS1529, BPSS1539 and BPSS0670 genes, future application of the phage λ-Red 

protein system could be targeted to generating double and triple mutants of the BpscN 

in clusters 2 and 3 of the TTSS, for functional characterisation. Considering the 

importance of the TTSS1, future experiments can therefore attempt to more readily 

construct mutants of other ORFs encoded in TTSS clusters 1 and 2.  
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6.7  CONCLUDING REMARKS 

The research presented in this thesis establishes a strong foundation upon which 

future projects can build. Future B. pseudomallei research at Monash University will 

continue to focus on the ways in which B. pseudomallei may be eliminated from 

infected host cells, thereby facilitating possible therapy treatments for melioidosis. 

Such knowledge will further assist in reducing the mortality rate of melioidosis.  
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“As the circle of light increases, so does the 
circumference of darkness around it.” 

Albert Einstein 

 
 



Erratum 

• Page 93, paragraph 3, lines 8-10 should read: 
Under autophagic conditions, the delivery of organelles (≥ pH 7.0) to the acidic vacuole 
(pH 4.8) results in highly diminished or no detectable fluorescence of the GFP 
component.  

• Figures 3.7, 3.9 and 3.10 used confocal microscopy fluorescence to illustrate the 
influence B. pseudomallei proteins exert on specific organelles, in yeast BY4741 during 
non-starved and starved conditions. Below is a schematic representation. 

 

Panel A: The biosensor located in the cytosol exhibits red and green fluorescence. Under 
non-starvation conditions little autophagy takes place, so the biosensor is not delivered to 
the vacuole and it does not show any fluorescence. When subjected to 4 h starvation, 
wild-type cells tend to undergo cytosolic autophagy as evident by red fluorescence in the 
vacuole, with the absence of green fluorescence (Figure 3.7A). However, if the 
expression of a B. pseudomallei protein inhibits cytosolic autophagy in yeast under 
starvation conditions, then red fluorescence is not observed in the vacuole (see Figures 
3.7A & B).  

Panel B: Under non-starved conditions the biosensor targeted to mitochondria exhibits 
red and green fluorescence. When subjected to 6 h starvation, wild-type cells tend to 
undergo mitochondrial autophagy as evident by diffuse red fluorescence in the vacuole, 
with the absence of green fluorescence (Figure 3.9A). However, if the expression of a    
B. pseudomallei protein inhibits mitochondrial autophagy under starvation conditions, 
then red fluorescence is not observed in the vacuole (see Figures 3.9A & B).  



Panel C: Under non-starved conditions the biosensor targeted to the nucleus exhibits red 
and green fluorescence. When subjected to 20 h starvation, wild-type cells tend to 
undergo partial nuclear autophagy as evident by “blebs” of diffuse red fluorescence in 
the vacuole, with the absence of green fluorescence (Figure 3.10A). If the expression of a 
B. pseudomallei protein does not inhibit nuclear autophagy under starvation conditions, 
then diffuse red fluorescence is observed in the vacuole, with the absence of green 
fluorescence (see Figures 3.10A & B).  

• Page 148, Figure 4.13. Survival assays show the CFU numbers of wild-type bacteria and 
BPSS1532 mutant bacteria to be similar at 6 h post infection, as depicted in Figure 4.12 
(page 145). The image presented in Figure 4.13A for the 6h time point was selected for 
its fluorescence intensity, and is not the best representation of bacterial numbers. A better 
representative image is presented in Figure E.1A.  

 

Figure E.1A: Co-localisation of wild-type and BPSS1532 mutant bacteria with          
LC3-GFP. (A) Bacterial co-localisation with LC3-GFP was defined by the presence of 
labelled bacteria (red fluorescence) which were fully overlaid by intense green (yellow 
fluorescence) or fully contained within a green ring.  

• As described in Chapter 1, pathogenic bacteria employ a variety of virulence factors, 
such as secreted proteins and toxins, to escape the phagosome/endosome, to escape 
subsequent autophagic capture or to suppress autophagosomal maturation.  
 
Of particular interest are the secreted bacterial proteins that assist pathogenic bacteria to 
escape the autophagic pathway by disrupting the membrane encapsulating them. It was 
postulated that B. pseudomallei may utilise similar effector proteins to also escape 
phagosomal confinement.  

Based on these criteria (see also page 88), 22 proteins of interest were identified (listed in 
Table E1).  

 



 
Table E.1: Summary of some virulence factors employed by pathogenic bacteria to escape autophagy.  
 
 
 

Protein Organism Gene Accession Description Burkholderia 
Protein 

IpaA 

Shigella 
 flexneri 

AAP78988 
(ipaA gene) 

Effector protein secreted by TTSS. Promotes depolymerisation of actin 
filaments. Modulates entry of bacteria into epithelial cells.  

IpaB AAM89546 
(ipaB gene) 

Regulates TTSS. Chaperoned by IpgC to form an invasion-mediating protein 
complex. Forms membrane pores. The binding of IpaB to the cystine protease 
caspase-1 (Casp-1) induces macrophage apoptosis. 

BPSS1532 

Ipa C AY206439 
(ipaC gene) 

TTSS. Forms membrane pores. Integrates into host plasma membrane. Required 
for epithelia cell entry and phagosome escape. Chaperoned by IpgC. BPSS1531 

Ipa D AF330514 
(ipaD gene) 

Regulates TTSS. Modulates host cell plasma membrane. Required for epithelia 
cell entry and phagosome escape.  

Ics B AY206439 
(icsB gene) 

TTSS. Aids in lysis of the secondary phagosome. Chaperoned by IpgA protein 
which assists in stabilisation and secretion. Binds to VirG protein to inhibit 
autophagy. Has similar sequence to Burkholderia pseudomallei BopA.  

 

Ipg C AY206439 
(ipgC gene) 

Chaperones IpaB and IpaC. Prevents IpaB degradation prior to its secretion.  

Vir A NC_004851 
(virA gene) 

Promotes invasion of host cell. Induces local microtubule degradation  

IcsA 
Vir G 

NC_004851  
(virG gene) 

In mutant cells VirG binds to ATG5 to cause autophagy, in normal Shigella 
IcsB protein competitively binds to VirG to inhibit autophagy therefore 
enabling escape. Allows for actin based motility. 

BPSS0962 
BPSS1631 

Mgl A 

Francisella 
tularensis 

AF045772 
(mglA gene) 

Regulates IglC, IglA, pdpA, pdpD. Mutant bacteria cannot escape from the 
phagosome.  

Igl C AY293579 
(iglC gene) 

Together with MglA, disrupts the phagolysosome. Mutant bacteria are 
incapable of intracellular replication and unable to escape from phagosome. 
Regulated by MglA. Phagosomes with the IglC and MglA mutants, will acquire 
the lysosomal enzyme cathepsin D, and proceed down the autophagy pathway. 

 



Protein Organism Gene 
Accession Description Burkholderia 

Protein 

LLO 

Listeria 
monocytogenes 

AY168094 
(hyl gene) 

Pore-forming cytolysin. Expressed in the phagosomal compartment to aid in escape 
from primary phagosome. The production of LLO is modulated by the stress protein 
Clp-caseinolytic proteins. May be replaced by PFO, ALO or ILO 

 
 

PI-PLC AY168068 
(plcA gene) 

Secretory protein. Expressed in phagosomal compartment. Activates protein kinase C 
(PKC) cascade which promotes escape from primary phagosome.   

PC-PLC DQ118415 
(plcB gene) 

Secretory protein. Aids in escape from primary phagosome  

PlcA NC_002973 
(plcA gene) 

Phospholipase C. Membrane active toxin. Works with PlcB and cytolysin to disrupt 
phagosomal membrane  

PlcB NC_002973 
(plcB gene) 

Phospholipase C. Membrane active toxin. Works with PlcA and cytolysin to disrupt 
phagosomal membrane.   

Svp A 
 

(svpA gene) 
Surface-Virulence-associated-protein (SvpA). Facilitates the bacterial escape from 
phagosomes within macrophages. Required for intracellular survival. Mutant bacteria 
remained confined to phagosomes.  

 

Sip B Salmonella 
enterica 

AE017220 
(sipB gene) 

Salmonella Invasion Protein B (SipB) is homologous for IpaB. Required for invasion 
of epithelial cells and interacts with Casp-1 to trigger macrophage apoptosis.  

Hemolysin Rickettsia 
prowazekii 

Y11778 
(tlyA & tlyC 

gene) 

Bacterial protein exotoxin. Optimally active at low pH. It may be involved in the 
disruption of phagosome membrane. BPSS0670 

BPSS1394 

Tc-Tox Trypanosoma 
cruzi  Transmembrane pore-forming protein involved in vacuole disruption, facilitating the 

parasite escape. This hemolyosin is active at low pH.  

PFO Clostridium 
perfringens 

AY304477 
(pfo genes) 

Can replace LLO. Cholesterol-dependent cytolysin that oligomerises to form pores, 
aiding in escape from phagosome. Exerts a toxic effect on the host cells by damaging 
the plasma membrane, preventing further intracellular proliferations.  

 

ALO Bacillus 
anthracic  

Can replace LLO in mediating escape from the primary phagosome. However, ALO 
exerts a toxic effect on the host cells by damaging the plasma membrane. Has 87% 
similarity to PFO, and 64% similarity to LLO. 

 

ILO Listeria 
ivanovii 

X60461 
(ilo gene) 

Amino acid sequence of LLO and ILO is very similar. It is not cytotoxic, promoting 
normal intracellular multiplications. Can functionally replace LLO for efficient 
phagosomal escape.  

 



 


	1
	2
	3
	4
	5

