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 Burkholderia pseudomallei and Burkholderia thailandensis are related facultative 

intracellular pathogens that infect a variety of cell types, escape into the cytoplasm of host cells, 

and spread from cell-to-cell via type 6 secretion system (T6SS)-mediated cell fusion. Recent 

work has demonstrated a new mechanism of rapid intracellular motility dependent on a cryptic 

flagellar locus, fla2. In the first section of this dissertation, I show that the Fla2 system is present 

and expressed in Australian strains of B. pseudomallei and B. thailandensis. The results 

demonstrated that the fla2 locus encodes lateral flagella expressed intracellularly. This Fla2 

system promotes swarming on semisolid agar. Lateral flagella encoded by the fla2 locus may 

provide a growth advantage for Burkholderia in environmental conditions, as wild-type B. 
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thailandensis outcompeted a nonmotile ∆fliC2 derivative in a semisolid agar swarming 

competition assay. 

In the next section of this dissertation I tested the effect of intracellular expression of 

lateral flagella on innate immune detection of Burkholderia. Innate immune mechanisms, 

particularly NLRC4-driven pyroptosis and production of IL-1β, are critical for the host response 

to B. pseudomallei infection. Such innate immune responses were previously attributed to type 3 

secretion system (T3SS) stimuli deployed intracellularly. Here, I show that this response is at 

least partially dependent on fliC2, the flagellin gene encoded in the fla2 cluster in B. 

thailandensis and Australian strains of B. pseudomallei. While deletion of fliC2 in B. 

thailandensis had no measurable effect on pyroptosis or intracellular bacterial growth, it led to a 

nearly 33% decrease in IL-1β production in wild-type (wt) murine macrophages, without 

affecting IL-1β release in nlrc4-deficient macrophages. FliC2 did not appear to contribute 

similarly to IL-1β secretion during B. pseudomallei NAU14B-6 infection despite the 

immunogenicity of B. pseudomallei FliC2 ectopically expressed in a B. thailandensis ∆fliC2 

strain.  By quantitative RT-PCR, I demonstrate that intracellular expression of fliC2 is lower in 

the B. pseudomallei strains tested than in B. thailandensis. This difference may provide an 

explanation for the discrepancy between the innate immune response observed against FliC2 in 

B. thailandensis versus B. pseudomallei, leaving open the possibility that differences in fliC2 

expression levels between B. pseudomallei strains may lead to strain-specific innate immune 

responses.  

In the final section of this dissertation, I describe the role of a novel fla2 regulator on the 

global regulatory cascade involved in the B. pseudomallei intracellular life cycle. Overexpression 

of the flagellar response regulator frr activates the expression of lateral flagella, but decreases 
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plaquing efficiency in both Fla2+ and Fla2- strains of B. pseudomallei and B. thailandensis. I 

show through quantitative RT-PCR that frr affects not only expression of lateral flagella 

components, but also polar flagella components from the Fla1 system utilized for extracellular 

swimming by Burkholderia and type 3 secretion system components required for escape from an 

initial endosome and from autophagosomes. These results suggest that frr plays a role as a 

master regulator controlling multiple aspects of Burkholderia virulence. In this chapter, I also 

investigate the role of other B. pseudomallei master regulators on subsets of virulence genes and 

demonstrate that each of these regulators exhibits crosstalk with other regulatory systems 

involved in the intracellular life cycle. 

Together, the results described in this dissertation define and characterize a novel 

intracellular motility system in B. pseudomallei. The expression of lateral flagella by 

Burkholderia in the host cytoplasm is a unique and surprising feature for an intracellular 

pathogen, given the cytosolic surveillance mechanisms evolved in mammalian hosts to respond 

to flagella. In the concluding remarks of this dissertation, I discuss the status of B. pseudomallei 

as an “accidental” pathogen and how mechanisms evolved to survive and persist in specific 

ecological niches can contribute to or stand in the way of mammalian pathogenesis.  
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Chapter 1. Introduction: Intracellular motility, pathogenesis, and host response systems in 

Burkholderia infection 
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Taxonomy and ecology of Burkholderia 

 Burkholderia species are a class of Gram-negative aerobic bacilli that occupy a variety of 

ecological niches and are nearly ubiquitous in global distribution. Historically, Burkholderia 

were placed in the Pseudomonas genus due to vague phenotypic definition of the group, before 

being defined as a separate genus in 1992 (Yabuuchi et al., 1992). The new Burkholderia group 

initially contained seven species, including B. cepacia (Palleroni & Holmes, 1981), B. mallei 

(Zopf 1885), B. pseudomallei (Whitmore, 1913), B. caryophylli (Burkholder 1942), B. gladioli 

(Severini 1913), B. pickettii (Ralston et al., 1973), and B. solanacearum (Smith, 1896), and has 

since expanded to encompass nearly one hundred species (Estrada-De Los Santos et al., 2001, 

Konstantinidis et al., 2006, Eberl & Vandamme, 2016). Many Burkholderaceae associate with 

plants, including organisms useful in promoting plant growth and bioremediation like B. 

vietnamiensis (O'Sullivan & Mahenthiralingam, 2005) and significant phytopathogens such as B. 

glumae (Cottyn et al., 2001), B. caryophylli (Hang et al., 2002), and B. plantari (Mitchell & Teh, 

2005). Members of the B. cepacia complex cause opportunistic lung infections in cystic fibrosis 

patients (Mahenthiralingam et al., 2005). B. pseudomallei is the causative agent of melioidosis, a 

severe and often fatal disease (Wuthiekanun & Peacock, 2006). Burkholderia mallei, which 

causes glanders, is a clonal descendent of B. pseudomallei that has undergone extensive genome 

decay and adapted to a lifestyle of obligate parasitism in mammals (Godoy et al., 2003). Because 

of their low infectious dose, high intrinsic antibiotic resistance, and historical use in biowarfare, 

B. pseudomallei and B. mallei are classified as a tier-1 select agents by the United States Centers 

for Disease Control (CDC) (Benoit et al., 2015, Van Zandt et al., 2013). B. thailandensis is a 

related environmental organism with an overlapping geographic distribution and a genome that is 

similar to B. pseudomallei, but it is rarely associated with disease in humans (Brett et al., 1998). 
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Together, B. pseudomallei, B. mallei, and B. thailandensis may be referred to as pathogenic 

Burkholderia, and are the focus of this dissertation (Ginther et al., 2015). 

Biogeography 

 The Burkholderia genome consists of two chromosomes (Holden et al., 2004). In the case 

of the prototypical southeast Asian B. pseudomallei genome of strain K96243, chromosome 1 is 

approximately 4 megabase pairs and encodes many of the functions associated with metabolism 

and cell growth, while chromosome 2 is approximately 3.2 megabase pairs and encodes most of 

the functions associated with pathogenesis. The B. pseudomallei genome contains evidence of 

extensive mutation, rearrangement, and horizontal gene transfer (Holden et al., 2004, Tuanyok et 

al., 2007, Pearson et al., 2009). A large portion of the genome (6.1%) consists of genomic 

islands (GIs), which may play an important role in the adaptation of Burkholderia to different 

ecological niches and pathogenesis in humans and other animals (Kim et al., 2005, Sim et al., 

2008, Ronning et al., 2010, Tumapa et al., 2008). These GIs are variably present in different 

clinical and environmental isolates, reflecting the enormous intraspecies diversity seen across B. 

pseudomallei (Tuanyok et al., 2008).  

 Recent phylogenetic analyses of 43 whole genome sequences from Burkholderia isolates 

have indicated that southeast Asian and Australian strains of B. pseudomallei segregate into 

genetically distinct clades (Figure 1) (Pearson et al., 2009, Vesaratchavest et al., 2006). 

Southeast Asia and northern Australia are separated by the Wallace Line, which delineates a 

faunal boundary between the two regions. Australian B. pseudomallei isolates are associated with 

a more ancient common ancestor than southeast Asian isolates, suggesting that southeast Asian 

isolates branched off from a common ancestor on the Australian continent. B. thailandensis 

likely diverged from B. pseudomallei on the Australian continent between 307 Ka and 4.27 
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million years ago (Ma), and the clonal B. mallei population likely diverged from B. pseudomallei 

on the Australian continent before the introduction of B. pseudomallei and B. mallei to southeast 

Asia.  A founding Australian population of B. pseudomallei may have been dispersed to 

southeast Asia between 16 thousand years ago (Ka) and 225 Ka during a glacial period where 

low sea levels would have exposed a land bridge between the two regions (Pearson et al., 2009, 

Baker et al., 2011). 

 One striking difference between the genomes of Australian and Asian strains of B. 

pseudomallei is the replacement of a flagellum biosynthesis cluster (fla2) predominant in 

Australian strains with a Yersinia-like fimbrial cluster (ylf) present in most Asian strains 

(Tuanyok et al., 2007, Tuanyok et al., 2008). Whereas fla2+ strains of B. pseudomallei make up 

88% of Australian isolates, 98% of Asian isolates are YLF strains. Intriguingly, despite the 

prevalence of fla2+ B. pseudomallei strains in Australia, they are underrepresented in clinical 

isolates. One survey conducted in Northern Australia found that although fla2- B. pseudomallei 

strains made up only 3% of environmental isolates in the region, these strains represented 17% of 

clinical isolates (Tuanyok et al., 2007). To date, the role of the fla2 and ylf loci in pathogenesis 

and the reasons for this clinical discrepancy are unclear. 

Melioidosis 

 B. pseudomallei normally inhabits the rhizosphere in endemic regions. In nearly all 

melioidosis cases, B. pseudomallei is acquired from the environment by humans via inhalation, 

ingestion, or percutaneous inoculation (Wiersinga et al., 2012, Currie & Kaestli, 2016). 

Individuals such as agricultural workers who undergo regular occupational exposure to moist 

soils and surface water in endemic areas are especially at risk for exposure, particularly during 

the rainy season when workers have prolonged contact with pooled water in rice fields 
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(Limmathurotsakul & Peacock, 2011, Peacock, 2006, Rolim et al., 2011, Suputtamongkol et al., 

1994). However, environmental exposure is common throughout populations in some endemic 

regions, with seropositivity rates ranging from 5.7% in northern Queensland, Australia 

(Ashdown & Guard, 1984) to over 50% in northeast Thailand (Wuthiekanun et al., 2006). 

Despite these relatively high seropositivity rates, repeated environmental exposure to B. 

pseudomallei does not confer protective immunity (Lazzaroni et al., 2008). Predisposing 

conditions for melioidosis include diabetes, alcoholism, and chronic lung or renal disease 

(Suputtamongkol et al., 1999, Cheng & Currie, 2005).  

 Pathophysiology of melioidosis. The incubation period for melioidosis is highly 

variable, with a normal range of 1-21 days with a mean of 9 days (Currie et al., 2000b). In rare 

cases, the incubation period can be much longer, with one report describing a melioidosis case 

62 years after exposure in a man who was taken as a prisoner of war by the Japanese during 

World War II (Ngauy et al., 2005). B. pseudomallei infection can present as a wide range of 

clinical manifestations, and has been referred to as “the remarkable imitator” due to the 

similarity of melioidosis symptoms to those of other common bacterial infections (Figure 2) (Poe 

et al., 1971). The most common clinical presentation is pneumonia, which occurs in over 50% of 

cases (Wiersinga et al., 2012). Other common symptomatic manifestations of melioidosis are 

skin ulcers, bacteremia, spleen, liver, and lung abscesses, genitourinary infection, and brain stem 

encephalitis (Currie et al., 2010, Wiersinga et al., 2012). Different clinical presentations of 

melioidosis predominate in B. pseudomallei endemic regions, with acute suppurative parotitis 

seen in up to 40% of Thai cases but absent in Australian cases, and genitourinary infection 

observed in 20% of male melioidosis patients in Australia but rarely in Thai patients (Cheng & 

Currie, 2005, White, 2003). B. pseudomallei infection can disseminate rapidly, with disease 
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severity ranging from acute fulminant sepsis to chronic infection mimicking tuberculosis 

(Wiersinga et al., 2012). Severe melioidosis is associated with a fatality rate approaching 50% in 

Thailand, and 20% in Australia (White, 2003, Currie et al., 2000a). Even after initial recovery, 

between 6-23% of patients present with relapse, although relapse rates have begun to decrease in 

recent years with the advent of more effective eradication therapies (Limmathurotsakul et al., 

2006, Sarovich et al., 2014). 

Treatment of melioidosis. Treatment of melioidosis is challenging, owing to extensive 

antibiotic resistance exhibited by B. pseudomallei. B. pseudomallei is intrinsically resistant to all 

macrolides, narrow-spectrum cephalosporins, polymyxins, and aminoglycosides, as well as most 

penicillins (Livermore et al., 1987, Moore et al., 1999, Schweizer, 2003). Additionally, clinical 

studies have demonstrated that currently used fluoroquinolones are not effective in treatment of 

melioidosis (Chaowagul et al., 1997). Treatment of melioidosis is generally divided into two 

phases; an acute phase lasting 10 or more days in which antibiotics are administered via 

intravenous therapy to prevent sepsis, and an eradication phase lasting 20 weeks, in which oral 

antibiotics are administered to prevent relapse. The current first line antibiotics for treatment of 

melioidosis are ceftazidime for the acute phase and trimethoprim/sulfamethoxazole (co-

trimoxazole) for the oral eradication phase (Estes et al., 2010, Dance, 2014).  

Epidemiology of melioidosis. Despite recent advances in melioidosis treatment 

regimens, B. pseudomallei remains a major public health burden in endemic regions. In northeast 

Thailand, B. pseudomallei infections account for 20% of community acquired bacteremias, and 

are the third most common cause of death due to infectious diseases, after HIV/AIDS and 

tuberculosis (Chaowagul et al., 1989, Limmathurotsakul et al., 2010). In northern Australia, B. 

pseudomallei is the most common cause of fatal community acquired pneumonia (Currie et al., 
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2000b, Douglas et al., 2004). Recent efforts to model the global distribution of B. pseudomallei 

have suggested that melioidosis cases are likely severely underreported in many endemic areas 

(Figure 3) (Limmathurotsakul et al., 2016). Current estimates suggest that 165,000 human 

melioidosis cases occur worldwide each year, resulting in 89,000 deaths, with a global case-

fatality rate of over 50%. 

The intracellular life cycle of Burkholderia 

In endemic regions, B. pseudomallei is almost exclusively acquired from the 

environment, and various lines of evidence suggest that virulence mechanisms of B. 

pseudomallei in mammalian cells are likely to be indirect consequences of adaptations to avoid 

predation in the rhizosphere (Figure 4) (Nandi et al., 2010). B. pseudomallei and B. thailandensis 

infect a broad range of host cell types and exhibit nearly identical intracellular life cycles (Kim et 

al., 2005, Brett et al., 1998, Brett et al., 1997, French et al., 2011). An extensive repertoire of 

known and putative virulence factors facilitate the intracellular survival and cell-cell spread of 

Burkholderia, and the essential components are described below (Figure 5). 

Flagella. B. pseudomallei and B. thailandensis express polar flagella from the fla1 locus 

on chromosome 1 (Chuaygud et al., 2008, Chua et al., 2003, Tuanyok et al., 2007). The flagellin 

gene fliC1 from the fla1 cluster is required for motility in soft agar (DeShazer et al., 1997) and 

liquid medium (Boonbumrung et al., 2006). The fla1 polar flagellum has been implicated in 

adhesion and internalization of B. pseudomallei in Acanthamoeba astronyxis (Inglis et al., 2003). 

However, in the mouse macrophage cell line RAW264.7 and the human lung epithelial cell line 

A549, fla1 flagella contribute to invasion but not adhesion (Chuaygud et al., 2008). The invasion 

defect associated with a ∆fliC1 mutant in RAW264.7 and A549 cells can be overcome by 

centrifugation of bacteria to bring them into contact with host cells, indicating that the primary 
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role of fla1 flagella in tissue culture models of infection may be to promote motility toward 

potential host cells. The role of fla1 motility in vivo during Burkholderia infection is 

controversial, with some studies showing no attenuation between a wild-type strain and a ∆fliC1 

mutant in fulminant Syrian hamster and diabetic rat models of infection, and other studies 

showing attenuation of a ∆fliC1 mutant in a BALB/c model of infection (DeShazer et al., 1997, 

Chua et al., 2003). 

Type 3 Secretion System (T3SSBsa). Following invasion of a host cell, Burkholderia is 

found in endocytic vesicles (Jones et al., 1996). The deployment of a type 3 secretion system 

(T3SSBsa) facilitates escape from the endosome into the cytoplasm of host cells (French et al., 

2011, Burtnick et al., 2008). The T3SSBsa is similar to the SPI-1 T3SS in Salmonella and the 

Inv/Mxi-Spa T3SS in Shigella, and is required Burkholderia virulence in animal models (Stevens 

et al., 2002, Sun et al., 2010). Unlike other pathogenic T3SSs, the Burkholderia T3SSBsa only 

utilizes three known effectors, BopA, BopC, and BopE. Of these, only BopA has been shown to 

contribute to intracellular growth by promoting evasion of LC3-mediated autophagy (Gong et 

al., 2011, Cullinane et al., 2008). However, none of these effectors appears to be required for 

virulence, and their precise role in pathogenesis remains unclear (Cullinane et al., 2008, 

Muangman et al., 2011, Stevens et al., 2003). To date, the only clear requirement for T3SSBsa-

mediated endosome escape appears to be the assembly of a functional T3SS apparatus with an 

intact BipBCD translocon complex (French, 2012). 

Intracellular motility. Once Burkholderia escapes into the cytosol of infected host cells, 

actin-based intracellular motility occurs in a manner similar to that of the other well-

characterized intracellular pathogens Listeria monocytogenes and Shigella flexneri (Ray et al., 

2009, Kespichayawattana et al., 2000, Stevens et al., 2005b). This actin-based motility is 



	 9 

mediated by the polarly localized autotransporter protein BimA (Stevens et al., 2005b, Stevens et 

al., 2005a). Interestingly, although BimA is present and functionally interchangeable for actin 

polymerization in B. pseudomallei, B. mallei, and B. thailandensis, the mechanisms utilized by 

BimA for actin polymerization appear to be distinct for different Burkholderia species (Benanti 

et al., 2015). While actin polymerization in B. thailandensis requires the host Arp2/3 complex, 

actin polymerization by B. pseudomallei and B. mallei does not. Instead, BimA from B. 

pseudomallei and B. mallei mimics host Ena/VASP actin polymerases to nucleate and bundle 

actin filaments. These differences may have important functional consequenses for Burkholderia 

pathogenesis, as different BimA orthologs produce distinct actin filaments during the 

intracellular life cycle that contribute to differential effeciencies of intracellular motility and cell 

fusion. Indeed, a B. mallei-like bimA allele in B. pseudomallei has been associated with 

neurological melioidosis, underscoring the role of BimA in pathogenesis. 

Although the actin polymerization gene bimA was previously thought to be required for 

intracellular movement and cell-cell spread in B. pseudomallei and B. thailandensis, recent work 

has provided evidence for an alternative mechanism for intracellular motility in B. thailandensis 

(French et al., 2011). In unmarked, non-polar bimA B. thailandensis mutants, we have observed 

rapid intracellular motility, with speeds of greater than 20 μm/s, as well as cell-cell spread and 

multinucleate cell (MNC) formation. Cells infected with ∆bimA B. thailandensis do not exhibit 

membrane protrusions, demonstrating that unlike L. monocytogenes or S. flexneri, pseudopod 

formation is not required for cell-cell spread. These recent findings have indicated that 

intracellular motility, but not necessarily actin-dependent motility, are critical for cell-cell spread 

of Burkholderia. 
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Type 6 Secretion System (T6SS)-5. Unlike L. monocytogenes or S. flexneri, which move 

from cell to cell via cell membrane protrusions and internalization in secondary vacuoles of 

neighboring cells, a striking feature of B. pseudomallei is its ability to fuse adjacent cells 

together and form MNCs, thus negating the need for escape from a secondary endosome (French 

et al., 2011, Kespichayawattana et al., 2000, Wong et al., 1995, Harley et al., 1998). Cell fusion 

and MNC formation is mediated by the type 6 secretion system (T6SS)-5 and requires the 

assembly of a trimeric spike protein, VgrG-5, onto the T6SS apparatus (French et al., 2011, 

Toesca et al., 2014b, Schwarz et al., 2014). Like VgrG proteins that have been described in other 

organisms, VgrG-5 is an “evolved” VgrG, indicating the presence of a unique C-terminal 

extension without extensive homology to any known bacterial effector. In other characterized 

T6SSs, these evolved VgrG proteins often have effector functions such as Vibrio cholerae VgrG-

1 that has an actin crosslinking domain (Pukatzki et al., 2007). In the case of VgrG-5, the 

extended C-terminal domain is required for MNC formation but not T6SS-5 function, indicating 

that it either directly or indirectly contributes to cell fusion. T6SS-5 components have been 

shown to localize to bacterial poles during infection, leading to the hypothesis that intracellular 

motility provides the propulsive force necessary to bring VgrG-5 into contact with the host cell 

membrane, where its subsequent deployment results in cell fusion and cell-cell spread of 

Burkholderia (Toesca et al., 2014a, Schwarz et al., 2014). The fusogenic activity of T6SS-5 is 

required for virulence in animal models, as mutants defective in the C-terminal extension of 

VgrG-5 are avirulent in mice. Unlike other T6SSs that have been described to date, the 

Burkholderia T6SS-5 is unique in that it appears to exclusively target eukaryotic cells (Schwarz 

et al., 2010). 
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Regulation of the Burkholderia intracellular life cycle 

 For a bacterial pathogen to be successful, it must recognize and respond to a variety of 

environmental cues to regulate the expression of virulence genes (Mekalanos, 1992, Thomas & 

Wigneshweraraj, 2014). In many cases, the activation of virulence genes proceeds in a 

coordinated regulatory cascade following the sensing of an initial set of environmental signals 

(DiRita et al., 1991, Dorman & Porter, 1998, Mattoo et al., 2004). The highly choreographed 

intracellular life cycle of Burkholderia requires fine temporal and spatial regulation of virulence 

determinants (Chen et al., 2014). Indeed, master regulators have been identified for many of the 

virulence systems in Burkholderia (Figure 6). 

 Following invasion, the TetR-type regulator BspR activates expression of BprP (Sun et 

al., 2010). The ToxS-type regulator BprP then binds to the promoter region and activates 

transcription of T3SSBsa structural genes as well as the T3SSBsa regulator BsaN. Together with the 

chaperone BicA, BsaN activates the expression of 19 loci containing a BsaN binding motif 

(Chen et al., 2014). These loci include the T3SSBsa effectors, chaperones, and the BipBCD 

translocon complex that is required for the function of the T3SSBsa in facilitating endosome 

escape (Suparak et al., 2005). BsaN simultaneously represses expression of T3SSBsa structural 

genes, indicating that T3SSBsa assembly and function operates in a temporally directed manner. 

In addition to activating genes required for T3SSBsa function, BsaN activates expression of the 

T6SS-5 two-component regulatory system VirAG (Chen et al., 2011). Immediately following 

expression, VirAG is maintained in an inactive state. Upon escape of Burkholderia into the 

cytosol of infected host cells the histidine kinase VirA senses the presence of reduced 

glutathione, driving the conversion of VirG to its active form, which then induces expression of 

genes associated with actin-based motility and T6SS-5 function (Wong et al., 2015). 
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The innate immune response to Burkholderia infection 

 Many of the recognized risk factors for melioidosis including diabetes and hazardous 

alcohol use result in immunosuppression of hosts by impairing neutrophil function (Currie et al., 

2010, Alba-Loureiro et al., 2007, Spinozzi et al., 1987). Because of this, B. pseudomallei is 

sometimes (though controversially) referred to as an opportunistic pathogen, despite frequently 

causing disease in healthy individuals (Chaowagul et al., 1989). Additionally, the reactivation of 

latent melioidosis infections in individuals exposed to immune compromising medical conditions 

highlights the importance of the immune response in suppressing active infection 

(Limmathurotsakul et al., 2006).  

 The innate immune response represents a first line of defense against intracellular 

pathogens across all three domains of life (Tam & Jacques, 2014). While the role of specialized 

immune cells in host defense against bacterial pathogens has long been recognized, recent work 

has emphasized the importance of cell-autonomous immune mechanisms in conferring pathogen 

resistance in both immune and nonimmune cells (Randow et al., 2013). These diverse and 

ubiquitous mechanisms include pattern recognition receptor (PRR) signaling by Toll-like 

receptors (TLRs) and Nod-like receptors (NLRs) which triggers cell death and production of 

inflammatory cytokines, interferon-inducible effector mechanisms such as production of reactive 

oxygen species (ROS) and reactive nitrogen species (RNS), and autophagic delivery of 

intracellular pathogens to lysosomes for degradation (Beutler et al., 2006, MacMicking, 2012, 

Randow & Munz, 2012).  

 Pattern recognition receptors. PRRs are specialized receptors that recognize and 

respond to pathogen-associated molecular patterns (PAMPs) and damage-associated molecular 

patterns (DAMPs) (Kawai & Akira, 2010). Several distinct classes of PRRs are present in 
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mammals. These include TLRs, NLRs, RIG-I-like receptors (RLRs), AIM2-like receptors 

(ALRs), C-type lectin receptors (CLRs) and cGAS and other intracellular DNA sensors 

(Kawasaki & Kawai, 2014). As an intracellular pathogen, B. pseudomallei encodes several 

classical PAMPs that could potentially activate these receptors (Wiersinga et al., 2006). Multiple 

PRRs have been implicated in the host response to B. pseudomallei, including TLR2, which 

recognizes peptidoglycan, TLR4, which recognizes lipopolysaccharide (LPS), TLR5, which 

recognizes flagellin, NOD2, which recognizes the peptidoglycan component muramyl dipeptide, 

NLRC4, which recognizes intracellular flagellin and the T3SS inner rod protein BsaK, NLRP3, 

which responds to a variety of DAMPs including membrane damage, and the non-canonical 

inflammasome which responds to cytosolic LPS (Pudla et al., 2011, Myers et al., 2014, West et 

al., 2008, West et al., 2014, Ceballos-Olvera et al., 2011, Aachoui et al., 2013). Interestingly, 

though conserved in mice and humans, TLR2 appears to play a deleterious role in human 

respiratory melioidosis but does not play a significant role in mouse models of infection, 

indicating that important differences may exist in the innate immune response to melioidosis in 

animal models and human cases (Weehuizen et al., 2015).  

 Interferon-inducible effector mechanisms. Type I (IFN-β) and type II (IFN-γ) 

interferons are secreted in response to PRR and other signaling pathways, leading to the 

autocrine and paracrine production of IFN-stimulated genes (ISGs) (Kearney et al., 2013, Song 

et al., 2015). Many ISGs have microbicidal functions, such as inducible Nitric Oxide Synthase 

(iNOS) and NADPH oxidase (NOX) that mediate the generation of ROS and RNS (Gao et al., 

1997). Although stimulation of murine bone marrow macrophages (BMMs) with exogenous 

IFN-β or IFN-γ results in enhanced bactericidal activity, the effect of IFN-inducible effector 

mechanisms is limited in vivo (Utaisincharoen et al., 2001).  During infection, B. pseudomallei 
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minimizes the bactericidal IFN response by activating expression of suppressor of cytokine 

signaling 3 (SOCS3) and cytokine-inducible Src homolog 2-containing protein (CIS), leading to 

impairment of the IFN signaling pathway (Ekchariyawat et al., 2005). However, an iNOS-

independent but IFN-γ-mediated effector mechanism may contribute to restriction of B. 

pseudomallei growth in macrophages early in infection (Breitbach et al., 2006). This mechanism, 

which is partially dependent on NADPH oxidase, contributes to host defense against B. 

pseudomallei in the relatively resistant C57BL/6 model of infection, but not in the more 

fulminant BALB/c model, and has been proposed as a possible mechanism for the enhanced 

susceptibility of BALB/c mice to B. pseudomallei infection. 

 Autophagy. Autophagy is the process of cellular self-degradation that is activated in 

response to cell starvation or stress (Kaur & Debnath, 2015). More recently, autophagy has been 

recognized as an important innate immune effector mechanism against intracellular bacteria 

(Nakagawa et al., 2004). Upon entry into the host cytosol, B. pseudomallei must evade targeting 

by the cellular autophagy machinery in order to successfully replicate in the cytoplasm and 

initiate cell-cell spread. Other intracellular pathogens such as L. monocytogenes and S. flexneri 

evade autophagy by distinct mechanisms. Whereas L. monocytogenes recruits the host Arp2/3 

actin nucleation complex to the bacterial surface thereby disguising itself to avoid recognition by 

the autophagy machinery, S. flexneri utilizes a T3SS effector, IcsB, to bind to and prevent 

recognition of the actin polymerization protein IcsA by the host autophagy targeting protein 

Atg5 (Yoshikawa et al., 2009, Ogawa et al., 2005). Likewise, B. pseudomallei evades autophagy, 

though the mechanism of evasion is unclear (Devenish & Lai, 2015). At least two distinct 

mechanisms have been proposed to explain the evasion of autophagy by B. pseudomallei. 

Mutants lacking the T3SSBsa translocon protein BipD or secreted effector BopA exhibit increased 



	 15 

co-localization with the autophagosomal marker LC3, indicating that T3SSBsa may be important 

not only for escape from an initial endosomal compartment, but also for avoidance of LC3-

associated autophagy (Gong et al., 2011). Additionally, the deubiquitinase TssM is coregulated 

with T6SS components during cytosolic localization of Burkholderia, and may play a role in 

evasion of ubiquitin-mediated autophagy, although the precise mechanism of TssM-mediated 

autophagy evasion is unclear (Allwood et al., 2011). 

The adaptive immune response to Burkholderia infection 

 In addition to the innate immune responses described above, adaptive immune 

mechanisms are critical in determining the outcome of B. pseudomallei infection (Wiersinga & 

van der Poll, 2009). Unlike innate immune mechanisms that produce cell-autonomous immunity 

in a broad range of cell types, the adaptive immune response requires the activity of professional 

immune cells to promote defense against pathogens. However, the adaptive immune response is 

initiated and shaped by the initial recognition of pathogens by innate immune mechanisms 

(Iwasaki & Medzhitov, 2015). The adaptive immune system encompasses both cellular 

immunity, driven primarily by CD4+ and CD8+ T cells, and humoral immunity, driven by B cell-

dependent antibody production. Each of these branches of adaptive immunity plays a role in 

protection and/or primary resistance to B. pseudomallei infection, and is described in detail 

below. 

 Cellular immunity. Cellular immunity comprises a variety of T cell types, including 

CD4+ and CD8+ T cells. CD4+ T cells, often referred to as T-helper cells, play a variety of roles in 

the immune response, and are often divided into subclasses including Th1 and Th2 cells based on 

cytokine secretion profiles (Zhu & Paul, 2008). The major cytokines secreted by Th1 cells 

include IFNγ, lymphotoxin alpha, and interleukin-2 (IL-2) (Mosmann & Coffman, 1989). These 
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proinflammatory cytokines primarily activate the microbicidal activity of macrophages. Th2 

cells characteristically secrete the anti-inflammatory cytokines IL-4, IL-5, and IL-6, which 

promote the activation and proliferation of B cells. Due to their cytokine secretion profiles, Th1 

cells are critically important for the control of intracellular pathogens, whereas Th2 cells are 

more involved in the antibody response to extracellular pathogens. CD8+ T cells, also called 

cytotoxic T lymphocytes (CTLs), recognize peptides presented on class I MHC molecules on the 

surface of infected host cells and induce apoptosis in infected cells through a variety of effector 

mechanisms (Zhang & Bevan, 2011).  

Melioidosis patients exhibit increased activation of both CD4+ and CD8+ T cells 

compared to uninfected individuals, and an increased T cell response is correlated with higher 

rates of survival (Ketheesan et al., 2002, Jenjaroen et al., 2015). Additionally, depletion of CD4+ 

and CD8+ T cells in mice results in increased lethality of B. pseudomallei infection (Haque et al., 

2006). This effect is primarily due to depletion of CD4+ T cells, as depletion of CD8+ T cells 

alone resulted in only a minor decrease in survival. Cytokine secretion profiles of infected 

monocyte-derived dendritic cells suggest that B. pseudomallei infection skews the immune 

response toward a polarized Th1 phenotype, emphasizing the importance of the proinflammatory 

response in the control of B. pseudomallei infection (Charoensap et al., 2009).  

Humoral immunity. Humoral immunity primarily refers to the production of 

immunoglobulins by B cells (Chaplin, 2010). B cells can act in a T cell dependent or 

independent manner, depending primarily on the nature of an antigen, leading to antibody 

production. Humoral immunity provides at least two layers of defense against infection 

(Kurosaki et al., 2015). First, in response to active infection B cells expand into short-lived 

plasma cells that secrete pathogen-specific antibodies at high levels. These antibodies are 
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deposited onto extracellular pathogens, leading to opsonization, neutralization, or complement-

mediated lysis. Second, following activation, a subset of B cells differentiate into memory B 

cells, which secrete low levels of antibody constitutively and can be rapidly activated following 

re-infection to produce high antibody titers. Whereas antibody production via the humoral 

immune response is the primary mechanism of protection for many currently available vaccines, 

it is generally considered to be less effective for host defense against intracellular pathogens like 

L. monocytogenes, S. flexneri, and B. pseudomallei (Pamer, 2004, Mani et al., 2016, Seder & 

Hill, 2000). 

Multiple reports have observed high levels of B. pseudomallei-specific antibody titers in 

melioidosis patients, leading to the propagation of a widespread misconception that the humoral 

response plays a major role in the clearance of B. pseudomallei from infected hosts (Healey et 

al., 2005, Vasu et al., 2003). However, in contrast to the requirement of T cells for host defense 

against B. pseudomallei infection, mice that lack B cells (μMT mice) do not exhibit decreased 

survival in response to B. pseudomallei infection (Haque et al., 2006). Additionally, relapse and 

reinfection is common in endemic regions despite a robust humoral response to infection and 

high rates of seropositivity among the population, suggesting that humoral immunity is 

insufficient for protection from B. pseudomallei infection (Vasu et al., 2003). Although cellular 

immunity appears to be the primary mechanism by which B. pseudomallei is cleared from 

infected hosts, it is possible that humoral immunity may play a minor role in host defense against 

B. pseudomallei infection, particularly when B. pseudomallei is found in the extracellular space 

(i.e. prior to invasion of host cells) (Casadevall, 2003). 
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Inflammasomes: cytosolic surveillance mechanisms 

An important mechanism contributing to clearance of B. pseudomallei from infected cells 

is activation of a variety of inflammasomes (West et al., 2014, Aachoui et al., 2013, Ceballos-

Olvera et al., 2011). Inflammasomes are large, multi-protein complexes involved in cytosolic 

sensing of pathogen-associated molecular patterns (PAMPs) and damage-associated molecular 

patterns (DAMPs) (Martinon et al., 2009). When stimulated by these signals inflammasomes 

trigger autoproteolytic activation of inflammatory caspases, a form of rapid pro-inflammatory 

cell death termed pyroptosis, and cytokine processing and secretion from infected cells.  

Canonical inflammasomes. Canonical inflammasomes consist of nucleotide binding 

domain and leucine-rich repeat containing proteins (NLRs), PYHIN-family proteins, the 

inflammasome adaptor protein ASC, and caspase-1. These inflammasomes recognize a diverse 

array of infection-associated stimuli such as bacterial flagellin, type 3 secretion system rod and 

needle proteins, and bacterial toxins such as anthrax lethal factor and nigericin. Inflammasome 

function appears to be critical for host defense against a variety of pathogens, as mice lacking 

caspase-1 or other inflammasome components demonstrate increased susceptibility to infection 

with many pathogens including Francisella tularensis (Mariathasan et al., 2005), Legionella 

pneumophila (Ren et al., 2006), Shigella flexneri (Suzuki et al., 2007), Salmonella enterica 

serovar Typhimurium (Lara-Tejero et al., 2006, Raupach et al., 2006), Burkholderia 

pseudomallei (Sun et al., 2005), and Pseudomonas aeruginosa (Sutterwala et al., 2007). 

Non-canonical inflammasome. Recently, a novel caspase-1-independent inflammasome 

pathway was described. This pathway, termed the non-canonical inflammasome pathway, relies 

on murine caspase-11 (caspase-4 and caspase-5 in humans), which has 46% similarity to 

caspase-1 (Stowe et al., 2015). Similarly to caspase-1, caspase-11 can oligomerize into homo- 
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and hetero-complexes (with caspase-1), leading to pyroptotic cell death. However, unlike 

caspase-1, caspase-11 is incapable of efficient cleavage of pro-IL-1β and pro-IL-18 (Wang et al., 

1998, Stowe et al., 2015). Its caspase-1-independent function and inability to efficiently cleave 

pro-IL-1β and pro-IL-18 distinguishes the caspase-11 pathway from all known canonical 

inflammasome pathways, which converge on caspase-1 activation (Stowe et al., 2015, Vanaja et 

al., 2015).  

 Activation of the non-canonical inflammasome pathway occurs in response to a variety of 

Gram-negative bacteria, including Citrobacter rodentium (Gurung et al., 2012), Escherichia coli 

(Kayagaki et al., 2011), Vibrio cholerae (Kayagaki et al., 2011), Shigella flexneri (Rathinam et 

al., 2012), Salmonella Typhimurium (Broz et al., 2012), L. pneumophila (Akhter et al., 2012), B. 

pseudomallei (Aachoui et al., 2013), and others. Following the discovery that caspase-11 is 

required for restriction of cytosolic Gram-negative bacteria, two concurrent reports demonstrated 

that cytosolic lipopolysaccharide (LPS), or more specifically, lipid A is the signal for caspase-11 

activation (Hagar et al., 2013, Kayagaki et al., 2013). Cytosolic delivery of ultrapure Salmonella 

Minnesota RE595 LPS into primed wild-type (wt) bone marrow macrophages (BMMs) either by 

transfection, Cholera Toxin B (CTB) mediated delivery, or co-phagocytosis with the Gram-

positive intracellular pathogen Listeria monocytogenes was sufficient to induce caspase-11-

dependent pyroptosis.  

The role of flagella in bacterial ecology and pathogenesis 

 Motile bacteria are routinely isolated from a diverse array of habitats ranging from 

surface waters and soil to rumen contents of hosts (Ottemann & Miller, 1997). Bacterial motility 

is important for a wide range of functions, such as adaptation to specific growth conditions, 

bacterial pathogenesis, and nonpathogenic adhesion and colonization (Moens & Vanderleyden, 
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1996)  In many, though not all cases, bacterial motility is facilitated by rotation of one or more 

flagella (Moens & Vanderleyden, 1996). The structure, regulation, and environmental roles of 

flagella are described in more detail below. 

Structure. The bacterial flagellum is a complex nanomachine made up of about 25 

different proteins (Namba & Vonderviszt, 1997, Erhardt et al., 2010). The flagellar apparatus is 

closely related to injection-type T3SSs, and both systems consist of a secretion apparatus that 

facilitates the sequential export of structural components (Van Gijsegem et al., 1995, Macnab, 

2003). Assembly of the flagellum initiates with the formation of a basal body structure anchored 

in the inner membrane and spanning the cell wall and outer membrane (Chevance & Hughes, 

2008). The rotation of flagella requires the function of a rotor-stator complex, made up of the 

integral membrane stator proteins MotA and MotB and the FliG/FliM/FliN rotor complex. A 

flexible hook on the bacterial surface is composed of approximately 120 FlgE subunits and acts 

as a universal joint to transmit torque from the motor to the helical flagellar filament (Samatey et 

al., 2004). The filament, which acts as the flagellar propeller, comprises up to 20,000 subunits of 

the flagellin protein FliC (Chevance & Hughes, 2008). When rotated counterclockwise, flagellar 

filaments form a left-handed helix and bundle behind the cell body to propel bacteria forward in 

a motion referred to as a run (Larsen et al., 1974, Macnab & Ornston, 1977). Clockwise rotation 

causes flagellar filaments to undergo a discrete transition to a right-handed helix structure, 

resulting in the unbundling of flagella and chaotic motion of the bacterium, halting its forward 

motion. This chaotic motion is referred to as a tumble. The chemotaxis response regulator CheY 

binds to the switch protein FliM when phosphorylated, causing a change in the direction of 

flagellar rotation and a switch from a run motion to a tumble motion (Toker & Macnab, 1997). 

By modulating directional (counterclockwise rotation) and chaotic (clockwise rotation) motility 
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patterns, bacteria are able to move toward or away from environmental signals. 

Regulation. The production and operation of flagella requires a major investment of 

resources (in E. coli and S. Typhimurium, around 2% of the total cellular biosynthetic energy 

expenditure is used on the production and operation of flagella), and therefore flagella are 

frequently expressed under the tight control of master regulators that respond to sensory stimuli 

(McCarter, 2006). The hierarchical regulatory scheme seen in flagellar systems facilitates the 

division of flagellar genes into three transcriptional classes (McCarter, 2006). For expression of 

lateral flagella in E. coli and S. Typhimurium, the class I master regulators FlhD and FlhC form a 

complex that recruits σ70 to the promoters of class II flagellar genes. A negative feedback 

mechanism simultaneously turns off the expression of the flhDC operon. Class II genes include 

basal body, rod, and hook proteins, as well as the σ28 flagellar sigma factor FliA and its cognate 

anti-sigma factor, FlgM. Upon complete formation of the basal body, rod, and hook structure, 

FlgM is secreted from the cell, freeing FliA to drive transcription from σ28-dependent class III 

promoters. Class III genes include FliC as well as chemotaxis proteins.  

Arrangement and environmental role. Flagella exist in four primary arrangements on 

the bacterial surface: monotrichous polar flagella consist of a single flagellar filament localized 

at a bacterial pole; lophotrichous polar flagella consist of multiple flagellar filaments localized at 

a single bacterial pole; amphitrichous flagella consist of two flagellar filaments localized at 

opposite poles of a bacterium; and peritrichous, or lateral, flagella consist of multiple flagellar 

filaments distributed throughout the bacterial cell surface (Leifson, 1951). These arrangement 

patterns are often associated with specific environmental conditions. For example, Vibrio 

parahaemolyticus utilizes two different flagellar systems that operate under different 

environmental conditions (McCarter & Silverman, 1990, Shinoda & Okamoto, 1977). Whereas a 
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monotrichous polar flagellum propels the bacterium through liquid media, a distinct peritrichous 

flagellar system confers motility on semisolid surfaces. Similar switching between monotrichous 

and peritrichous flagella occurs in other environmental bacteria such as Rhodosprillum centenum 

and Aeromonas species (Ragatz et al., 1995, Kirov et al., 2002). Thus, the arrangement of 

flagella on the bacterial surface is associated with functional consequences and may provide 

insight into the ecological role of different flagellar systems. Although the precise environmental 

niches where different flagellar arrangements function are uncertain, it is likely that swimming 

mediates movement through nonviscous liquids and swarming may occur on soft solid substrates 

such as hydrated soils and plant roots (Kearns, 2010).  

Overview of the dissertation 

 This dissertation will focus on the characterization of a newly discovered lateral flagellar 

system (fla2) present in B. thailandensis and Australian strains of B. pseudomallei (French et al., 

2011).  

In Chapter 2 I demonstrate that fla2 mediates swarming over semisolid surfaces and 

describe the potential roles of this flagellar system in the environment. I also show that fla2 

encodes lateral (peritrichous) flagella that are expressed in the cytoplasm of host cells.  

In Chapter 3 I describe the effect of intracellular fla2 expression on the inflammasome 

response in infected host cells and propose a new holistic model of the B. thailandensis 

intracellular life cycle that incorporates the host innate immune response to B. thailandensis 

infection.  

In Chapter 4 I describe the major regulatory systems of the Burkholderia intracellular 

life cycle and show that the fla2 regulator Frr incorporates into the existing hierarchy of 

regulation involved in Burkholderia pathogenesis.  
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These observations are followed in Chapter 5 by an analysis of the implications of this 

work on Burkholderia pathogenesis and environmental persistence. 
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FIGURES 

 

Figure 1. B. pseudomallei segregate into clades characterized by distinct geographic 

distributions.  

Single nucleotide polymorphisms were analyzed for seven housekeeping genes in 43 strains of B. 

pseudomallei and B. mallei. Strains exhibit genetic divergence across Wallace’s line, delineating 

the genetic and geographic isolation observed between Australian and Asian fauna in general. 

Figure adapted from (Pearson et al., 2009). 
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Figure 2. The diverse clinical manifestations of B. pseudomallei infection.  

Clinical symptoms range from mild local infections to systemic infection leading to severe 

sepsis. Different routes of infection (blue boxes) may lead to different natural histories of 

infection (red boxes), which in turn result in different clinical manifestations (white text). 

Common clinical manifestations depicted include local skin ulcers (A), pneumonia (B), and lung 

(C), liver, spleen, and prostatic abscesses. Figure adapted from (Wiersinga et al., 2012).  

Wiersinga	WJ	et	al.,	NEJM	367:	1035-44,	2013	
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Figure 3. Melioidosis cases parallel the global geographic distribution of B. pseudomallei in 

the soil.  

Reported cases of melioidosis (black dots) occur in regions where B. pseudomallei can be 

isolated from soil samples (A). Shading represents the evidence for B. pseudomallei presence in 

the soil of indicated regions. (B) Predicted global distribution of B. pseudomallei based on 

computational modeling based on the environmental suitability for B. pseudomallei. Map shows 

predicted distribution at a 5 by 5 kilometer resolution. Figure adapted from (Limmathurotsakul et 

al., 2016). 
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Figure 4. B. pseudomallei virulence mechanisms are likely to represent adaptations to 

prevent predation in the rhizosphere.  

B. pseudomallei can be readily isolated from the rhizosphere in endemic regions, where it is 

found alongside a diverse array of cohabitants including amoebae, insects, fungi, and nematodes 

(A). B. thailandensis derived from B. pseudomallei and is colocalized with B. pseudomallei in 

southeast Asia, but has a smaller genome and is not virulent in humans (B). B. mallei is a more 

recent descendent of B. pseudomallei with a further reduced genome and is an obligate parasite 

of mammals, particularly equines. It is likely that the mammalian virulence mechanisms 

observed in B. pseudomallei and B. mallei derive from anti-predation mechanisms utilized by B. 

pseudomallei in the rhizosphere (C). 
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Figure 5. The intracellular life cycle of Burkholderia.  

B. pseudomallei and B. thailandensis exhibit nearly identical intracellular life cycles in 

mammalian cells. A polar flagellum mediates swimming through liquid and soft agar to make 

contact with host cells (A and B). When inoculated onto medium containing 0.2% agar, wild-

type B. thailandensis forms a uniform concentric zone of growth indicative of swimming motility 

(A, left region), while a ∆motA1 strain deficient in a motor protein from the fla1 locus does not 

(A, right region).  Following invasion, Burkholderia is found in a primary endosome (C), and a 

T3SS mediates endosome escape. Burkholderia replicates and moves in the cytoplasm of host 

K.	L.	Chua	et	al.	2003 French,	Unpublished Maloy,	Unpublished French	et	al.	2011
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cells using either actin polymerization or flagellar motility (D, arrowheads point to actin tails 

[white] or flagella [red] utilized for motility by B. thailandensis [green]). Burkholderia spreads 

from cell to cell by fusing neighboring cells via T6SS-5, a process requiring the trimeric spike 

protein VgrG. This fusion activity results in the formation of multinucleate cells and eventually 

plaques (E and F, HEK293-GFP and HEK293-RFP cells infected with B. thailandensis; fused 

cells appear yellow). 
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Figure 6. A coordinated regulatory cascade controls virulence factor expression during B. 

pseudomallei infection.  

Upon invasion of a host cell, BprP activates expression of T3SSBsa structural components and the 

T3SS regulator BsaN. Once bound to its chaperone BicA, BsaN represses expression of the 

T3SS apparatus and activates expression of T3SS effector proteins as well as the T6SS-5 two 

component regulators VirA and VirG. VirAG senses reduced glutathione in the cytosol of 

infected host cells and subsequently activates expression of the actin polymerization gene bimA 

and components of T6SS-5. Figure adapted from (Chen et al., 2014).  
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Chapter 2. A Burkholderia alternative flagellar system activates lateral flagella on semisolid 

surfaces and in the cytosol of infected host cells  
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ABSTRACT 

	 Burkholderia pseudomallei and Burkholderia thailandensis are related facultative 

intracellular pathogens that infect a variety of cell types, escape into the cytoplasm of host cells, 

and spread from cell-to-cell via type 6 secretion system (T6SS)-mediated cell fusion. Recent 

work has demonstrated a new mechanism of rapid intracellular motility dependent on a cryptic 

flagellar locus, fla2. Here, we show that the Fla2 system is present and expressed in Australian 

strains of B. pseudomallei and B. thailandensis. The Fla2 system promotes swarming on 

semisolid agar. We demonstrate that Fla2 may provide a growth advantage for Burkholderia 

under specific environmental conditions, as wild-type B. thailandensis outgrew a nonmotile 

∆fliC2 derivative in a semisolid agar swarming competition assay. Additionally, we show that 

Fla2 activates expression of lateral flagella expressed in the cytoplasm of host cells. The 

expression of fla2 transcripts occurs rapidly following internalization (within 30 minutes), while 

fully assembled lateral flagella appear in the cytosol of host cells 8 hours post infection. Finally, 

we identify a Fla2 regulator, frr, whose overexpression results in the expression of lateral flagella 

in liquid media and a hyperswarming phenotype on semisolid agar.	 	
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INTRODUCTION 

The actin polymerization gene bimA was previously thought to be required for 

intracellular movement and cell-cell spread in B. pseudomallei and B. thailandensis. However,  

recent work has provided evidence for an alternative mechanism  for intracellular motility in B. 

thailandensis (French et al., 2011). In unmarked, non-polar bimA B. thailandensis mutants, we 

have observed rapid intracellular motility, with speeds of greater than 20μm/s, as well as cell-cell 

spread and MNC formation. This rapid motility is independent of the previously characterized 

polar flagellum as deletion of motA1, a component of the flagellar motor apparatus, did not 

abrogate the observed intracellular motility. Although rapid intracellular motility had not 

previously been reported in B. thailandensis, genomic studies have indicated the presence of a 

second distinct flagellar locus (fla2) on chromosome 2 of B. thailandensis and certain strains of 

B. pseudomallei (termed BTFC strains, for Burkholderia thailandensis flagellar cluster) 

(Tuanyok et al., 2007). The fla2 locus was previously thought to be a cryptic genetic element, 

but upon further investigation we determined that deletion of motA2 or fliC2 from the fla2 locus 

had no effect on extracellular motility or actin polymerization, but eliminated rapid intracellular 

motility (French et al., 2011). Furthermore, rapid intracellular motility conferred by the fla2 

locus was sufficient for plaque formation in the absence of actin polymerization, contrary to 

previous dogma that bimA was required for intracellular motility and cell-cell spread (Galyov et 

al., 2010, French et al., 2011, Kespichayawattana et al., 2000, Stevens et al., 2005). 

 Recent whole genome sequence (WGS) analyses have shown that B. pseudomallei 

isolates exist in two major clades with distinct geographic distributions corresponding to the 

separate ecozones of Asia and Australia separated by Wallace’s line (Pearson et al., 2009). 

Interestingly, the presence of the fla2 locus segregates geographically in parallel with the 
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genetically distinct southeast Asian and northern Australian populations of B. pseudomallei 

(Tuanyok et al., 2007). While BTFC strains of B. pseudomallei make up almost 90% of 

Australian isolates, they represent only around 2% of isolates in Southeast Asia, where 98% of 

isolates have a Yersinia-like fimbral (YLF) cluster that is thought to have replaced the fla2 locus 

as the result of a single horizontal gene transfer event (Pearson et al., 2009, Currie, 2008).  

Although the fla2 locus has been shown to mediate rapid intracellular motility, it remains 

poorly characterized. Based on sequence similarity to the peritrichous flagellar systems in S. 

Typhimurium and other organisms, fla2 is predicted to encode lateral flagella (French et al., 

2011). The function of these flagella apart from intracellular motility remains unclear. However, 

other bacterial species with multiple flagellar systems often utilize polar flagella for swimming 

through liquid and lateral flagella for swarming in higher viscosity or over semisolid surfaces 

(Kirov et al., 2002, McCarter, 2004, Ragatz et al., 1995). Indeed, the fla1-encoded polar 

flagellum in Burkholderia has been shown to confer swimming motility in liquid environments, 

raising the possibility that fla2 might confer motility under different environmental conditions 

(Chua et al., 2003). In this chapter, I report that fla2 encodes peritrichous flagella that are 

expressed in the cytoplasm of host cells. I also show that fla2 flagella mediate swarming on 

semisolid surfaces and that this swarmimg function may confer a growth advantage to 

Burkholderia. Finally, I show that fla2 flagella can be activated by overexpression of the 

flagellar regulator frr. These observations provide the first examination of the structure and 

function of flagella encoded by the fla2 locus in B. thailandensis and B. pseudomallei.  
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RESULTS 

The Fla2 flagellar system mediates bacterial swarming. B. pseudomallei and B. 

thailandensis have been observed to exhibit unidirectional swimming motility through liquid 

medium. This behavior is attributed to the activity of the fla1 locus on the large (first) 

bacterial chromosome, which produces a singular, polar flagellum (Chua et al., 2003) (Figure 

1). Mutations that abolish Fla1-mediated swimming motility do not affect rapid motility 

inside cells. Conversely, mutations that inactivate Fla2 do not perturb swimming motility but 

eliminate rapid intracellular motility, implying distinct roles for the two flagellar systems 

(French et al., 2011). In light of these observations, along with the environmental origins of 

B. pseudomallei, its status as an “accidental pathogen”, and recent evidence indicating that 

dual flagellar systems of other species promote adaptation to a variety of environmental 

niches (McCarter, 2001), we sought to learn more about the possible additional roles for the 

Fla2 system. We produced nonmotile derivatives of B. thailandensis by constructing in-

frame deletions in the flagellin genes for fla1 and fla2 individually (DfliC1; DfliC2) and in 

combination (DfliC1,2). These strains were propagated on a series of growth media 

containing increasing concentrations of agar (0.2-0.4%), and the growth pattern morphology 

was observed 24-48 hours after inoculation. As shown in Figure 2A, wt and DfliC2 exhibited 

a diffuse zone of growth through soft (0.2%) agar (white arrows) indicative of flagellar-

mediated swimming. However, this phenotype was absent in a ∆fliC1 mutant, suggesting 

movement through low-density medium is dependent on the activity of Fla1, confirming 

earlier results. Conversely, the ability of wt and the ∆fliC1 strain to form tendrils on the 

surface of more solid medium (>0.3% agar) was lacking for a ∆fliC2 mutant. This suggests 

that the Fla1 and Fla2 systems are differentially activated dependent on the viscosity of the 
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surrounding medium. Neither growth pattern was observed for a double DfliC1,2 mutant, 

suggesting that alternative mechanisms (i.e. pilus-mediated twitching motility) are not 

contributing significantly to the results of this assay. 

For B. pseudomallei, Fla1-dependent swimming on 0.2% agar was apparent for both 

Australian and Southeast Asian isolates, as expected (Figure 2B, upper panels). However, 

only Australian Fla2+ isolates of B. pseudomallei swarmed over 0.3% agar surfaces, 

exhibiting a wrinkled/ruffled colony morphology (Figure 2B, lower panels). B. mallei, which 

has neither fla1 nor fla2, did not exhibit either swimming or swarming motility. 

In addition to its ability to promote rapid intracellular motility that leads to cell-cell 

spread, we hypothesize that Burkholderia Fla2 is likely to confer a survival advantage in the 

rhizosphere. Swarming motility is thought to provide an ecological benefit by facilitating the 

colonization of new environmental niches, avoidance of predators, and escape from local 

nutrient depletion due to densely-crowded bacterial populations (Eberl et al., 1999, Netotea 

et al., 2009). Accordingly, when wt B. thailandensisE264 (FliC2+) were mixed with equal 

numbers of Dfla2 bacteria spotted on a 0.4% agar surface, wt bacteria grew and outnumbered 

nonmotile ∆fliC2 derivatives approximately 2:1 at 180 h on rich (L-Agar) medium, and 

nearly 4:1 on minimal (M9) medium, as measured by PCR signal intensity for the full-length 

fliC2 gene (Figure 3). Otherwise, no growth defect was apparent for the DfliC2 strain, as 

growth rates were comparable to wt in broth culture (LB or M9) (Figure 3). 

 

Fla2+ strains of Burkholderia exhibit rapid intracellular motility mediated by lateral 

flagella. In addition to the environmental swarming phenotype described above, Fla2 is 

notable for facilitating rapid movement of B. thailandensis inside mammalian cells. Whether 
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the fla2 locus of B. pseudomallei is similarly correlated with rapid intracellular motility, 

however, is presently unclear. To investigate whether this phenotype is conserved in Fla2+ 

strains of B. pseudomallei, HEK293 cells were infected with a panel of Fla2+ (Australian) 

and Fla2- (Southeast Asian) B. pseudomallei strains. By 8 h post infection, all Fla2+ B. 

pseudomallei strains exhibited rapid intracellular motility in infected cells, in contrast to the 

Fla2– strains, where this was not observed (Table 1). 

While we have demonstrated the requirement of fla2 for rapid intracellular and swarming 

motility, the flagellar organelles had never been visualized. We made a prediction that fla2 

encodes peritrichous (lateral) flagella based on the organizational and sequence similarity of 

fla2 with orthologous loci that are known to encode lateral flagella in E. coli and Aeromonas 

salmonicida (French et al., 2011). To test this, we inserted a hemagglutinin (HA) epitope tag 

into the variable region of the Fla2 flagellin locus, fliC2, on the chromosomes of B. 

thailandensis E264 or B. pseudomallei NAU14B-6; an environmental B. pseudomallei isolate 

from Northern Australia that exhibits virulence in mice (Welkos et al., 2015). These 

fliC2::HA derivative strains were mounted on microscope slides and prepared for 

immunofluorescence confocal microscopy with Alexa Fluor 555-labeled a-HA antibody, or 

used to infect HEK293 cells and prepared for microscopy 8 h after infection. The production 

of lateral flagella was confirmed for B. thailandensis and B. pseudomallei fliC2::HA strains 

that were located in the cytosol of infected cells, but not for extracellular bacteria or those 

grown in liquid culture (Figure 4A&B). Analogous results were obtained with fliC2::HA-

tagged derivatives of the B. pseudomallei strains MSHR305 and MSHR668, which are 

Australian isolates from fatal human melioidosis cases (Van Zandt et al., 2012). Although 

expression levels of FliC2::HA was not uniform across strains (Figure 4C), these data 
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indicate that the presence of the fla2 locus appears to be generally correlated with expression 

of lateral flagella. 

Unlike other flagellated intracellular pathogens like Salmonella, which repress flagellar 

expression upon entry into a host cell (Miao et al., 2010), B. thailandensis and B. 

pseudomallei exhibit fully assembled lateral flagella at 8 h post-infection (Figure 5A). While 

8 hr represents a late timepoint in the cellular infection cycle, the expression of multiple fla2 

genes is dramatically upregulated as early as 1 hour post-infection (Figure 5B&C). In 

contrast, fla1 genes are rapidly downregulated following infection (Figure 5B&C).  

The fla2 locus is flanked by multiple putative regulatory genes (Figure 5D). The 

overexpression of one of these genes, the two component response regulator frr, resulted in 

the expression of lateral flagella in liquid media and a hyper-swarming phenotype on 

semisolid agar (Figure 6). The transcriptional consequences of frr will be discussed further in 

Chapter 4 of this dissertation.  
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DISCUSSION 

 This work demonstrates for the first time that pathogenic Burkholderia species express 

lateral flagella in the cytoplasm of host cells. Our observation that intracellular flagella are 

expressed during B. thailandensis and B. pseudomallei infection was surprising, given the 

established immunogenicity of flagellin and the tendency of other intracellular pathogens to turn 

off expression of flagella upon internalization into host cells (Zhao & Shao, 2015).  

Interestingly, despite the potential fitness costs to an intracellular pathogen associated 

with intracellular expression of PAMPs, B. thailandensis, and to a lesser extent, B. pseudomallei, 

maintain cytoplasmic expression of flagella even though fla2 is not required for cell-cell spread 

in B. thailandensis or B. pseudomallei. This observation is consistent with the idea that as 

primarily environmental pathogens, the virulence mechanisms observed in B. thailandensis and 

B. pseudomallei are likely to represent mechanisms evolved in the rhizosphere to acquire 

nutrients and avoid predation (Nandi et al., 2010). Therefore, expression of fla2 in the cytoplasm 

of mammalian hosts may simply represent an evolutionary “accident” in the artificial ecological 

niche of the mammalian cell. This hypothesis could explain the maintenance of intracellular fla2 

expression despite its nonessential role in cell-cell spread. 

In support of this hypothesis, fla2 appears to play an environmental role for B. 

thailandensis and B. pseudomallei by facilitating surface swarming motility under specific 

environmental conditions. When spotted onto 0.3% agar, all Burkholderia strains with fla2 

exhibited surface motility as opposed to no strains without fla2. This mode of extracellular 

motility may play an important role for Burkholderia in certain environmental conditions. For 

example, swarming in other organisms with multiple flagellar systems such as Vibrio 

parahaemolyticus and Bradyrhizobium diazoefficiens has been suggested to play a role in growth 
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on nutrient rich soft substrates such as partially hydrated soils or animal tissues (Kearns, 2010, 

Quelas et al., 2016). In the case of Burkholderia, the ability to swarm on semisolid surfaces was 

associated with a growth advantage, as wt B. thailandensis outgrew ∆fliC2 B. thailandensis in a 

direct competition assay on 0.3% agar plates. Given the different environmental conditions 

experienced by B. pseudomallei in southeast Asia and northern Australia, it is possible that fla2 

may provide a survival advantage to B. pseudomallei in the moist clay soils prevalent in northern 

Australia, where 88% of B. pseudomallei isolates have fla2 (as opposed to only 2% of isolates in 

Thailand) (Kaestli et al., 2009, Tuanyok et al., 2007).  

Another potential explanation for the uneven geographic distribution of fla2+ B. 

pseudomallei strains is geographic isolation of southeast Asian and northern Australian strains. 

Southeast Asia and northern Australia are separated by the Wallace Line, which delineates a 

faunal boundary between the two regions. Phylogenetic studies have suggested that a founding 

Australian population of B. pseudomallei may have been dispersed to southeast Asia between 16 

thousand years ago (Ka) and 225 Ka during a glacial period where low sea levels would have 

exposed a land bridge between the two regions (Pearson et al., 2009). It is possible that the rarity 

of this introduction event allowed for the stochastic initial establishment and propagation of fla2- 

B. pseudomallei strains in southeast Asia. Notably, these dual geographic isolation and 

ecological advantage hypotheses are not mutually exclusive, as environmental conditions in 

southeast Asia may have provided selective pressure resulting in the initial expansion of fla2- B. 

pseudomallei strains in the geographically isolated region. 
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MATERIALS AND METHODS 

Bacterial strains, growth, and mutant construction. B. thailandensis E264 (Brett et al., 1998), 

B. pseudomallei NAU14B-6 (Welkos et al., 2015), B. pseudomallei MSHR668 (Van Zandt et al., 

2012), and B. pseudomallei MSHR305 (Van Zandt et al., 2012) were routinely cultured in LB 

medium without NaCl (LBns). For B. thailandensis and B. pseudomallei strains containing a 

plasmid, growth medium was supplemented with Kanamycin at a concentration of 100 μg/mL or 

500 μg/mL, respectively. Plasmid complementation was performed as described previously, 

using the broad host range pBBR1MCS-2 vector containing the nptII kanamycin resistance gene. 

(Kovach et al., 1995). In frame mutations were constructed using pSM118 or pMo130 vectors 

and allelic exchange with the pheS* or sacB negative selection marker, respectively (Barrett et 

al., 2008, Choi et al., 2008). For infection studies, bacteria were inoculated into LBns and grown 

with shaking overnight at 37°C. Approximately 4 hours prior to infection, overnight cultures 

were diluted 1:80 in fresh LBns and grown with shaking at 37°C to an OD600 of ~0.6.  

 

Single particle motility tracking. B. thailandensis E264 and derivatives were cultured as 

described above. Cultures were diluted to an OD600 of 0.1 and spotted onto on a glass slide with a 

cover slip. Live cell brightfield imaging and video recording was performed using a Zeiss 

Axiovert 40CFL inverted fluorescence microscope with a Canon digital camera. Video was 

recorded in 10 second segments. The resulting videos were converted to image sequences (3fps) 

using VirtualDub. Image sequences were imported into imageJ and manual tracking of 15 

random bacteria in the field was perfomed using the Manual Tracking plugin. 
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Surface motility (swarming) assays. One day prior to swarming assays, swarming plates were 

freshly prepared by adding different concentrations of agar to Difco Nutrient Broth (NB; BD 

Biosciences). Swarming media (7 mL) was dispensed into 60mm petri dishes, which were 

immediately dried with lids open in a biosafety cabinet for 1 hr. After drying, swarming plates 

were stored with lids closed at room temperature and used within one day. Swarming plates were 

inoculated with fresh LBns cultures of B. thailandensis or B. pseudomallei grown to an OD600 of 

~0.6 and incubated at 30°C for 16 hours. 

 

Swarming competition assays. One day prior to swarming competition assays, LBns and M9 

minimal media swarming plates were freshly prepared as described above. B. thailandensis 

cultures were grown to an OD600 of ~0.6 and normalized to an OD600 of 0.1. B. thailandensis and 

B. thailandensis ∆fliC2 cultures were mixed at a 1:1 ratio and 100 μL of this mixture was spotted 

onto swarming plates. At the indicated time points after inoculation, the entire area of bacterial 

growth was collected with a cotton swab and resuspended in Dulbecco’s Phosphate Buffered 

Saline (DPBS; Gibco). Genomic DNA was extracted from the samples using a Purelink Genomic 

DNA Mini Kit (Thermo Fisher). PCR was performed using Phusion High-Fidelity DNA 

Polymerase (Thermo Fisher) and forward (GCCCTGCAGCGACGAGACGCGGCCGTCG) and 

reverse (AGAGGGATCCCCGACACGCTCCCGCCGA) primers 1kb upstream and downstream 

of B. thailandensis fliC2, respectively, to produce a product of ~2.9 kb for wt B. thailandensis 

and ~2 kb for B. thailandensis ∆fliC2. Relative band intensities were measured using Image Lab 

software (Bio-Rad). 
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Cell lines. HEK293T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; 

Gibco) supplemented with 10% bovine growth serum (BGS; HyClone) at 37°C in the presence 

of 5% CO2. Immortalized wild-type and nlrc4-/- murine bone marrow macrophage cell lines 

(MCLs) were generously provided by David Underhill (Cedars-Sinai) and maintained in RPMI 

supplemented with 10% BGS at 37°C in the presence of 5% CO2. Primary murine bone marrow 

macrophages were isolated as described previously (Zhang et al., 2008). One day prior to 

infection, HEK293T cells were seeded at 0.6 X 106 cells per well in 12 well plates (for 

inflammasome reconstitution experiments) or 1.4 X 106 cells per well in 6 well plates (for 

microscopy, qRT-PCR experiments, and plaque assays). MCLs were seeded at 5 X 104 cells per 

well in 96 well plates (for cytotoxicity and IL-1β secretion assays) or 1.8 X 106 cells per well in 

6 well plates (for plaque assays).   

 

Infections. Cells were infected using a multiplicity of infection (MOI) of 10 (for cytotoxicity, 

qRT-PCR, and IL-1β secretion assays), 1 (for microscopy), or 3 X 10-4 (for plaque assays). 

Following the addition of bacteria, plates were centrifuged at 250 xg for 5 minutes at room 

temperature to enhance bacterial uptake. One hour after infection, antibiotics were added to the 

cell cultures to kill extracellular bacteria (Km 100 μg/mL for B. thailandensis, 

Pipericillin/Tazobactam 10 μg/mL for complemented B. thailandensis strains and B. 

pseudomallei). 

 

Microscopy. HEK293T cells were grown as described above on glass coverslips treated with 

Matrigel (Corning). Following infection, cells were washed with DPBS and fixed at room 

temperature for 10 minutes with 4% paraformaldehyde in DPBS containing 2 mM MgCl2 and 10 
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mM EGTA. Cells were washed after fixation and permeabilized with 0.2% Triton X-100 in 

DPBS for 5 minutes. After permeabilization cover slips were blocked with 1% bovine serum 

albumin (BSA; Sigma-Aldrich), 10% BGS, and 2% goat serum (Bio-Rad) at room temperature 

for 1 hour. Primary antibody incubations were carried out at 4°C overnight using the following 

dilutions: rabbit B. thailandensis antiserum, 1:1000 (B. thailandensis) or 1:50 (B. pseudomallei); 

mouse anti-HA.11 monoclonal antibody (BioLegend), 1:500. Secondary antibody incubations 

were carried out at room temperature using the following dilutions: goat anti-mouse IgG Alexa 

Fluor 555 (Thermo Fisher), 1:200; goat anti-rabbit IgG Alexa Fluor 488 (Thermo Fisher), 1:200; 

Phalloidin Alexa Fluor 647 (Thermo Fisher), 1:150. Coverslips were mounted onto glass slides 

using ProLong Gold with DAPI (Invitrogen). Slides were analyzed using a Leica SP5-II AOBS 

confocal microscope. Image processing was performed using Leica’s LAS-AF software. 

 

RNA extraction and quantitative RT-PCR. For analysis of bacteria grown in LBns, 3 mL 

bacterial cultures were grown to an OD of ~0.6 and centrifuged at 12,000 xg for 1 min to pellet 

bacteria. Bacterial pellets were resuspended in 1 mL TRIzol (Thermo Fisher). For analysis of 

bacteria inside infected cells, HEK293T cells were grown and infected as described above. At 

indicated time points following infection, cells were lysed with 1 mL TRIzol. RNA was isolated 

from TRIzol samples per the manufacturer’s instructions. Residual DNA was removed using the 

Ambion TURBO DNA-free kit (Thermo Fisher). First strand cDNA synthesis was carried out 

using the SuperScript III first strand synthesis kit (Thermo Fisher). Quantitative PCR was 

performed using Bio-Rad iQ SYBR Green supermix and a Bio-Rad iQ5 machine. qRT-PCR 

primers are listed in Table 2. RNA levels were normalized to recA and relative expression levels 

were determined using the comparative CT method (Schmittgen & Livak, 2008). 
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FIGURES AND TABLES 

 

Figure 1. fla1 mediates swimming through liquid media. 

Single particle tracking of swimming patterns observed for individual bacteria grown in liquid 

LBns media. 
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Figure 2.  fla1 contributes to swimming in soft agar, while fla2 contributes to swarming on 

semisolid agar.  

(A) Swimming (upper panels) and swarming (middle and lower panels) patterns of B. 

thailandensis in different agar concentrations. (B) Swimming (top row) and swarming (bottom 

row) patterns of different strains of B. pseudomallei 
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wt ∆fliC2 0h 48h 120h 240h 48h 120h 240h
LBns AgarM9 Agar

wt + ∆fliC2

Figure S1. fliC2 provides a competetive advantage to Bt grown on semisolid agar.  (A) PCR products 
obtained for wt Bt (upper band) and ∆fliC2 Bt (lower band) at indicated time points after inoculation of swarming 
plates. (B) Ratio of band intensities for wt Bt and ∆fliC2 Bt quantified from gel in (A). (C) Growth rates of wt, ∆fliC2, 
or a 1:1 wt:∆fliC2 mixture in LBns (solid lines) or M9 minimal media (dotted lines). Experiments were repeated 
three times and data shown is representative of results observed each time.
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Figure 3. fliC2 provides a competetive advantage to B. thailandensis grown on semisolid 

agar.   

(A) PCR products obtained for wt B. thailandensis (upper band) and ∆fliC2 B. thailandensis 

(lower band) at indicated time points after inoculation of swarming plates. (B) Ratio of band 

intensities for wt B. thailandensis and ∆fliC2 B. thailandensis quantified from gel in (A). (C) 

Growth rates of wt, ∆fliC2, or a 1:1 wt:∆fliC2 mixture in LBns (solid lines) or M9 minimal 

media (dotted lines). Experiments were repeated three times and data shown is representative of 

results observed each time. 
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Figure 4. B. thailandensis and B. pseudomallei express lateral flagella inside host cells.  

(A) B. thailandensis or (B) B. pseudomallei stained for Burkholderia (green), actin (cyan), DAPI 

(blue) and HA (red) 8 hours after infection of HEK293 cells or 8 hours after inoculation of an LB 

culture. Scale bar 1μm (C) Different strains of B. thailandensis or B. pseudomallei stained for 

Figure 3. B. thailandensis and B. pseudomallei express lateral flagella 
inside host cells. (A) B. thailandensis or (B) B. pseudomallei stained for 
Burkholderia (green), actin (cyan), DAPI (blue) and HA (red) 8 hours after 
infection of HEK293 cells or 8 hours after inoculation of an LB culture. Scale 
bar 1µm (B) Different strains of B. thailandensis or B. pseudomallei stained 
for Burkholderia (green), actin (white), DAPI (blue), and HA (red) 8 hours 
after infection of HEK293 cells. Scale bar 6µm (upper) or 1µm (lower).
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Burkholderia (green), actin (white), DAPI (blue), and HA (red) 8 hours after infection of 

HEK293 cells. Scale bar 6μm (upper) or 1μm (lower). 
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Figure 5. Expression of fla2 genes is activated rapidly post infection.  

(A) B. thailandensis fliC2:HA stained for Burkholderia (green), actin (white), DAPI (blue) and 

HA (red) at various time points after infection of HEK293 cells. Scale bar 1 μm (B) Expression 

of fliC1, fliC2, and the T3SS regulator bsaN at different time points after infection of HEK293 

cells. Values indicate the relative change in expression over the expression of the same gene in 

LB culture. (C) Expression of different classes of flagellar genes from the fla1 or fla2 locus 1 

hour post infection of HEK293 cells. flhD is not present on the fla2 locus and could therefore not 

Figure 4. Expression of fla2 genes is activated rapidly post infection. (A) B. thailandensis fliC2:HA stained for Burkholderia (green), 
actin (white), DAPI (blue) and HA (red) at various time points after infection of HEK293 cells. Scale bar 1 µm (B) Expression of fliC1, fliC2, 
and the T3SS regulator bsaN at different time points after infection of HEK293 cells. Values indicate the relative change in expression over 
the expression of the same gene in LB culture. (C) Expression of different classes of flagellar genes from the fla1 or fla2 locus 1 hour post 
infection of HEK293 cells. flhD is not present on the fla2 locus and could therefore not be tested in fla2. (D) Schematic diagram of fla2 
locus. Assays were performed in triplicate and error bars represent ±SEM.
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be tested in fla2. (D) Schematic diagram of fla2 locus. Assays were performed in triplicate and 

error bars represent ±SEM. 
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Figure 6. Overexpression of the fla2 regulator frr results in hyperflagellation and 

hyperswarming phenotypes, and affects experssion of B. thailandensis virulence gene 

clusters.  

(A) B. thailandensis grown in LBns media and stained for Burkholderia (green) and HA (red). 

Scale bar, 1 μm. (B) Swarming assays conducted with B. thailandensis. 

  

fliC2:HA pfrrfliC2:HA pfrr

Bt E264 Bt E264
pfrrwt

A B



	 78 

 

Table 1. Motility and plaque formation phenotypes of various Burkholderia strains. 

Swimming motility in broth indicates whether swimming motility was microscopically observed 

in LBns media, Swarming motility indicates whether swarming motility was observed on 0.3% 

agar plates, MNC formation indicates whether MNCs were observed in 293T cells 20 hours post 

infection. 

  

 

  

Strain
Clinical/
Environmental

Geographic 
Origin Fla2

Swimming 
motility in 

broth
Swarming 

motility

Rapid 
Intracellular 

motility
MNC 

Formation

Bt E264 Environmental Thailand + + + + +

MSHR668 Clinical Australia + + + + +

MSHR305 Clinical Australia + + + + +

NAU14-B6 Environmental Australia + + + + +

1026b Clinical Thailand - + - - +

1710b Clinical Thailand - + - - +

319a Clinical Thailand - + - - +

K96243 Clinical Thailand - + - - +

S13 Environmental Singapore - + - - +

Table 1. Motility and plaque formation phenotypes of various Burkholderia strains. Swimming motility in 
broth indicates whether swimming motility was microscopically observed in LBns media, Swarming motility 
indicates whether swarming motility was observed on 0.3% agar plates, MNC formation indicates whether 
MNCs were observed in 293T cells 20 hours post infection.
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Table 2. RT-PCR primers used in this study.  

Gene name Locus tag Forward primer (5’-3’) Reverse primer (5’-3’)

fliC2 bth_ii0151 CACGGAACTGAAGAACAT
CGT

GACACGTCCAGTTCCATC
ACT

fliC1 bth_i3183 CAGCAGATCTCGGAAGT
GAAC

GACATGCTTTGCGTGAG
GT

bsaN bth_ii0827 ATAACGGCACGTCATGAA
AAC

CCGTTTCGATCGACAAGA
ATA

flhD bth_i3187 CGAGATCAACGAAGTCAA
CC

CGAGTTCCTCCGAAATCC

flgB bth_i0240 ATGCTGGACAAACTCGAT
GC

AGCGTCGACGAGAAGTC
G

flgB2 bth_ii0184 AAGCGCAGCCTGGCC GGTTTGCAGGCCCTTGA
TC

motA1 bth_i3185 CAACGGCATCAAGACGAT
C

GGGTGAAGATCGGGCTC
TT

motA2 bth_ii0153 CGAGTTGCTGCTGATGTT
GT

ATCGCTTTCCTTCGGTTC
CT



	 80 

REFERENCES 

Barrett, A.R., Y. Kang, K.S. Inamasu, M.S. Son, J.M. Vukovich & T.T. Hoang, (2008) Genetic 

tools for allelic replacement in Burkholderia species. Appl Environ Microbiol 74: 4498-

4508. 

Brett, P.J., D. DeShazer & D.E. Woods, (1998) Burkholderia thailandensis sp. nov., a 

Burkholderia pseudomallei-like species. Int J Syst Bacteriol 48 Pt 1: 317-320. 

Choi, K.H., T. Mima, Y. Casart, D. Rholl, A. Kumar, I.R. Beacham & H.P. Schweizer, (2008) 

Genetic tools for select-agent-compliant manipulation of Burkholderia pseudomallei. 

Appl Environ Microbiol 74: 1064-1075. 

Chua, K.L., Y.Y. Chan & Y.H. Gan, (2003) Flagella are virulence determinants of Burkholderia 

pseudomallei. Infection and immunity 71: 1622-1629. 

Currie, B.J., (2008) Advances and remaining uncertainties in the epidemiology of Burkholderia 

pseudomallei and melioidosis. Trans R Soc Trop Med Hyg 102: 225-227. 

Eberl, L., S. Molin & M. Givskov, (1999) Surface motility of serratia liquefaciens MG1. J 

Bacteriol 181: 1703-1712. 

French, C.T., I.J. Toesca, T.H. Wu, T. Teslaa, S.M. Beaty, W. Wong, M. Liu, I. Schroder, P.Y. 

Chiou, M.A. Teitell & J.F. Miller, (2011) Dissection of the Burkholderia intracellular life 

cycle using a photothermal nanoblade. Proc Natl Acad Sci U S A 108: 12095-12100. 

Galyov, E.E., P.J. Brett & D. DeShazer, (2010) Molecular insights into Burkholderia 

pseudomallei and Burkholderia mallei pathogenesis. Annu Rev Microbiol 64: 495-517. 

Kaestli, M., M. Mayo, G. Harrington, L. Ward, F. Watt, J.V. Hill, A.C. Cheng & B.J. Currie, 

(2009) Landscape changes influence the occurrence of the melioidosis bacterium 

Burkholderia pseudomallei in soil in northern Australia. PLoS Negl Trop Dis 3: e364. 



	 81 

Kearns, D.B., (2010) A field guide to bacterial swarming motility. Nat Rev Microbiol 8: 634-

644. 

Kespichayawattana, W., S. Rattanachetkul, T. Wanun, P. Utaisincharoen & S. Sirisinha, (2000) 

Burkholderia pseudomallei induces cell fusion and actin-associated membrane 

protrusion: a possible mechanism for cell-to-cell spreading. Infection and immunity 68: 

5377-5384. 

Kirov, S.M., B.C. Tassell, A.B. Semmler, L.A. O'Donovan, A.A. Rabaan & J.G. Shaw, (2002) 

Lateral flagella and swarming motility in Aeromonas species. Journal of bacteriology 

184: 547-555. 

Kovach, M.E., P.H. Elzer, D.S. Hill, G.T. Robertson, M.A. Farris, R.M. Roop, 2nd & K.M. 

Peterson, (1995) Four new derivatives of the broad-host-range cloning vector 

pBBR1MCS, carrying different antibiotic-resistance cassettes. Gene 166: 175-176. 

McCarter, L.L., (2001) Polar flagellar motility of the Vibrionaceae. Microbiol Mol Biol Rev 65: 

445-462, table of contents. 

McCarter, L.L., (2004) Dual flagellar systems enable motility under different circumstances. J 

Mol Microbiol Biotechnol 7: 18-29. 

Miao, E.A., I.A. Leaf, P.M. Treuting, D.P. Mao, M. Dors, A. Sarkar, S.E. Warren, M.D. Wewers 

& A. Aderem, (2010) Caspase-1-induced pyroptosis is an innate immune effector 

mechanism against intracellular bacteria. Nature immunology 11: 1136-1142. 

Nandi, T., C. Ong, A.P. Singh, J. Boddey, T. Atkins, M. Sarkar-Tyson, A.E. Essex-Lopresti, 

H.H. Chua, T. Pearson, J.F. Kreisberg, C. Nilsson, P. Ariyaratne, C. Ronning, L. Losada, 

Y. Ruan, W.K. Sung, D. Woods, R.W. Titball, I. Beacham, I. Peak, P. Keim, W.C. 

Nierman & P. Tan, (2010) A genomic survey of positive selection in Burkholderia 



	 82 

pseudomallei provides insights into the evolution of accidental virulence. PLoS 

pathogens 6: e1000845. 

Netotea, S., I. Bertani, L. Steindler, A. Kerenyi, V. Venturi & S. Pongor, (2009) A simple model 

for the early events of quorum sensing in Pseudomonas aeruginosa: modeling bacterial 

swarming as the movement of an "activation zone". Biol Direct 4: 6. 

Pearson, T., P. Giffard, S. Beckstrom-Sternberg, R. Auerbach, H. Hornstra, A. Tuanyok, E.P. 

Price, M.B. Glass, B. Leadem, J.S. Beckstrom-Sternberg, G.J. Allan, J.T. Foster, D.M. 

Wagner, R.T. Okinaka, S.H. Sim, O. Pearson, Z. Wu, J. Chang, R. Kaul, A.R. 

Hoffmaster, T.S. Brettin, R.A. Robison, M. Mayo, J.E. Gee, P. Tan, B.J. Currie & P. 

Keim, (2009) Phylogeographic reconstruction of a bacterial species with high levels of 

lateral gene transfer. BMC Biol 7: 78. 

Quelas, J.I., M.J. Althabegoiti, C. Jimenez-Sanchez, A.A. Melgarejo, V.I. Marconi, E.J. 

Mongiardini, S.A. Trejo, F. Mengucci, J.J. Ortega-Calvo & A.R. Lodeiro, (2016) 

Swimming performance of Bradyrhizobium diazoefficiens is an emergent property of its 

two flagellar systems. Sci Rep 6: 23841. 

Ragatz, L., Z.Y. Jiang, C.E. Bauer & H. Gest, (1995) Macroscopic phototactic behavior of the 

purple photosynthetic bacterium Rhodospirillum centenum. Arch Microbiol 163: 1-6. 

Schmittgen, T.D. & K.J. Livak, (2008) Analyzing real-time PCR data by the comparative C(T) 

method. Nat Protoc 3: 1101-1108. 

Stevens, M.P., J.M. Stevens, R.L. Jeng, L.A. Taylor, M.W. Wood, P. Hawes, P. Monaghan, 

M.D. Welch & E.E. Galyov, (2005) Identification of a bacterial factor required for actin-

based motility of Burkholderia pseudomallei. Mol Microbiol 56: 40-53. 



	 83 

Tuanyok, A., R.K. Auerbach, T.S. Brettin, D.C. Bruce, A.C. Munk, J.C. Detter, T. Pearson, H. 

Hornstra, R.W. Sermswan, V. Wuthiekanun, S.J. Peacock, B.J. Currie, P. Keim & D.M. 

Wagner, (2007) A horizontal gene transfer event defines two distinct groups within 

Burkholderia pseudomallei that have dissimilar geographic distributions. Journal of 

bacteriology 189: 9044-9049. 

Van Zandt, K.E., A. Tuanyok, P.S. Keim, R.L. Warren & H.C. Gelhaus, (2012) An objective 

approach for Burkholderia pseudomallei strain selection as challenge material for medical 

countermeasures efficacy testing. Front Cell Infect Microbiol 2: 120. 

Welkos, S.L., C.P. Klimko, S.J. Kern, J.J. Bearss, J.A. Bozue, R.C. Bernhards, S.R. Trevino, 

D.M. Waag, K. Amemiya, P.L. Worsham & C.K. Cote, (2015) Characterization of 

Burkholderia pseudomallei Strains Using a Murine Intraperitoneal Infection Model and 

In Vitro Macrophage Assays. PLoS One 10: e0124667. 

Zhang, X., R. Goncalves & D.M. Mosser, (2008) The isolation and characterization of murine 

macrophages. Curr Protoc Immunol Chapter 14: Unit 14 11. 

Zhao, Y. & F. Shao, (2015) The NAIP-NLRC4 inflammasome in innate immune detection of 

bacterial flagellin and type III secretion apparatus. Immunol Rev 265: 85-102. 

	

	 	



	 84 

 

 

 

 

 

 

 

 

 

 

Chapter 3. Lateral flagella encoded on the fla2 locus contribute to inflammasome 

activation during Burkholderia infection 
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ABSTRACT 

Innate immune mechanisms, particularly NLRC4-driven pyroptosis and production of IL-1β, are 

critical for the host response to B. pseudomallei infection. While previously attributed to type 3 

secretion system (T3SS) stimuli deployed intracellularly, we show that this response is partially 

dependent on fliC2, the flagellin gene encoded in the fla2 cluster in B. thailandensis and 

Australian strains of B. pseudomallei. While deletion of fliC2 had no measurable effect on 

pyroptosis or intracellular bacterial growth, it led to a nearly 33% decrease in IL-1β production 

in wild-type (wt) murine macrophages, without affecting IL-1β release in macrophages deficient 

in nlrc4. Additionally, reconstitution of the NLRC4 inflammasome in 293T cells renders them 

susceptible to rapid cell death in response to infection with wt, but not ΔfliC2 Burkholderia. 

FliC2 did not appear to play a similar role in IL-1β secretion during B. pseudomallei NAU14B-6 

infection despite the immunogenicity of B. pseudomallei FliC2 ectopically expressed in a B. 

thailandensis ∆fliC2 strain. Quantitative RT-PCR results demonstrated that while fliC2 is 

upregulated nearly 500-fold following uptake of B. thailandensis into host cells, B. pseudomallei 

fliC2 is only upregulated 5-fold, a difference which may explain the observed difference in 

FliC2-dependent IL-1β secretion for B. thailandensis versus B. pseudomallei. These data suggest 

that the fla2 locus play an important role in intracellular pathogenesis of Burkholderia, and may 

also be an important factor influencing the host innate immune response to Burkholderia 

infection. 
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INTRODUCTION 

 Burkholderia pseudomallei (B. pseudomallei) is a gram negative, soil-dwelling saprophytic 

bacterium endemic to Southeast Asia and Northern Australia (Galyov et al., 2010, Wiersinga et 

al., 2006). B. pseudomallei is the causative agent of melioidosis, a severe and often fatal disease 

(Wuthiekanun & Peacock, 2006). In highly endemic regions, B. pseudomallei is almost 

exclusively acquired from the environment, and various lines of evidence suggest that virulence 

mechanisms of B. pseudomallei in mammalian cells are likely to be indirect consequences of 

adaptations to avoid predation in the rhizosphere (Nandi et al., 2010). Burkholderia mallei, 

which causes glanders, is a clonal descendent of B. pseudomallei that has undergone genome 

decay and adapted to a lifestyle of obligate parasitism in mammals (Godoy et al., 2003). Because 

of its low infectious dose and high intrinsic antibiotic resistance, B. pseudomallei is classified as 

a tier-1 select agent by the United States Centers for Disease Control (CDC). B. thailandensis is 

a related environmental organism with an overlapping geographic distribution and a genome that 

is similar to B. pseudomallei, but it exhibits decreased virulence in Syrian golden hamster and 

mouse models of infection and is rarely associated with disease in humans. B.thailandensis and 

B. pseudomallei share nearly identical intracellular life cycles in a broad range of host cell types 

(Kim et al., 2005, Brett et al., 1998, Brett et al., 1997).  

B. pseudomallei and B.thailandensis utilize a polar flagellum to move through the 

extracellular environment and make contact with a host cell (Chua et al., 2003). Following 

invasion, deployment of a type 3 secretion system (T3SSBsa) facilitates escape from the 

endosome (French et al., 2011). Actin-based intracellular motility or rapid motility mediated by 

fla2-encoded flagella facilitates cell-cell spread. A striking feature of B. pseudomallei is its 

ability to fuse adjacent cells together and form multinucleate cells (MNCs), thus negating the 
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need for escape from a secondary endosome (French et al., 2011, Kespichayawattana et al., 

2000, Wong et al., 1995, Harley et al., 1998). Cell fusion and MNC formation is mediated by the 

type 6 secretion system (T6SS)-5 and requires the assembly of a trimeric spike protein, VgrG-5, 

onto the T6SS apparatus (French et al., 2011, Toesca et al., 2014, Schwarz et al., 2014).  

Organisms across all domains of life have evolved cell-autonomous immune mechanisms 

to respond to pathogenic threats (Randow et al., 2013). Of particular relevance, the mammalian 

NLRC4 inflammasome recognizes and responds to pathogen associated molecular pattern 

(PAMP) entities in the cytosol of mammalian cells, including subunits of the Gram-negative 

T3SS injectisome and flagellin proteins. Detection of PAMPs by NLRC4 results in the restriction 

of intracellular bacterial growth via the processing and secretion of proinflammatory cytokines 

such as IL-1β and IL-18, as well as pyroptosis, a caspase-1-mediated cell death mechanism 

(Miao et al., 2006, Miao et al., 2010b). Many intracellular pathogens, however, can partially 

evade such responses. In this report, we explore the roles of the Burkholderia Fla2 system in 

intracellular growth, cell-cell spread and stimulation of innate immune responses. Our results 

suggest that IL-1β release can be triggered specifically by NLRC4-mediated recognition of the 

Fla2 flagellin protein. 
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RESULTS 

Host cell death and restriction of B. thailandensis intracellular growth involves the NLRC4 

inflammasome but does not require Fla2. Given the ability of the mammalian NLRC4 

inflammasome to respond to cytosolic flagellin, the induction of lateral flagella is a 

counterproductive strategy for an intracellular pathogen, and is thus surprising. One of the 

downstream consequences of NLRC4 activation is a reduction of intracellular bacterial growth 

by pyroptosis of infected host cells (Miao et al., 2010a). This is reflected by minimal 

intracellular replication exhibited by B.thailandensis following infection of primary bone 

marrow macrophages (BMMs) and immortalized bone marrow macrophage cell lines (MCLs) 

(Figure 1A&B). However, following infection of nlrc4-/- MCLs, B.thailandensis regains the 

ability to replicate, confirming the role of NLRC4 in controlling infection (Figure 1B) (West et 

al., 2014). As shown in Figure 1B, this NLRC4-dependent restriction was not dependent on the 

presence of FliC2 (Figure 1B). Moreover, FliC2 did not contribute to NLRC4-dependent cell 

death as measured by lactate dehydrogenase release (Figure 1C). The culmination of cellular 

infection with Burkholderia is the formation of MNCs and plaques (French et al., 2011). While 

minimal bacterial growth and plaque formation occurred following infection of wt MCLs, plaque 

formation was restored in nlrc4-/- MCLs (Figure 1D). Again, this process did not appear to be 

influenced by the presence or absence of FliC2. Together, these results indicate that NLRC4-

dependent pyroptosis and control of intracellular bacterial growth is independent of FliC2. 

 

FliC2 induces the NLRC4-dependent release of IL-1β. In addition to restricting the 

growth of intracellular bacteria through pyroptosis, the NLRC4 inflammasome also induces 

the secretion of proinflammatory cytokines including IL-1β, which has been shown to 
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contribute to disease severity during Burkholderia infection (Ceballos-Olvera et al., 2011). 

To examine the role of FliC2 in NLRC4-dependent IL-1 β secretion in response to infection 

with B.thailandensis E264, we assayed the supernatants of infected wt and nlrc4-/- MCLs by 

enzyme-linked immunosorbent assay (ELISA) for the presence of mature IL-1β. Given our 

finding that NLRC4-dependent pyroptosis occurs independently of FliC2, we were surprised 

to find the opposite for levels of secreted IL-1β, which were significantly elevated in the 

presence of FliC2 following infection of wt, but not nlrc4-/- MCLs. This indicates that 

B.thailandensis FliC2 induces NLRC4-dependent IL-1β secretion (Figure 2A). 

 While pyroptosis and cytokine secretion are often considered to be coincident effects 

of inflammasome activation, recent studies have demonstrated that these processes are 

subject to distinct regulatory processes downstream of inflammasome activation and caspase-

1 cleavage (Schmidt & Lenz, 2012). Additionally, B.thailandensis is known to release other 

cytosolic PAMPs including BsaK (the T3SSBsa needle protein) and lipopolysaccharide that 

induce activation of NLRC4 and other cytosolic surveillance systems, leading to cell death 

(Bast et al., 2014, Hagar et al., 2013). Because of the binary nature of cell death, we 

hypothesized that the presence of other PAMPs known to induce pyroptosis during 

B.thailandensis infection may have led to an epistatic effect by masking the effects of FliC2 

(Figure 4). To test this, the NLRC4 inflammasome was reconstituted in 293T cells, which 

lack a functional inflammasome, by providing the four components necessary to induce the 

death response to cytosolic flagellin; NAIP5, NAIP6, NLRC4, and Caspase-1 (Kofoed & 

Vance, 2011). We then infected these 293T-NLRC4 cells with B.thailandensis E264, and 

tracked cell death over the course of infection. In contrast to our earlier findings in MCLs, we 

observed that in the engineered 293T cells, rapid cell death occurred only in the presence of 
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the fully reconstituted NLRC4 inflammasome (Figure 2B). Furthermore, this NLRC4-

dependent cell death response was fully eliminated when cells were infected with a 

B.thailandensis E264 DfliC2 deletion mutant. Together, these results indicate that FliC2 is 

recognized by the NLRC4 inflammasome during infection, and that this recognition 

contributes significantly to IL-1β secretion, and may contribute to B.thailandensis-induced 

pyroptosis. 

 

FliC2 from B.thailandensis and B. pseudomallei induce IL1-b secretion, but 

inflammasome activation following B. pseudomallei infection does not require Fla2. The 

sequence of FliC2 is similar (37% amino acid identity; 53% amino acid similarity) between 

B.thailandensis and Australian B. pseudomallei strains, including the C-terminal 35 residues 

that have been shown to be sufficient for recognition by the NLRC4 inflammasome (54% 

amino acid identity; 89% amino acid similarity) (Lightfield et al., 2008) (Figure 3A). In light 

of the interspecies conservation of FliC2, along with the results described above for 

B.thailandensis E264, we predicted that infection with Fla2+ B. pseudomallei would lead to a 

similar FliC2-dependent increase in IL-1β secretion. To our surprise, this was not the case. 

As shown in Figure 3B, IL1-b release from wt MCLs triggered by infection with DfliC2 

NAU14-B6 was comparable to the parental strain. To determine whether the FliC2 allele 

from B. pseudomallei might be inherently nonimmunogenic, a ∆fliC2 mutant of 

B.thailandensis E264 was complemented in trans with either the native fliC2 allele or with 

the fliC2 allele from B. pseudomallei NAU14-B6. Either FliC2 allele was able to stimulate 

IL-1β secretion to a comparable degree following infection of MCLs, demonstrating 
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recognition of B. pseudomallei and B.thailandensis FliC2 by the NLRC4 inflammasome 

(Figure 3C).  

We considered that the observed discrepancy between responses to B.thailandensis and 

B. pseudomallei infection may be due to differences in fliC2 expression levels, where 

expression by B. pseudomallei is below the threshold required to trigger IL-1β secretion. 

Accordingly, qRT-PCR analysis indicated that whereas the expression of fliC2 is increased 

greater than 500-fold by 1h post infection for B.thailandensis E264, expression is 

significantly lower in B. pseudomallei, exhibiting a mere 5-fold increase at the same 

timepoint (Figure 3D). This result supports the notion that low levels of fliC2 expression 

during B. pseudomallei infection result in a weak inflammasome response that is likely 

masked by the recognition of other PAMPs. 
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DISCUSSION 

This work demonstrates for the first time that lateral flagella expressed in the cytoplasm 

of host cells by pathogenic Burkholderia species contribute to an innate immune response 

against B.thailandensis. Our previous observation that intracellular flagella are expressed 

during B.thailandensis and B. pseudomallei infection was surprising, given the established 

immunogenicity of flagellin and the tendency of other intracellular pathogens to turn off 

expression of flagella upon internalization into host cells (Zhao & Shao, 2015). As expected, 

the expression of fla2 was associated with an inflammasome response to B.thailandensis 

infection, resulting in the processing and secretion of IL-1β.  

Interestingly, despite the potential fitness costs to an intracellular pathogen associated 

with a proinflammatory host response, B.thailandensis, and to a lesser extent, B. 

pseudomallei, maintain cytoplasmic expression of flagella even though Fla2 is not required 

for cell-cell spread in B.thailandensis or B. pseudomallei (Figure 5). This observation is 

consistent with the idea that, as primarily environmental pathogens, the virulence 

mechanisms observed in B.thailandensis and B. pseudomallei are likely to represent 

mechanisms evolved in the rhizosphere to enhance competitiveness and avoid predation 

(Nandi et al., 2010). Therefore, expression of fla2 in the cytoplasm of mammalian hosts may 

simply represent an evolutionary “accident” in the artificial context of the mammalian cell. 

This hypothesis could explain the maintenance of intracellular fla2 expression and its 

contribution to the innate immune response despite its nonessential role in cell-cell spread. 

Following invasion of host cells, Fla2-produced flagellin (FliC2) contributes to the innate 

immune response to infection. Although pyroptosis appears to occur independently of FliC2 

in response to B.thailandensis, IL-1β secretion is largely dependent on FliC2. This finding 
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could have significant implications for pathogenesis studies and animal models, where 

pyroptosis has been shown to play a protective role for the host during infection, and IL-1β 

has been shown to contribute to disease progression and severity (Ceballos-Olvera et al., 

2011). 

Additionally, we demonstrated that both intracellular growth and plaque formation are 

largely restricted by NLRC4-mediated pyroptosis in macrophages. These findings are 

significant, as they may provide a mechanistic explanation for the gross differences observed 

in the Burkholderia intracellular life cycle between HEK293T cells that lack an intact 

NLRC4 inflammasome and primary cells such as bone marrow macrophages that tend to 

effectively control infection and prevent plaque formation. Despite suggestions that caspase-

1-mediated pyroptosis may play a role in restriction of intracellular growth, to our knowledge 

this is the first study to directly demonstrate the role of the NLRC4 inflammasome in 

preventing cell-cell spread and MNC formation by Burkholderia (Breitbach et al., 2009). 

Although FliC2 was not required for IL-1β secretion in response to B. pseudomallei 

infection, our results do not rule out the possibility that the degree and specificity of host 

immune responses may be strain-dependent. Indeed, different strains of B. pseudomallei 

exhibit notably variant phenotypes in infected cellular and animal infection models. 

Differential virulence potential in mice has been documented for strains of diverse 

geographic, environmental and clinical origins including different symptomatic 

manifestations, and lethal infectious doses ranging from 3 to 5,650 cfu (Welkos et al., 2015). 

A comprehensive survey of fliC2 expression levels in a panel of Fla2+ B. pseudomallei 

strains may therefore be informative for elucidating the clinical relevance of the Fla2 system 

in human and animal disease. 
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Collectively, these current observations invoke a need for a revised model of the 

Burkholderia intracellular life cycle. The traditional model largely focuses on bacterial 

factors influencing cell-cell spread, MNC formation and pathogenesis (French et al., 2011). 

Here, we have demonstrated the importance of a holistic model that accounts for interactions 

between Burkholderia virulence mechanisms and the response systems of the host, which 

ultimately affect the outcome of infection. In this revised model, multiple bacterial factors, 

including FliC2, contribute to the activation of the NLRC4 inflammasome, leading to 

pyroptosis and cytokine secretion (Figure 6). Indeed, innate immune outputs have been 

shown to play a physiologically significant role during B. pseudomallei infection (Ceballos-

Olvera et al., 2011) 

In addition to its status as a strain-specific indicator for Australasian geographic origin, 

the Fla2 system is also, to our knowledge, the first strain-specific predictor of inflammasome 

response to infection. Clinical presentations of melioidosis vary significantly between 

Australian and southeast Asian cases, implying a possible correlation with the presence or 

absence of Fla2 (Cheng & Currie, 2005). For example, one of the most common symptoms 

of pediatric melioidosis in Thailand is suppurative parotitis, which is conspicuously absent in 

Australian cases. Conversely, prostatic abscesses occur in approximately 20% of Australian 

males infected with melioidosis, but is exceedingly rare in Thai cases. Considering the major 

differences between clinical presentations in southeast Asia and northern Australia, along 

with the importance of inflammasome responses such as IL-1β release and pyroptosis in 

controlling infection, it will be interesting to see whether Fla2 indeed contributes to some of 

these pathophysiological differences. 
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MATERIALS AND METHODS 

Bacterial strains, growth, and mutant construction. B.thailandensis E264 (Brett et al., 1998), 

B. pseudomallei NAU14B-6 (Welkos et al., 2015), B. pseudomallei MSHR668 (Van Zandt et al., 

2012), and B. pseudomallei MSHR305 (Van Zandt et al., 2012) were routinely cultured in LB 

medium without NaCl (LBns). For B.thailandensis and B. pseudomallei strains containing a 

plasmid, growth medium was supplemented with Kanamycin at a concentration of 100 μg/mL or 

500 μg/mL, respectively. Plasmid complementation was performed as described previously, 

using the broad host range pBBR1MCS-2 vector containing the nptII kanamycin resistance gene. 

(Kovach et al., 1995). In frame mutations were constructed using pSM118 or pMo130 vectors 

and allelic exchange with the pheS* or sacB negative selection marker, respectively (Barrett et 

al., 2008, Choi et al., 2008). For infection studies, bacteria were inoculated into LBns and grown 

with shaking overnight at 37°C. Approximately 4 hours prior to infection, overnight cultures 

were diluted 1:80 in fresh LBns and grown with shaking at 37°C to an OD600 of ~0.6.  

 

Cell lines. HEK293T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; 

Gibco) supplemented with 10% bovine growth serum (BGS; HyClone) at 37°C in the presence 

of 5% CO2. Immortalized wild-type and nlrc4-/- murine bone marrow macrophage cell lines 

(MCLs) were generously provided by David Underhill (Cedars-Sinai) and maintained in RPMI 

supplemented with 10% BGS at 37°C in the presence of 5% CO2. Primary murine bone marrow 

macrophages were isolated as described previously (Zhang et al., 2008). One day prior to 

infection, HEK293T cells were seeded at 0.6 X 106 cells per well in 12 well plates (for 

inflammasome reconstitution experiments) or 1.4 X 106 cells per well in 6 well plates (for 

microscopy, qRT-PCR experiments, and plaque assays). MCLs were seeded at 5 X 104 cells per 
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well in 96 well plates (for cytotoxicity and IL-1β secretion assays) or 1.8 X 106 cells per well in 

6 well plates (for plaque assays).   

 

Infections. Cells were infected using a multiplicity of infection (MOI) of 10 (for cytotoxicity, 

qRT-PCR, and IL-1β secretion assays), 1 (for microscopy), or 3 X 10-4 (for plaque assays). 

Following the addition of bacteria, plates were centrifuged at 250 xg for 5 minutes at room 

temperature to enhance bacterial uptake. One hour after infection, antibiotics were added to the 

cell cultures to kill extracellular bacteria (Km 100 μg/mL for B.thailandensis, 

Pipericillin/Tazobactam 10 μg/mL for complemented B.thailandensis strains and B. 

pseudomallei). 

 

Intracellular growth, cytotoxicity, and IL-1β assays. Cells were grown and infected as 

described above. At the indicated time points following infection, cells were centrifuged at 250 

xg for 5 min and supernatants were collected. Supernatants were analyzed for lactate 

dehydrogenase (LDH) activity as a proxy measure for cytotoxicity using the Promega 

CytoTox96 non-radioactive cytotoxicity assay kit. Supernatants were simultaneously analyzed 

for the presence of IL-1β using the eBioscience Mouse IL-1 beta ELISA Ready-SET-Go! kit 

(Affymetrix). Following removal of cell supernatants, cells were washed twice with DPBS and 

lysed with PBS containing 0.2% Triton X-100, 20 mM MgSO4, and 50 μg/mL DNase I (to 

reduce lysate viscosity). Lysates were serially diluted and plated on LBns to determine 

intracellular colony forming units (cfu). 
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NLRC4 reconstitution. HEK293T cells were transduced with third-generation recombinant 

lentivirus carrying the pUltra plasmid (Addgene plasmid # 24129) encoding enhanced green 

fluorescent protein (gfp), naip5, nlrc4, and the Sh ble zeocin resistance gene. Stable pUltra-

NAIP5-NLRC4 cell lines were isolated by limiting dilution and clonal expansion in DMEM 

containing 10% BGS and 250 μg/mL Zeocin. pUltra-NAIP5-NLRC4 cells were transiently 

transfected with the pUltraHot plasmid (Addgene plasmid # 24130) encoding mCherry, naip6, 

and casp1 using polyethylenimine, as previously described (Longo et al., 2013). 20 hours after 

transfection, cells were infected and cytotoxicity assays were performed at indicated time points 

as described above. 

 

Cell fusion assays. Cells were grown and infected as described above. One hour following 

infection, supernatants were aspirated, cells were washed, and an agarose overlay containing 

DMEM with 10% BGS, 1.2% agarose, and antibiotics was placed on the cells.  Plaques were 

counted at 20 hours post infection. 

 

Protein alignments and structure conservation mapping. Protein sequences of flagellin for L. 

pneumophila (GenBank: ANN95373.1), P. aeruginosa (GenBank: AAP34194), S. typhimurium 

(GenBank: CBG24948.1), B.thailandensis (GenBank: CP000085.1), and B. pseudomallei 

(GenBank: EF377328.1) were obtained from NCBI. Sequences were aligned using the T-Coffee 

Expresso multiple sequence alignment protocol (Armougom et al., 2006). T-Coffee alignment 

scores were mapped onto the structure of FliC from S. typhimurium (UniProt: P06179) using the 

UCSF Chimera software (Pettersen et al., 2004). 
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FIGURES 

 

Figure 1. fliC2 does not contribute to NLRC4-mediated cell death or restriction of 

intracellular growth  

Intracellular growth of B.thailandensis in primary bone marrow derived macrophages (A), wt 

MCLs (B, solid lines), or nlrc4-/- MCLs (B, dotted lines). (C) Cell death determined by LDH 

release in  wt MCLs (solid lines), or nlrc4-/- MCLs (dotted lines). (D) Plaque formation by 

B.thailandensis in MCLs. Assays were performed in triplicate and error bars represent ±SEM. *P 

<0.05; **P <0.01. 
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Figure 5. fliC2 does not contribute to NLRC4-mediated cell death or restriction of intracellular growth Intracellular 
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Bt in MCLs. Assays were performed in triplicate and error bars represent ±SEM. *P <0.05; **P <0.01.
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Figure 2. B. thailandensis FliC2 induces NLRC4-mediated IL-1β secretion.  

Figure 6. B. thailandensis FliC2 induces NLRC4-mediated IL-1β secretion. (A) Cell death in NLRC4-
reconstituted 293T cells at various time points post-infection. (B) IL-1β release in infected wt MCLs either 
primed with LPS for 24 hours prior to infection or unprimed. (C) IL-1β release in infected nlrc4-/- MCLs either 
primed with LPS for 24 hours prior to infection or unprimed. Assays were performed in triplicate and error bars 
represent ±SEM. **P <0.01
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(A)  IL-1β release in infected wt (blue bars) or nlrc4-/- (orange bars) MCLs. (B) Cell death in 

NLRC4-reconstituted 293T cells at various time points post-infection. Assays were performed in 

triplicate and error bars represent ±SEM. **P <0.01 
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Figure 6. FliC2 does not contribute to NLRC4-dependent IL-1β secretion during Bp infection. (A) Conservation of FliC2 
structure and amino acid sequence of the C-terminal 35 residues of FliC2 from Bt/Bp and other NLRC4-activating flagellin 
sequences. Red columns represent conserved residues, yellow columns represent conservative mutations (B) IL-1β release in wt 
MCLs in response to infection with Bt or Bt. (C) IL-1β release in nlrc4-/- MCLs in response to infection with Bt or Bt. (D) Changes in 
expression of flagellar loci following infection for Bt (grey) or Bp (yellow). bsaN is a T3SS regulato used as a control for virulence 
gene regulation following infection. Assays were performed in triplicate and error bars represent ±SEM.  *P <0.05; **P <0.01; ns, 
not significant.
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Figure 3. FliC2 does not contribute to NLRC4-dependent IL-1β secretion during B. 

pseudomallei infection.  

(A) Conservation of FliC2 structure and amino acid sequence of the C-terminal 35 residues of 

FliC2 from B.thailandensis/B. pseudomallei and other NLRC4-activating flagellin sequences. 

Red columns represent conserved residues, yellow columns represent conservative substitutions 

(B) IL-1β release in wt MCLs in response to infection with B.thailandensis or B. pseudomallei. 

(C) IL-1β release in wt MCLs in response to infection with B. thailandensis strains 

complemented with the fliC2 allele from B. thailandensis or B. pseudomallei. (D) Changes in 

expression of flagellar loci following infection for B.thailandensis (grey) or B. pseudomallei 

(yellow). bsaN is a T3SS regulato used as a control for virulence gene regulation following 

infection. Assays were performed in triplicate and error bars represent ±SEM.  *P <0.05; **P 

<0.01; ns, not significant. 
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Figure 4. IL-1β is potentially a more sensitive measure of inflammasome activation than 

cell death in a system with multiple inputs.  

Figure S2. IL-1β is potentially a more sensitive measure of inflammasome activation than cell death in 
a system with multiple inputs. Schematic diagram illustrates a potential mechanistic explanation for the 
differential effect of fliC2 deletion in cell death and intracellular replication assays versus IL-1β release 
assays.
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Schematic diagram illustrates a potential mechanistic explanation for the differential effect of 

fliC2 deletion in cell death and intracellular replication assays versus IL-1β release assays. 
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Figure 5. fla2 motility is sufficient for plaque formation in B. thailandensis, but not in B. 

pseudomallei.  

Plaque forming efficiency for B. pseudomallei and B. pseudomallei in HEK293T cells 20 hours 

after infection. Pfu, plaque forming units; cfu, colony forming units. Assays were performed in 

triplicate and error bars represent ±SEM. **P <0.01; ns, not significant. 
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Figure 6. Model of the Burkholderia life cycle and inflammasome activation in infected 

macrophages. 
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Chapter 4. Regulation of Burkholderia pseudomallei virulence determinants 
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ABSTRACT 

 The recently described fla2 locus present in Australian strains of B. pseudomallei is 

flanked by two canonical sensor kinase-response regulator pairs. Overexpression of one of these 

response regulators, frr, activates the expression of lateral flagella encoded by the fla2 locus, but 

overexpression of frr decreases plaquing efficiency in Fla2+ and Fla2- strains of B. 

pseudomallei, suggesting a potential regulatory role beyond the activation of Fla2. In this study, 

we demonstrate that frr ties into the global regulatory cascade involved in the Burkholderia 

intracellular life cycle. We utilize quantitative RT-PCR to determine the global regulatory 

consequences of frr overexpression, and show that frr overexpression upregulates expression of 

the Fla2 flagellin gene fliC2 and the motor complex gene motA2. This increase is associated with 

a concomitant downregulation of the analogous components from the fla1 locus. Additionally, 

we observed the frr-dependent upregulation of T3SSBsa genes (between 3-fold and 100-fold 

increases across multiple operons). We also examined the effect of overexpressing the T3SSBsa 

master regulator bsaN and the T6SS-5 master regulator virG, demonstrating that neither of these 

regulators affects fla2 gene expression. Overall, these results indicate that the Fla2 regulator frr 

may be an important regulatory factor influencing the expression of gene expression beyond the 

fla2 locus during B. pseudomallei infection.  
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INTRODUCTION 

 As an intracellular pathogen, it is critical for B. pseudomallei to respond to a variety of 

environmental cues to regulate the expression of virulence genes (Mekalanos, 1992, Thomas & 

Wigneshweraraj, 2014). In the cases of Vibrio cholerae, Shigella flexneri, Bordetella pertussis, 

and many other pathogenic bacteria, the activation of virulence genes proceeds downstream of 

the initial sensing of environmental signals via a coordinated regulatory cascade (DiRita et al., 

1991, Dorman & Porter, 1998, Mattoo et al., 2004). Similarly, following invasion of a host, B. 

pseudomallei senses the intracellular environment and utilizes a coordinated regulatory scheme 

to facilitate temporal and spatial regulation of virulence determinants within the cytosol of 

infected host cells (Chen et al., 2014). 

 Previous work has shown that deletion of the araC-type regulatory gene bsaN results in 

reduced expression of the predicted T3SSBsa effector genes bopE and bopA, reduced expression 

of the translocon operon which includes the predicted chaperone bicA and the translocon 

components bipB and bipD, and slightly reduced expression of some T3SS structural genes (Sun 

et al., 2010). Additionally, deletion of bsaN drastically reduced expression of the two-component 

system virA/virG which modulates T6SS-5 expression. Downstream of bsaN-induced 

expression, VirA exists in an inactive dimeric state while Burkholderia remains in the host 

endosomal compartment (Wong et al., 2015). Following escape of B. pseudomallei into the host 

cytosol, a cysteine residue (C62) on VirA senses reduced glutathione in the host cytosol and 

converts into an active monomeric form, promoting the phosphorylation of VirG. VirG activates 

expression of T6SS-5 and actin polymerization components; deletion of virG results in decreased 

expression of the T6SS-5 tube component hcp and the spike protein vgrG, as well as decreased 

expression of the actin polymerization gene bimA (Chen et al., 2011). 
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Given the coordinated control of the Burkholderia intracellular life cycle, our recent 

discovery of a novel flagellar system that is activated in the cytosol of infected host cells 

raises new questions about how this system might interact with the existing regulatory 

hierarchy in B. pseudomallei. The fla2 locus is flanked by multiple putative regulatory genes, 

including two putative two component systems (bth_ii0141/bth_ii0142 and frr/frk), a TetR-

type regulator (bth_ii0197) and a predicted transmembrane response regulator (bth_ii0198). 

The overexpression of one of these genes, the Fla2 response regulator frr, resulted in the 

expression of lateral flagella in liquid media and a hyper-swarming phenotype on semisolid 

agar (see Chapter 2). Surprisingly, frr overexpression also resulted in a dramatic reduction in 

plaque forming efficiency in both fla2+ and fla2- B. pseudomallei strains, suggesting that frr 

overexpression may have transcriptional consequences for other aspects of the Burkholderia 

intracellular life cycle beyond modulation of fla2 expression (French, 2012b).  

Although a regulatory cascade for the intracellular life cycle of B. pseudomallei has 

been previously characterized, the identification of a novel flagellar system that is spatially 

and temporally regulated during infection raises new questions about the regulation of B. 

pseudomallei virulence genes. It is presently unclear how the regulation of the Fla2 system 

ties into the existing regulatory hierarchy, and what role frr might have on other aspects of 

the intracellular life cycle. In this report, we investigate the effects of bsaN, virG, and frr 

overexpression on virulence pathways including Fla2. Our results indicate that bsaN and 

virG have minimal effect on Fla2 motility. We also show that the Fla2 regulator frr increases 

expression of fla2 components, downregulates Fla1 motility, and upregulates T3SSBsa 

structural and translocon/effector genes. 
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RESULTS 

The fla2 regulator frr activates lateral flagella and T3SSBsa components. As shown in Chapter 

2, frr overexpression results in a hyperswarming phenotype on semisolid agar and the expression 

of lateral flagella in Luria Broth (LB). Therefore, we anticipated that frr overexpression would 

transcriptionally activate Fla2 components. To test this hypothesis, we ectopically expressed frr 

in trans in the fla2+ B. pseudomallei strain NAU14B-6 (B. pseudomallei pFrr). After growing B. 

pseudomallei pFrr to an optical density of 0.6 in LB, we extracted bacterial RNA and assayed 

the expression of a panel of virulence associated genes via quantitative RT-PCR. As expected, 

we observed a large increase in Fla2 flagellin (fliC2) and motor (motA2) gene transcripts relative 

to expression in wild-type B. pseudomallei (500-fold and 133-fold increases, respectively; Figure 

1). Concomitant with upregulation of Fla2 components, we also observed a significant decrease 

in expression of Fla1 components including fliC1 and motA1 (33-fold and 6-fold decreases, 

respectively). Intriguingly, we also found that frr overexpression resulted in upregulation of 

T3SSBsa genes including apparatus genes (bsaM) and regulatory genes (bsaN), as well as genes in 

the T3SSBsa effector and translocon operons (bprA, bprD, bprB, bipB). In contrast, T6SS-5 

associated genes were unaffected by frr overexpression. 

 

BsaN overexpression downregulates fla1 motility and upregulates T3SSBsa components. 

Previous work has shown bsaN to be an important early regulator of the Burkholderia 

intracellular life cycle, upregulating expression of T3SSBsa components required for escape from 

the initial endosome (Sun et al., 2010). Our observation that frr overexpression led to an increase 

in expression of T3SSBsa components including bsaN led us to wonder whether bsaN 

overexpression might have a reciprocal effect on expression of motility associated genes. Indeed, 
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by qRT-PCR analysis, we found that overexpression of bsaN resulted in a decrease in the Fla1 

flagellin gene fliC1 (50-fold decrease; Figure 2). As expected, we also observed an increase in 

expression of T3SSBsa apparatus, regulator, and effector genes (Figure 2). However, neither 

T6SS-5 genes nor Fla2 genes were affected by bsaN overexpression.  

 

Overexpression of the T6SS-5 regulator virG activates expression of T6SS-5 components 

and actin motility, and downregulates expression of T3SSBsa effectors. Fla2 and T6SS-5 both 

function in the cytosol of infected hosts. Because T6SS-5 expression is controlled by the 

cytosolic glutathione sensing two component regulatory system VirA/VirG, we sought to 

determine whether this same system might impact the cytosolic expression of fla2 components. 

As expected, overexpression of the response regulator virG resulted in an increase in expression 

of T6SS-5 components including hcp and the T6SS-5 ATPase clpV, as well as the actin motility 

gene bimA (73-fold, 5-fold, and 14-fold increases, respectively; Figure 3). Additionally, virG 

overexpression led to a decrease in T3SS translocon and effector genes including bopE and bipB. 

However, we did not observe any effect of virG overexpression on motility associated genes on 

either the fla1 or the fla2 locus. 
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DISCUSSION 

 Although regulatory cascades had been previously described for T3SSBsa and T6SS-5, this 

work demonstrates for the first time that the regulation of these virulence mechanisms ties into 

the regulatory scheme of flagellar genes, and in particular Fla2-mediated intracellular motility. 

Additionally, we identify a new regulator, the flagellar response regulator frr, that activates 

expression of motility genes on the fla2 locus and contributes to activation of T3SSBsa genes. 

 The observation that the Fla2 regulator frr contributes to regulation of virulence loci apart 

from intracellular flagellar motility is intriguing. Recent phylogenetic analyses have 

demonstrated that B. pseudomallei isolates exist in two major clades with distinct geographic 

distributions corresponding to the separate ecozones of southeast Asia and Australia separated by 

Wallace’s line (Pearson et al., 2009). Whereas the fla2 locus is present and expressed in 

Australian strains of B. pseudomallei as well as B. thailandensis, most southeast Asian strains of 

B. pseudomallei have a Yersinia-like fimbral (YLF) cluster that is thought to have replaced the 

fla2 locus as the result of a single horizontal transfer event prior to the introduction of B. 

pseudomallei to southeast Asia between 16 thousand years ago (Ka) and 225 Ka (Currie, 2008). 

As a result, the fla2 regulator frr is only present in around 2% of southeast Asian strains of B. 

pseudomallei, in contrast to its presence in around 90% of Australian strains. Despite the absence 

of fla2 and frr in southeast Asian strains of B. pseudomallei, we have previously shown that the 

ectopic overexpression of frr in these strains dramatically reduces their ability to form plaques in 

infected cells (French, 2012a). This work provides a possible explanation for this phenomenon 

by demonstrating that in addition to activating fla2, overexpression of frr may interfere with 

regulatory systems controlling other virulence mechanisms during the intracellular life cycle of 

Burkholderia.  
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 From an evolutionary perspective, the coordinate regulation of the fla2 locus with 

T3SSBsa genes may provide insight into the function of Fla2 in the rhizosphere. T3SSBsa has been 

implicated in evasion of autophagy by pathogenic Burkholderia in mammalian hosts (Gong et 

al., 2011, Cullinane et al., 2008). Because B. pseudomallei primarily reside in the rhizosphere 

and do not generally spread between mammalian hosts, it is thought that virulence mechanisms 

of pathogenic Burkholderia have arisen from anti-predation mechanisms developed in the 

rhizosphere (Nandi et al., 2010). Indeed, T3SSBsa function has been shown to be essential for 

resistance to predation by the phagocytic amoeba Dictyostelium discoideum (Hasselbring et al., 

2011). While no other examples currently exist of pathogenic bacteria expressing flagella 

specifically in the cytosol of infected hosts, there is evidence that the actin-based intracellular 

motility utilized by other organisms such as Listeria monocytogenes also serves to escape 

autophagic recognition by host cells (Yoshikawa et al., 2009). Given the regulatory association 

between Fla2 motility and T3SSBsa function in Burkholderia, it will be interesting to see whether 

Fla2 motility provides an additional mechanism of escape from predation by amoeba in the 

rhizosphere. 

 In addition to the role of frr in global regulation of virulence genes in pathogenic 

Burkholderia, this study also examined the role of T3SSBsa and T6SS-5 regulators on the overall 

virulence cascade involved in the B. pseudomallei life cycle, including their roles in bacterial 

motility. Following the completion of this study, a more comprehensive analysis of the bsaN 

regulon was conducted by RNA sequencing studies (Chen et al., 2014). That analysis, combined 

with the more targeted analysis conducted in this study, has led to a new comprehensive model 

of the virulence cascade involved in the Burholderia intracellular life cycle (Figure 4). Upon 

entering a host cell, an unknown signal leads to the activation of the master regulator BprP, 
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which initiates transcription of T3SSBsa structural genes and the regulatory gene bsaN. BsaN, 

along with its cognate chaperone BicA, then goes on to activate expression of T3SSBsa translocon 

and effector genes, while simultaneously repressing expression of Fla1 motility genes. BsaN also 

activates transcription of the T6SS-5 two component regulatory genes virA/virG. Upon bacterial 

localization in the cytoplasm, glutathione mediated reduction of VirA results in the activation of 

VirG and the transcription of T6SS-5 components. At an unidentified point during the 

Burkholderia intracellular life cycle, transcriptional activation of the Fla2 regulatory gene frr 

occurs. This activation in turn leads to expression of Fla2 components and activation of T3SSBsa 

genes, while simultaneously resulting in repression of Fla1 components. 

 This updated regulatory scheme raises important questions for Burkholderia 

pathogenesis. Clinical presentations of melioidosis vary significantly between Australia, where 

frr is present in almost 90% of B. pseudomallei isolates, and southeast Asia, where the fla2 locus 

containing frr has been replaced with a YLF locus in nearly all isolates. For example, one of the 

most common symptoms of pediatric melioidosis in Thai cases is suppurative parotitis, which is 

absent in Australian cases. Conversely, prostatic abscesses occur in approximately 20% of 

Australian males infected with melioidosis, but is exceedingly rare in Thai cases (Cheng & 

Currie, 2005). In addition to the possible effects of Fla2 motility on pathogenesis and the inate 

immune response to infection (discussed in Chapter 2 and Chapter 3 of this dissertation), It will 

be interesting to determine the regulatory contribution of Frr to the Burkholderia intracellular life 

cycle in vivo. Future RNA sequencing experiments will provide more insight into the importance 

of Frr for Burkholderia pathogenesis. 
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MATERIALS AND METHODS 

Bacterial strains, growth, and mutant construction. B. pseudomallei NAU14B-6 (Welkos et 

al., 2015) was routinely cultured in LB medium without NaCl (LBns). For B. pseudomallei 

strains containing a plasmid, growth medium was supplemented with Kanamycin at a 

concentration of 500 μg/mL. Plasmid complementation was performed as described previously, 

using the broad host range pBBR1MCS-2 vector containing the nptII kanamycin resistance gene. 

(Kovach et al., 1995). For RNA isolation, bacteria were inoculated into LBns and grown with 

shaking overnight at 37°C. Overnight cultures were then diluted 1:80 in fresh LBns and grown 

with shaking at 37°C to an OD600 of ~0.6. 

 

RNA extraction and quantitative RT-PCR. For analysis of bacteria grown in LBns, 3 mL 

bacterial cultures were grown to an OD of ~0.6 and centrifuged at 12,000 xg for 1 min to pellet 

bacteria. Bacterial pellets were resuspended in 1 mL TRIzol (Thermo Fisher). RNA was isolated 

from TRIzol samples per the manufacturer’s instructions. Residual DNA was removed using the 

Ambion TURBO DNA-free kit (Thermo Fisher). First strand cDNA synthesis was carried out 

using the SuperScript III first strand synthesis kit (Thermo Fisher). Quantitative PCR was 

performed using Bio-Rad iQ SYBR Green supermix and a Bio-Rad iQ5 machine. RNA levels 

were normalized to recA and relative expression levels were determined using the comparative 

CT method (Schmittgen & Livak, 2008).  
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FIGURES 

 

Figure 1. The flagellar response regulator Frr activates Fla2 motility and T3SSBsa 

components, and downregulates Fla1 motility. Assays were performed in triplicate and error 

bars represent ±SEM. 
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Figure 2. BsaN activates expression of T3SSBsa components and downregulates expression 

of fliC1. Assays were performed in triplicate and error bars represent ±SEM. 
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Figure 3. VirG downregulates T3SSBsa effector and translocon components, and activates 

expression of T6SS-5 components and the actin polymerization gene bimA. Assays were 

performed in triplicate and error bars represent ±SEM. 
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Figure 4. Regulation of the Burkholderia intracellular life cycle.  

Upon internalization in a host cell, the master regulator BprP activates expression of T3SSBsa 

apparatus and regulatory components, including bsaN. BsaN along with its cognate chaperone 

BicA activate the expression of T3SS translocon and effector components, and simultaneously 

activate expression of the two-component T6SS-5 regulators VirA/VirG and repress Fla1 

flagellar motility. VirAG senses the reducing environment of the cytosol and activates 

expression of T6SS-5 components. Frr is activated in response to an unknown signal, resulting in 

the transcriptional activation of Fla2 motility components and T3SS components including the 

regulator bsaN. Frr simultaneously represses expression of Fla1 motility genes. Structural genes 
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are shown in blue; regulatory genes are shown in red; T3SS translocon genes are shown in 

purple; T3SS effector genes are shown in purple; chaperones are shown in green, and accessory 

genes or genes of unknown function are shown in grey. Figure adapted from (Chen et al., 2014) 

and used with permission. 
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Chapter 5. Conclusions and perspectives on future research 
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Because of the geographic localization of B. pseudomallei in poorer equatorial regions of 

the world and the similarity of symptomatic manifestations of melioidosis to those of other 

common bacterial illnesses, the global impact of melioidosis has been historically 

underappreciated (Limmathurotsakul et al., 2016). In recent years, the classification of B. 

pseudomallei and B. mallei as select agents has caused the rapid acceleration of research into 

Burkholderia pathogeneisis mechanisms and vaccine design. Despite this expansion in 

understanding of Burkholderia pathogenesis, the genetic and ecologic diversity of B. 

pseudomallei strains has proven to be a major obstacle in the characterization of virulence 

mechanisms (Pearson et al., 2009).  

Additionally, because it is a primarily environmental organism that has evolved to thrive 

in the complex and biologically diverse environment of the rhizosphere rather than in 

mammalian hosts, the study of Burkholderia virulence mechanisms can be confounded by the 

presence of apparent virulence mechanisms that actually represent environmental survival 

strategies (Nandi et al., 2010). For example, although B. pseudomallei encodes three distinct 

T3SSs, only one of them (T3SSBsa) has been shown to play a role in pathogenesis in mammals, 

while the two others are predicted to play a role in Burkholderia interactions with plants (Stevens 

et al., 2004, French et al., 2011, Lee et al., 2010). As no significant evolutionary pressure exists 

for B. pseudomallei survival in mammalian hosts, it is likely that even the T3SSBsa-mediated 

endosome escape that is critical for pathogenesis in humans simply represents the spillover of an 

environmental survival strategy adopted by B. pseudomallei to facilitate escape from predation 

by phagocytic amoeba and other potential predators or competitors in the rhizosphere 

(Hasselbring et al., 2011). 
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The studies described in this dissertation have identified a new Burkholderia virulence 

mechanism that is likely to represent a paragon for this model of accidental virulence. The 

characterization of Fla2, a novel lateral flagellar system expressed intracellularly, provides new 

insight into the occasional harmony and frequent dissonance observed between evolutionary 

pressures exerted on Burkholderia in the rhizosphere and the pressures associated with survival 

in a mammalian host.  

 

An environmental role for Fla2 

 Although the regulation, assembly, motility mechanisms, and pathogenic roles of flagella 

are well documented in many bacterial species, there remains a remarkable dearth of 

understanding of their role in environmental survival and persistence (Kearns, 2010). In Chapter 

2 of this dissertation, the potential role for Fla2 in environmental persistence and nutrient 

acquisition is discussed. My results support an environmental role for Fla2 in B. thailandensis 

and B. pseudomallei by facilitating surface swarming motility under specific environmental 

conditions. This ability to swarm on semisolid surfaces was associated with a growth advantage, 

as demonstrated in swarming competition assays between wild-type B. thailandensis and a non-

motile ∆fliC2 derivative.  

For other organisms such as Vibrio parahaemolyticus and Bradyrhizobium diazoefficiens 

with both polar and lateral flagellar systems, swimming motility mediated by polar flagella is 

utilized for movement through liquids while swarming motility mediated by lateral flagella may 

facilitate growth on specific environmental substrates such as hydrated soils or animal tissues 

(Kearns, 2010, Quelas et al., 2016). It is possible that a similar dichotomy may exist in Fla2+ 
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strains of B. pseudomallei. To determine the potential environmental role of Fla2, it will be 

necessary to study Fla2 in systems mimicking the natural environment of the rhizosphere.  

An intriguing observation is the differential presence of Fla2+ B. pseudomallei strains in 

northern Australia versus southeast Asia. Two major hypotheses exist that may explain this 

phenomenon. First, it is possible that differences in environmental conditions and/or cohabitating 

organisms may necessitate the utilization of lateral flagella for increased environmental 

persistence in northern Australia. Alternatively, phylogeographic analyses have suggested that a 

founding Australian population of B. pseudomallei may have been dispersed to southeast Asia 

between 16,000 and 225 Ka, during a glacial period when low sea levels would have exposed a 

land bridge between the two regions (Pearson et al., 2009). It is possible that the rarity of this 

introduction event allowed for the establishment and propagation of Fla2- B. pseudomallei strains 

in southeast Asia by chance. A rigorous analysis of the ecological differences between B. 

pseudomallei endemic regions may provide an etiological explanation for the genetic differences 

observed between geographically isolated populations of B. pseudomallei. 

Recent work has begun to describe the differences in abiotic factors experienced by 

Burkholderia in southeast Asia versus northern Australia (Kaestli et al., 2009, Draper et al., 

2010, Hantrakun et al., 2016). However, nearly all of this work merely describes the soil factors 

associated with the presence of B. pseudomallei in each region. To date, no analyses have 

attempted to correlate genetic differences between B. pseudomallei strains with specific soil 

conditions. To obtain a more granular perspective of Burkholderia survival in the rhizosphere 

and spillover risk into mammalian hosts, it will be important to expand these analyses beyond 

comparison of B. pseudomallei positive and B. pseudomallei negative sites to examine 

similarities and differences between B. pseudomallei strains obtained from distinct B. 
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pseudomallei positive sites. This analysis may provide a better view into the abiotic factors that 

drive B. pseudomallei evolution in its natural habitat. 

In addition to abiotic factors influencing B. pseudomallei in the rhizosphere, a 

comprehensive analysis is needed of the biological factors driving the evolution of B. 

pseudomallei virulence. What predators (i.e. amoeba, nematodes) must B. pseudomallei avoid in 

the rhizosphere (Noinarin et al., 2016)? What other species compete with B. pseudomallei for 

nutrients? It is likely that many, if not most, of the B. pseudomallei virulence mechanisms 

observed in human hosts derive from interactions with these biological factors in the 

environment. Therefore, to understand differences in pathogenesis and virulence mechanisms 

between B. pseudomallei strains with different geographic origins, it is necessary to understand 

differences in the composition of the microbial communities between those geographic regions. 

To this aim, we have begun an effort to utilize metagenomic analysis on soil and water in B. 

pseudomallei endemic regions to identify ecological drivers and predator/host species. We also 

plan to perform microcosm experiments with B. pseudomallei and cohabitating organisms to 

assess effects of interspecies interactions on B. pseudomallei virulence mechanisms. This 

analysis will dramatically improve our understanding of the role of environmental interactions in 

the evolution of B. pseudomallei virulence, and may provide important insight into the genetic 

differences observed between B. pseudomallei isolates in endemic regions. 

 

Fla2 in B. pseudomallei pathogenesis and the innate immune response 

 In Chapter 3 of this dissertation, I discussed the role of Fla2 in the innate immune 

response to Burkholderia infection. In B. thailandensis, the deletion of fliC2, the flagellin gene in 

the fla2 locus, led to a drastic reduction in IL-1β secretion by murine bone marrow macrophages 
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in response to B. thailandensis infection. However, this difference was not observed for the 

Fla2+ B. pseudomallei strain NAU14B-6. Upon further investigation, it became clear that fla2 

expression levels are dissimilar between the two strains, with B. thailandensis exhibiting a 500-

fold increase in fliC2 expression following invasion of host cells and B. pseudomallei NAU14B-

6 exhibiting a far less dramatic 5-fold increase in fliC2 expression following internalization. This 

regulatory discrepancy is consistent with our observation that intracellular expression of lateral 

flagella is far more robust in B. thailandensis than the three tested B. pseudomallei Fla2+ strains 

observed by immunofluorescence microscopy.  

However, the decreased intracellular expression of Fla2 observed in B. pseudomallei 

NAU14B-6, B. pseudomallei MSHR668, and B. pseudomallei MSHR305 are not necessarily 

generalizable to all Fla2+ B. pseudomallei strains. Given the extraordinary genetic diversity 

observed between B. pseudomallei strains and the differences in clinical manifestations observed 

for different strains, it is possible that major differences may exist in fla2 expression levels 

between strains (Welkos et al., 2015).  

Additionally, a major limitation of our analysis was that the three Fla2+ B. pseudomallei 

strains tested were recovered from clinical specimens. Therefore, these strains may not represent 

the diversity of Fla2+ strains found in the environment. One survey conducted in Northern 

Australia found that although Fla2- strains of B. pseudomallei made up only 3% of 

environmental isolates in the region, these strains represented 17% of clinical isolates (Tuanyok 

et al., 2007). This evidence suggests that there may be selective pressure against the expression 

of fla2 in human hosts. Therefore, it is possible that the exclusive use of clinical strains for this 

analysis may have skewed our analysis toward B. pseudomallei strains exhibiting reduced 

intracellular expression of fla2. 
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To determine the true extent of the impact of Fla2 on mammalian pathogenesis and the 

innate immune response, it will be important to expand our analysis of fla2 expression to include 

a large panel of clinical and environmental Fla2+ isolates from diverse geographic origins. Initial 

comparison of fla2 expression levels in culture and inside host cells might allow for the 

identification of a subset of Fla2+ B. pseudomallei strains that express lateral flagella at high 

levels inside of host cells (Fla2++ strains).  

If Fla2++ B. pseudomallei strains are identified in this large scale analysis, they should be 

tested to determine the role of Fla2 in pathogenesis and the immune response during 

Burkholderia infection of an animal model. Because B. pseudomallei NAU14B-6, B. 

pseudomallei MSHR668, and B. pseudomallei MSHR305 express only low levels of intracellular 

flagella, it is unlikely that the perturbation of Fla2 in those strains will result in major differences 

in pathogenesis, as suggested by the similar IL-1β levels observed in response to infection of 

murine macrophages with B. pseudomallei NAU14B-6 wild-type and ∆fliC2 strains. However, 

because IL-1β secretion is largely dependent on the presence of FliC2 in B. thailandensis, it is 

likely that Fla2 may play a role in pathogenesis for B. thailandensis and Fla2++ strains of B. 

pseudomallei. This analysis may facilitate the identification of Fla2 as a prognostic indicator for 

melioidosis. Given the underrepresentation of Fla2+ B. pseudomallei strains in clinical isolates in 

northern Australia, a comprehensive analysis of the impact of Fla2 on pathogenesis may also 

provide an important tool for the assessment of risk of environmental spillover of B. 

pseudomallei into humans in different endemic areas. 
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Fla2 and global regulation of the Burkholderia intracellular life cycle 

 Chapter 4 of this dissertation describes a novel regulator involved in the Burkholderia 

intracellular life cycle. Overexpression of the flagellar response regulator frr not only 

upregulates expression of intracellular lateral flagella components, but also affects the expression 

of T3SSBsa genes important for escape from the initial endosome and autophagosomal capture 

(Gong et al., 2011, Cullinane et al., 2008). This regulatory integration is intriguing, as frr is 

present only in the Fla2+ strains of B. pseudomallei prevalent in northern Australia (Tuanyok et 

al., 2007). Therefore, it is possible that the impact of frr on global virulence gene regulation in B. 

pseudomallei may contribute to important differences in the regulation of the intracellular life 

cycle between Fla2+ and Fla2- B. pseudomallei strains. 

 To determine more precisely the role of frr in the Burkholderia intracellular life cycle, it 

will be important to evaluate the effect of frr expression along with other master regulators on 

the entirety of the B. pseudomallei transcriptome. The best way to examine B. pseudomallei 

expression profiles at this level of detail is by RNASeq analysis. To this end, frr and other 

known master regulators (i.e. bsaN, virG) should be overexpressed in B. pseudomallei and 

RNASeq should be performed on wild-type and regulator-overexpressing B. pseudomallei 

derivatives. The results of this experiment will allow for the identification of gene loci that are 

modulated by the different master regulators, giving insight into their overall role in B. 

pseudomallei pathogenesis. Additionally, whole transcriptome analysis will provide information 

on crosstalk between major regulatory pathways in the B. pseudomallei intracellular life cycle, 

shedding light on how they interact to coordinate the expression of virulence determinants in 

response to changing conditions in different cellular compartments. 
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 These RNASeq experiments will also provide a wealth of information regarding major 

factors that are co-regulated with known virulence determinants. This information will allow for 

the identification of novel virulence factors and effectors associated with different stages of the 

B. pseudomallei intracellular life cycle.  

 Finally, given the differential presence of frr in southeast Asian and northern Australian 

strains of B. pseudomallei, it will be interesting to determine whether this additional regulatory 

factor has consequences for B. pseudomallei virulence. Overexpression of frr is associated with 

decreased plaque formation in both Fla2+ and Fla2- strains of B. pseudomallei, potentially 

pointing to its importance in global regulation of B. pseudomallei virulence (French, 2012). 

While the comprehensive transcriptomic analysis described above should provide insight into 

this curious phenotypic manifestation, animal studies demonstrating the effect of frr 

overexpression and deletion on virulence of Fla2+ and Fla2- B. pseudomallei strains in an animal 

model will be important for assessing the relative impact of frr during the course of infection.  
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Concluding thoughts: chance and necessity 

 

“Everything existing in the universe is the fruit of chance and necessity.” 

- Democritus, 400 B.C. 

 

The hypothesis that the B. pseudomallei virulence arsenal – including T3SSBsa, T6SS-5, 

BimA, Fla2, and other factors – represent “accidental” pathogenesis mechanisms in mammalian 

hosts raises fascinating questions about the relative role of these factors in human disease and 

host defense against B. pseudomallei infection. For example: what, if any, role might the three 

predicted T3SSBsa effectors (BopA, BopC, and BopE) play in B. pseudomallei pathogenesis in 

humans and other accidental hosts? Does the expression of Fla2 in the cytosol of mammalian 

cells represent a Burkholderia intracellular survival strategy, or is it simply a maladaptive 

consequence of an environmental persistence mechanism that leads to increased immune 

detection in humans? These and other questions make B. pseudomallei a fascinating model for 

studying the evolution of pathogenesis mechanisms in the environment. Virulence in humans 

represents the complex interplay of the spillover of environmental persistence mechanisms – 

“chance” – and requisite factors for intracellular survival – “necessity.” Better comprehension of 

this interplay will lead to an increased ability to identify and target B. pseudomallei pathogenic 

mechanisms for the development of new vaccines and therapeutics effective in the prevention 

and treatment of melioidosis. 
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ABSTRACT 

Burkholderia pseudomallei (B. pseudomallei) and Burkholderia mallei are Tier-1 select 

agents that cause highly lethal human infections with limited therapeutic options. Intercellular 

spread is a hallmark of Burkholderia pathogenesis and represents an attractive therapeutic target 

as it is required for virulence. We developed a high-throughput cell-based phenotypic assay and 

used it to screen ~220,000 small molecules for their ability to disrupt intercellular spread by 

Burkholderia thailandensis, a BSL-2 surrogate. We identified 92 compounds that inhibit 

intercellular spread by B.thailandensis, and cross-species validation identified 32 that also 

disrupt the intercellular spread of B. pseudomallei and/or B. mallei. Among these were a novel 

fluoroquinolone analog, burkfloxacin, with 10-fold more potent activity against intracellular 

Burkholderia compared to ciprofloxacin, and 5-flucytosine (5-FC), an FDA-approved antifungal 

compound. We found that 5-FC inhibits Burkholderia-mediated membrane fusion by targeting 

the activity of the type VI secretion system-5 (T6SS-5), a critical virulence determinant and 

central requirement for membrane fusion and intercellular spread. Bacterial conversion of 5-FC 

to 5-fluorouracil and subsequently to fluorouridine monophosphate is required for potent and 

selective activity against intracellular bacteria. A forward genetic screen for 5-FC resistance 

identified a novel two-component regulator of T6SS-5 activity. These results demonstrate the 

utility of cell-based phenotypic screening for select-agent drug discovery. Burkfloxacin and 

flucytosine should be advanced as potential therapeutics for melioidosis and glanders.  
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INTRODUCTION 

Burkholderia pseudomallei and Burkholderia mallei, the etiologic agents of melioidosis and 

glanders, respectively, are highly infectious Gram-negative bacteria for which limited therapeutic 

options exist. B. pseudomallei (B. pseudomallei) normally inhabits the rhizosphere, the thin band 

of topsoil nourished by plant root secretions (Kaestli et al., 2011, Ginther et al., 2015), but can 

be acquired from the environment by humans and other mammals via inhalation, ingestion, or 

percutaneous inoculation (Wiersinga et al., 2012, Currie & Kaestli, 2016). As such, individuals 

with regular contact with soil and surface water in endemic areas, such as rice farmers, are 

disproportionately affected. Infections can disseminate rapidly, with severity of disease varying 

from acute fulminant sepsis to chronic infection mimicking tuberculosis. Clinical management is 

complicated by intrinsic and acquired mechanisms of antibiotic resistance, and mortality rates 

can approach 50% despite appropriate diagnosis and treatment (Wiersinga et al., 2012). The 

related species B. mallei causes glanders in solidungulates, although it has been known to cause 

life-threatening infections in humans (Van Zandt et al., 2013, Srinivasan et al., 2001). In light of 

their low infectious dose, high lethality, extensive antibiotic resistance, and the lack of a vaccine, 

B. mallei and B. pseudomallei are classified as Tier 1 select agent pathogens. Concern over 

malign release against civilian or military targets is heightened in light of their historical use as 

bioweapons (Stone, 2007, Dance, 2005). Another species that shares B. pseudomallei and B. 

mallei virulence mechanisms is the environmental organism B. thailandensis, which is less 

pathogenic to mammals and often used as an experimental surrogate that does not require select-

agent BSL-3 facilities.   

Although the true global burden of melioidosis is unknown, recent estimates suggest that B. 

pseudomallei is endemic in at least 79 countries and is responsible for 165,000 annual human 
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infections, of which 54% are fatal (Limmathurotsakul et al., 2016). Highly endemic areas 

include northeast Thailand, where B. pseudomallei is the leading cause of community-acquired 

bacteremia, and the Northern Territory of Australia, where B. pseudomallei is the most common 

cause of fatal community-acquired bacteremic pneumonia (Stone, 2007, Currie et al., 2010, 

Maharjan et al., 2005, Limmathurotsakul et al., 2010). The current treatment regimen for 

melioidosis consists of an initial parenteral acute phase lasting 10-14 days aimed at preventing 

death, followed by an oral eradication phase lasting >3 months aimed at preventing relapse. 

Ceftazidime and the carbapenems serve as the mainstays of acute phase therapy, whilst 

cotrimoxazole or coamoxiclav are usually the drugs of choice for eradication phase therapy 

(Stone, 2007, Currie et al., 2010, Maharjan et al., 2005). The consequences of naturally occurring 

disease, and the potential risks of disease due to malevolent release make the development of 

new countermeasures a high priority. The need for new therapies extends beyond Pseudomallei-

group Burkholderia species to Gram-negative pathogens as a whole, for which the antibiotic 

pipeline has severely dwindled (Lewis, 2013, Spellberg & Gilbert, 2014). Decreased investment 

in antibacterial research and development has coincided with the rapidly growing global crisis of 

antibiotic resistance, universally regarded as a leading threat to public health (Laxminarayan et 

al., 2013, Bush et al., 2011, Control & Prevention, 2013, Solomon & Oliver, 2014).  

Pathogenic Burkholderia species can parasitize mammalian cells, and their ability to survive 

intracellularly and spread from cell-to-cell is an essential virulence trait. As shown in Fig. 2B, 

following entry into cells by phagocytosis or invasion, bacteria escape from endocytic vesicles, 

replicate in the cytoplasm, polymerize actin, move through the cytoplasm and spread to 

neighboring cells by a process involving membrane fusion. Membrane fusion is mediated by the 

Type VI secretion system-5 (T6SS-5) and provides a portal for direct passage into the cytosolic 
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compartment of a neighboring cell, causing the formation of large multinucleated cells (MNCs). 

The intra- and intercellular lifecycles are conserved among clinical and environmental isolates of 

B. pseudomallei, as well as in B. mallei and B.thailandensis. Work by our group and others has 

shown that cell fusion is the primary means of intercellular spread for Burkholderia and is 

essential for virulence (Schwarz et al., 2014, Toesca et al., 2014, Toesca, 2016). Burkholderia 

intercellular spread mediated by membrane fusion represents a completely unique mechanism 

among bacterial pathogens and a potential therapeutic target (Wiersinga et al., 2006, Galyov et 

al., 2010).  

To address the critical need for new and improved therapeutics for melioidosis and glanders, 

we developed a novel screen for small molecule inhibitors targeting Burkholderia’s ability to 

spread intercellularly. The high-throughput (HT) assay we developed comprehensively assesses 

the Burkholderia intercellular lifecycle, including the critical step of host cell fusion. We used 

this cell-based phenotypic assay to screen ~220,000 small molecules for their ability to disrupt 

B.thailandensis cell-cell spread, and validated positive hits in the BSL-3 organisms B. 

pseudomallei and B. mallei. We successfully identified 92 compounds that inhibit intercellular 

spread by B.thailandensis, and 32 that also disrupt intercellular spread by B. pseudomallei and/or 

B. mallei. We describe the mechanistic characterization of two of our most potent inhibitors, 

which hold promise as novel countermeasures for B. pseudomallei and B. mallei. We also 

evaluate our findings in the broader context of drug discovery for bacterial select agents.  
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RESULTS 

A novel high-throughput screen identifies small molecule inhibitors of Burkholderia 

intercellular spread.  

Prior experience with Burkholderia therapeutics development has shown that despite 

exhibiting activity in vitro, compounds are often ineffective in vivo due to the ability of B. 

pseudomallei and B. mallei to replicate intracellularly (Estes et al., 2010). More broadly, target-

based screening campaigns against Gram-negative bacteria have been largely unsuccessful due 

to the inability of active compounds to penetrate the bacterial outer membrane (Payne et al., 

2007, Lewis, 2013, Spellberg & Gilbert, 2014). With these limitations in mind, we developed a 

novel cell-based phenotypic screen for small molecule inhibitors targeting Burkholderia that are 

actively replicating and spreading in mammalian cells. The cell fusion assay in Fig. 1A exploits 

the unique ability of Pseudomallei-group species to fuse mammalian cells and form large 

multinucleate cells (MNCs) that ultimately lyse, forming plaques. We adapted this assay for 

high-throughput (HT) screening of small molecule inhibitors by seeding eGFP-expressing 

HEK293 cells seeded onto 384-well plates pinned with a library of small molecules, infecting 

with B.thailandensis E264, and imaging 18-22 hours later (Fig. 1B). Laser scanning cytometry 

was used to qualitatively analyze each well for the relative abundance and size of regions of 

ablated fluorescence (i.e. MNCs or plaques). As the readout of this assay is cell fusion, the 

penultimate step of the Burkholderia intercellular lifecycle, this assay is capable of identifying 

compounds that inhibit any of the conserved steps in the Burkholderia intracellular lifecycle 

required for cell fusion. Our assay setup has the additional advantage of identifying compounds 

of low toxicity to mammalian cells that can effectively penetrate the cell plasma membrane and, 
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for compounds that target bacterial cells, the bacterial outer and inner membranes. These remain 

formidable obstacles for antibiotic discovery (Lewis, 2013, Brown & Wright, 2016). 

 We used our HT workflow to screen a highly curated small molecule library housed at 

UCLA, initially using B.thailandensis E264 as a BSL-2 surrogate. Fig. 1C shows an example 

plate from screening of a 1120 compound FDA-approved sub-library, demonstrating the screen’s 

ability to identify known (trimethoprim) and novel (flucytosine) compounds that target 

Burkholderia (Fig. 1C). Control wells indicated negligible false-positive (0%) or false negative 

(0.0091%) hit rates. 268 compounds eliminated or significantly limited MNC formation by 

B.thailandensis, yielding a conservative primary hit rate of 0.0012. These compounds were 

validated in quintuplicate assays, yielding 91 compounds (34%) that ablated B.thailandensis 

intercellular spread in a highly reproducible manner (4/5 or 5/5 times), with the remainder 

showing either partial or no activity. We next tested our 268 primary hits for activity against the 

select-agents B. pseudomallei and B. mallei. 28 compounds (22 novel compounds and 6 known 

antibiotics) inhibited cell-cell spread by Thai and Australian B. pseudomallei clinical isolates, 15 

(9 novel compounds and 6 known antibiotics) inhibited cell-cell spread by a B. mallei clinical 

isolate, and 4 (all novel) inhibited both B. pseudomallei and B. mallei. As shown in Fig. 2A, the 

majority of molecules which blocked cell-cell spread by B.thailandensis were not equally 

inhibitory against B. pseudomallei or B. mallei, and many compounds showing potent activity 

against B. pseudomallei and/or B. mallei were only partially effective for B.thailandensis. In 

total, 27 new therapeutic leads that have not been previously described in the context of 

Burkholderia or other bacterial infections were identified. For a subset of these compounds, we 

generated preliminary toxicity data using the CellTiter-Glo cell viability assay, and performed 

cellular infection experiments to identify the lifecycle blockade point. Ten compounds having no 
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effect on mammalian cell viability at concentrations far exceeding the effective dose (therapeutic 

index > 10) were prioritized for follow-up studies. These compounds were found to inhibit 

critical steps in the intracellular lifecycle, including invasion (n = 6), endosome escape (n = 1), 

replication (n = 2), and membrane fusion (n = 1) (Fig. 2B). Taken together, our results indicate 

that high-throughput, phenotype-based screening is a suitable approach for identifying novel 

antimicrobials and inhibitors of cellular infection by B. pseudomallei and B. mallei, and also 

highlight the caveats of conducting a primary screening with a surrogate organism, in this case 

B.thailandensis.  

 

Identification of a novel fluoroquinolone, burkfloxacin, as a potent inhibitor of 

Burkholderia intracellular replication 

One compound identified by our screen, a synthetic morpholinated fluoroquinolone analog 

that we named burkfloxacin (Fig. 3A), was found to be a potent inhibitor of intercellular spread 

by B.thailandensis, B. pseudomallei, and B. mallei (Fig. 3B). Burkfloxacin was found to 

eliminate intracellular B.thailandensis at concentrations as low as 0.5 µM (Fig. 3C). 

Interestingly, burkfloxacin did not have an effect on growth in broth culture at concentrations 

that completely ablated intracellular replication (0.5 µM), however was bactericidal in broth at 5 

µM (supplemental data), suggesting accumulation or activation inside mammalian cells (Fig. 

3D). Intracellular accumulation is a well-established feature of other fluoroquinolones (Bazile et 

al., 1992). Fluoroquinolones are known inhibit DNA gyrase (Blondeau, 2004). Due to structural 

similarities between burkfloxacin and known fluoroquinolones, we tested its activity against 

Escherichia coli (E. coli) DNA gyrase using a DNA negative supercoiling assay. We found that, 

like ciprofloxacin, burkfloxacin was an effective inhibitor of DNA gyrase (Fig. 3E). Of note, 
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burkfloxacin inhibited intercellular spread of B.thailandensis at 10-fold lower concentrations 

than ciprofloxacin (supplementary data). Given its potent activity against B.thailandensis, B. 

pseudomallei and B. mallei, we decided to evaluate the ability of burkfloxacin to inhibit the 

growth of additional Gram-negative and Gram-positive species. We found that burkfloxacin had 

an MIC90 of 0.5 µM against methicillin-susceptible Staphylococcus aureus (MSSA).  

 

The FDA-approved antifungal 5-flucytosine (5-FC) potently inhibits Burkholderia 

intercellular spread by disrupting the secretion activity of the Type 6 Secretion System-5 

(T6SS-5) 

Our high-throughput screen also identified an FDA-approved antifungal, 5-flucytosine (5-

FC), as a potent inhibitor of B.thailandensis and B. pseudomallei intercellular spread. 5-FC is a 

synthetic fluorinated cytosine analog (Fig. 4A) that serves as a first-line therapy for serious 

fungal infections (Nett & Andes, 2016) and is on the World Health Organization (WHO)’s List 

of Essential Medicines. 5-FC inhibited MNC and plaque formation by B.thailandensis and B. 

pseudomallei in a dose-dependent fashion, completely eliminating cell-cell spread by 

B.thailandensis at 25 µM (Fig. 4B). Assays to measure intracellular growth revealed that 

B.thailandensis could still replicate to relatively high numbers inside cells in the presence of 25 

μM 5-FC, however peak numbers were decreased and delayed, by about 8 hours, relative to 

DMSO-treated controls (Fig. 4C). 5-FC did not affect growth in broth cultures at concentrations 

that were completely inhibitory for cell-cell spread (Fig. 4D), suggesting that it targets factors 

required for intracellular survival and spread. 5-FC inhibition occurred irrespective of time-of-

addition to cell culture media, even at 6 hours after infection, a time-point when the majority of 

bacteria have escaped from endosomes. This suggests that 5-FC blocks the bacterium at a later 
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stage of the intracellular lifecycle, possibly limiting growth in the host cytosol, blocking motility, 

or inhibiting membrane fusion. 

An effect on motility was ruled out by visualizing bacterial actin tails in the presence of 25 

μM 5-FC by confocal microscopy (supplemental data). To determine if 5-FC inhibits 

intracellular replication or fusion, we assessed the ability of a fusion-defective mutant (ΔvgrG) 

to replicate inside host cells in the presence of 25 µM 5-FC vs. DMSO. We found that this 

fusion-defective mutant was able to replicate to similar levels in 5-FC-treated cells relative to 

DMSO-treated cells, suggesting that 5-FC targets membrane fusion rather than intracellular 

replication (Fig. 4F). Burkholderia-induced membrane fusion is mediated by the T6SS-5. In 

order to determine if 5-FC inhibits expression of T6SS-5 components, we measured the effect of 

5-FC on expression of key T6SS components (ClpV: the T6SS-5 ATPase, and VgrG-5: the 

T6SS-5 spike) inside cells using quantitative RT-PCR. We also measured the effect of 5-FC on 

expression of other known virulence loci required for intercellular spread, including T3SSBsa 

genes (bsaM and bopE), intracellular motility genes (bimA and fliC2), and virulence regulation 

genes (virG and bsaN). Expression of virG, bsaM, bimA, and vgrG was somewhat reduced in the 

presence of 5-FC (≤ 4 fold), however expression of other virulence loci was unaffected (Fig. 

4G). As these modest changes in gene expression were unlikely to account for the complete 

inhibition of intercellular spread we observed with 25 µM 5-FC, we decided to examine the 

direct effects of 5-FC on the activity of T6SS-5 by measuring the quantity of the Hcp5 tubule 

protein secreted into bacterial supernatants during growth in broth. We found that Hcp secretion 

was significantly and reproducibly inhibited in both B.thailandensis and B. pseudomallei, even at 

a concentration as low as 5 µM (Fig. 4H). 5-FC did not affect the expression levels of Hcp5 as 

indicated by similar levels of protein in the treated and untreated bacterial pellets, suggesting that 
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5-FC inhibits Burkholderia-mediated membrane fusion by blocking the secretion activity of the 

T6SS-5.  

 

The activity of 5-flucytosine requires metabolic conversion to 5-fluorouracil and then to 

fluorouridine monophosphate (F-UMP) 

To identify the active form of 5-FC, and the bacterial enzymes required for conversion to the 

active form, we performed a series of experiments to dissect Burkholderia’s metabolism of 5-FC. 

5-FC’s antifungal activity relies on its efficient uptake into fungal cells by cytosine permease 

(codB) and subsequent conversion to 5-fluorouracil (5-FU) by cytosine deaminase (codA) (Nett 

& Andes, 2016, Vermes et al., 2000). The 5-FU metabolic pathway then bifurcates, as shown in 

Fig. 5, into a first pathway that ultimately disrupts RNA synthesis and a second pathway that 

ultimately blocks DNA synthesis. These two metabolic pathways account for 5-FC’s antifungal 

properties, and their associated enzymes are also present in pseudomallei-group Burkholderia 

species (Fig. 5A). We tested several 5-FC metabolites for activity against B.thailandensis-

mediated cell-cell spread. We found that 25 µM 5-FU completely inhibited plaque formation 

(Fig. 5B). Fluorouridine (F-UR), an intermediate form between 5-FU and fluorouridine 

monophosphate (F-UMP) in a shunt pathway, was ineffective at 25 µM. However, at 50 µM, F-

UR prevented intercellular spread. The effectiveness of 5-FU and F-UR implicate the first 

pathway in metabolizing 5-FC to its active form. The inability of fluorodeoxyuridine (F-UdR) to 

prevent intercellular spread at concentrations up to 50 µM suggests non-involvement of the 

second pathway. We next tested Burkholderia mutants in metabolic enzymes along these 

pathways for their ability to form plaques in the presence of 5-FC to determine which metabolic 

conversions are crucial for 5-FC activity. We found that transposon insertions into codA and 
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uracil phosphoribosyltransferase (uprt) resulted in resistance to 5-FC (i.e. robust formation of 

MNCs in the presence of 25 µM 5-FC). Transposon insertions into thymidine phosphorylase (tp), 

uracil phosphorylase (up), and ribonucleotide reductase (rr) did not lead to resistance, suggesting 

that the products of these enzymes (F-UdR, F-UR, F-dUMP, respectively) do not play a role as 

active form or precursor in 5-FC’s inhibition of Burkholderia intercellular spread. These results 

indicate that metabolic conversion of 5-FC by Burkholderia to 5-FU and then to F-UMP are 

critical for its activity, and suggest that F-UMP may be the active form that disrupts T6SS-5 

activity and membrane fusion. 

 

5-FC resistance screen identifies a novel regulator of T6SS-5 secretion activity 

To gain further insight into the mechanism by which 5-FC inhibits Burkholderia T6SS-5 

secretion activity and intercellular spread, we performed an unbiased forward genetic screen to 

identify point mutations at the genomic scale that could lead to 5-FC resistance. Wt 

B.thailandensis was mutagenized with ethyl methanesulfonate (EMS) and the resultant pool of 

mutants was used to infect cells treated with 25 µM 5-FU in 384-well plates (Fig. 6A). Wells 

containing MNCs at 16 hours post-infection were lysed and plated. Bacterial colonies were 

picked and validated for 5-FU resistance by repeat plaque assay. 7 resistant clones from >4 

separate mutagenesis experiments, and the parental strain, were whole genome sequenced 

(WGS). 5-10 SNPs were identified per resistant mutant genome. Mutations clustered in two 

genomic regions: a two-component transcriptional regulatory system adjacent to the fla2 locus 

(Bth_II0197 and Bth_II0198), which we named flagellar-associated regulators A and B (farA and 

farB), and a polyketide synthase cluster (Bth_II1665 and Bth_II1666), also known as thaP and 

thaO, whose products synthesize thailandamide, a molecule thought to be involved in quorum 
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sensing (Ishida et al., 2010) (Fig. 6B). We found that transposon insertion into farA, farB, and 

thaP resulted in partial resistance to 5-FC (Fig. 6C). In the absence of 5-FC, these mutants 

displayed accelerated MNC/plaque formation (~4 hours faster) (Fig. 6D). We assessed virulence 

gene expression in the FarA and ThaP mutants and found it to be similar to wt, with the 

exception of fliC2 expression which was 100-fold decreased in Tn::farA and four-fold decreased 

in Tn::thaP (supplemental data). Given that 5-FC inhibits T6SS-5 activity, we performed an Hcp 

secretion assay to test the hypothesis that these mutants were resistant due to dysregulated T6SS-

5 activity. We found that Hcp secretion, but not expression, was consistently elevated in Tn::farA 

relative to wt (Fig. 6E). These results suggest that farA and farB negatively regulate T6SS-5 

secretion activity, and their disruption leads to a hyper-plaque forming phenotype and 5-FC 

resistance.  
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DISCUSSION 

The goal of this study was to identify small molecules that could inhibit critical steps of the 

Burkholderia intercellular lifecycle. We performed a comprehensive cell-based phenotypic 

screen and identified 91 reproducible inhibitors of intercellular spread by the BSL-2 surrogate 

B.thailandensis, and cross-species validation yielded 32 reproducible inhibitors of B. 

pseudomallei and/or B. mallei. For a subset of effective molecules with low toxicity in 

mammalian cells, we identified the blocked lifecycle step, and for two highly potent small 

molecules, burkfloxacin and flucytosine, we identified the mechanism of action as inhibition of 

DNA gyrase and T6SS-5 secretion activity, respectively. Our identification of a novel 

fluoroquinolone, burkfloxacin, with high intracellular potency against Burkholderia (10-fold 

greater than ciprofloxacin) is intriguing, given that fluoroquinolones have not historically been 

found to be particularly effective against B. pseudomallei in vitro, in animal studies, or in clinical 

trials, despite their ability to achieve high intracellular concentrations (Dance, 2014). Our 

findings suggest that this novel fluoroquinolone may hold promise as a countermeasure for B. 

pseudomallei and B. mallei, and potentially for a spectrum of other Gram-negative and Gram-

positive bacteria.  

Our finding that 5-FC is a potent inhibitor of B. pseudomallei T6SS-5 secretion activity and 

intercellular spread provides a strong argument for repurposing this FDA-approved antifungal as 

a novel therapy for melioidosis. As an FDA-approved drug, 5-FC has a well-established safety 

and clinical use profile, and is readily accessible in many areas where melioidosis is endemic. 5-

FC is highly bioavailable and distributes ubiquitously in host compartments, including in the 

cerebrospinal fluid (Nett & Andes, 2016). In addition, as 5-FC targets bacterial functions that 

affect virulence as opposed to growth, it may be less likely to select for resistance. Although 5-
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FC and its derivative F-UR have been found to suppress virulence in another bacterial pathogen, 

Pseudomonas aeruginosa, its exact mode of action in bacteria remains unclear (Imperi et al., 

2013, Kirienko et al., 2016). We have shown that 5-FC potently inhibits the activity, but not 

expression, of the T6SS-5. Conversion of 5-FC to 5-FU and then to F-UMP by enzymes in the 

bacterial pyrimidine salvage pathway are necessary for its activity, as well as for selective 

toxicity, as human cells do not possess codA and therefore cannot efficiently metabolize 5-FC 

(Nett & Andes, 2016). Of note, the human intestinal flora is capable of metabolizing 5-FC in 

trace amounts, accounting for 5-FC’s side effects (Harris et al., 1986).  

As 5-FC has never been used to treat bacterial infections, it remains to be seen if resistance 

mechanisms analogous to those in fungi would develop. Fungal resistance to 5-FC is well 

documented, and precludes 5-FC’s use as a monotherapy. Resistance typically arises from 

mutations in codB or codA that affect uptake and metabolism of 5-FC, or increased synthesis of 

pyrimidines that compete with 5-FC metabolites in the pyrimidine salvage pathway (Hope et al., 

2004, Chandra J, 2009). We speculate that similar mechanisms could develop in bacteria as well. 

In addition, our 5-FC resistance screen demonstrated that inactivating mutations in farA and farB 

can also lead to partial resistance to 5-FC via dysregulation of the T6SS-5. To our knowledge, 

regulators of T6SS secretion activity that do not affect T6SS expression have not been previously 

reported in the literature. farA and farB may therefore represent a novel class of regulator, and 

reflect the exquisite control that Burkholderia has evolved over T6SS expression and contractile 

activity. Expression of the Burkholderia T6SS-5 is controlled by VirAG, a two-component 

sensor-regulator system (Wong et al., 2015). Wong et al. have shown that the VirA histidine 

kinase senses reduced glutathione, thereby ensuring exclusive expression of the T6SS inside the 

cytosol of an infected host cell. Although Burkholderia begins assembling the T6SS apparatus 
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upon activation by VirAG, it is tempting to speculate that the actual T6SS deployment event (i.e. 

contraction of the T6SS apparatus and delivery of fusogenic effectors into neighboring cells) is 

negatively regulated by farA and farB until an appropriate environmental stimulus occurs.  

A limitation of our study is that, for ease of manipulation, the primary small molecule screen 

was conducted with the BSL2 surrogate B.thailandensis. As we later found, the majority of our 

primary hits in B.thailandensis had no effect on the intercellular spread of B. pseudomallei or B. 

mallei. This was somewhat surprising, as the intercellular lifecycles of B.thailandensis, B. 

pseudomallei, and B. mallei are highly conserved. It is possible that presently unknown 

differences in the intercellular lifecycles, drug uptake or efflux, or metabolic strategies of these 

species contributed to this discrepancy. Although our screen was successful in identifying 27 

novel therapeutic leads for B. pseudomallei and/or B. mallei, primary screening with B. 

pseudomallei and B. mallei may have uncovered additional active molecules. Other select agent 

drug screening campaigns may benefit from primary screening with the agent of interest as 

opposed to surrogate organisms, in situations where technical obstacles to performing such a 

high containment screen are not prohibitive.  

The high-throughput phenotypic screen we describe here demonstrates the feasibility of 

identifying new therapeutic leads for high-consequence select agent bacterial pathogens. Cell-

based phenotypic screens represent a promising approach to drug discovery for intracellular 

bacterial pathogens, as any compound identified in these screens have already demonstrated the 

ability to traverse the host and bacterial membranes, without killing the host cell. This is 

especially advantageous for gram-negative pathogens, for which the bacterial outer membrane 

remains a formidable barrier to drug discovery. We have shown that two compounds, 
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burkfloxacin and flucytosine, potently disrupt the Burkholderia intercellular lifecycle. These 

molecules should be advanced as potential countermeasures for melioidosis and glanders. 
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MATERIALS AND METHODS 

Study design 

Compounds in the UCLA MSSR library were plated and tested in vitro for the ability to 

inhibit intercellular spread with the identities and order of the compounds blinded to the 

experimenter. Two priority lead compounds, burkfloxacin and flucytosine, were assessed for 

therapeutic efficacy in vivo using a mouse model of melioidosis [in progress]. Animals were 

randomly assigned to treatment groups. Efficacy in vivo was determined on the basis of 

mortality, organ bacterial loads, and histological findings. The sample size of animals for in vivo 

studies was determined using Lamorte’s power calculations and was selected to minimize the 

number of animals needed to obtain a statistically significant result.  

 

Ethics statement 

Animal research was conducted under a protocol approved by Institutional Animal Care and 

Use Committee (IACUC) at the University of Florida (protocol #: 201609601), in full 

compliance with the Animal Welfare Act and other federal regulations and statutes pertaining to 

animals. All in vivo experiments were performed in an ABSL-3 facility at the UF 

Communicore’s accredited animal research facility, managed by UF Animal Care Services. 

Humane care and treatment protocols were conducted according to i) 9 CFR Parts 1-4 (U.S.C. 

2131-2156), and ii) the “Guide for the Care and Use of Laboratory Animals,” NIH Publication 

No. 86-23. 

 

Select agent experiments 
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In vitro experiments with B. pseudomallei and B. mallei were performed in a BSL-3 facility 

at UCLA. Personnel wore tyvek suits and powered air purifying respirators. The BSL3 facilities 

at UCLA and UF are registered with the CDC DSAT and approved for possession, use, and 

transfer of B. pseudomallei and B. mallei (Tier-1 Select Agents) under entity registration 

numbers C20090508-0836 and A20150312-1681 for UCLA and UF, respectively.  

 

Reagents 

Burkfloxacin was purchased from ChemBridge (San Diego, CA), and flucytosine was 

purchased from Selleckchem (Houston, TX). Dimethyl sulfoxide was used as solvent for high-

throughput screening and follow-up studies. Hcp antibodies were provided by Mary Burtnick at 

the University of South Alabama (Mobile, AL). B.thailandensis transposon mutants were 

provided by Colin Manoil at the University of Washington (Seattle, WA).  

 

Bacterial strains and mutant construction 

B.thailandensis E264, B. pseudomallei 1026b, B. pseudomallei340 (B. pseudomallei 1026b 

Δ(amrRAB-oprA), and B. mallei 23344 were grown in LB medium without NaCl (LB-NS) or 

with NaCl (B. mallei 23344). In-frame mutations were constructed using allelic exchange as 

described previously (French et al., 2011, Toesca et al., 2014). Strains constitutively expressing 

VirA and VirG were constructed by insertion of a mini-Tn7 transposon containing the virAG 

genes from B. pseudomallei340 downstream of the S12 ribosomal subunit promoter, as described 

previously (Toesca et al., 2014). Plasmid construction was performed using a derivative of the 

broad-host range plasmid pBBR1-MCS2 containing the nptt kanamycin resistance gene, as 

previously described (French et al., 2011, Toesca et al., 2014).  
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Small molecule library 

The small molecule library housed at the UCLA molecular screening shared resource 

(MSSR) contains ~220,000 small molecules. Among these are 1,120 FDA-approved drugs 

(Prestwick library), 1,280 pharmacologically-active drug-like molecules (LOPAC collection), 

8,000 molecules from the Microsource Spectrum Collection, 8,000 molecules which target 

kinases, protease, ion channels and GPCRs (druggable compound set), 20,000 compounds from a 

lead-like compound set, 30,000 compounds from the ChemBridge DiverSet E, 50,000 diverse 

molecules from Life Chemicals, 5,000 compounds from the UCLA in-house collection, and 

~100,000 diverse molecules from libraries proprietary to the UCLA MSSR.  

 

High-throughput screen 

25 μL of cell culture media [Dulbecco’s Modified Eagle’s Medium (DMEM) + 10% bovine 

growth serum (BGS)] was dispensed into black clear-bottom 384-well plates (E&K Scientific, 

EK-30091) using a multidrop reagent dispenser (Thermo Fischer Scientific). Small molecules 

were pinned into plates using a Biomek FX robot to achieve a final well concentration of 5 μM 

(250nL of 10mM DMSO solution). eGFP expressing HEK293 cells were seeded onto the 384-

well plates for a final well volume of 50 μL and cell count of 35,000/well. Plates were incubated 

for 24 hours at 37oC, and then infected with B.thailandensis E264 at a multiplicity of infection 

(MOI) of 0.01. Validation with B. pseudomallei 1026b or B. mallei 23344 was conducted 

similarly, except that infections and subsequent steps were performed in our BSL3 facility. 

Plates were gently centrifuged (200 x g for 5 min) to allow bacterial attachment to cells, and 

incubated at 37oC for 1 h. After 1 h, media containing kanamycin was added to the wells for a 
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final well concentration of 125 μg/ml to kill extracellular bacteria. Plates were incubated for 18-

22 hours, fixed with 4% paraformaldehyde (final well concentration), and imaged by laser 

scanning cytometry (Image Express XL plate reader). Well images were analyzed qualitatively 

for the presence or absence of MNCs/plaques or the reduced abundance or size of 

MNCs/plaques. Uninfected wells treated with DMSO and wells treated with DMSO and infected 

with the wt parental strain served as negative and positive controls, respectively.  

 

Cell culture, infection, and intercellular lifecycle assays 

HEK293 (ATCC CRL-1573) cells were grown in DMEM + 10% BGS and 5% CO2. Prior to 

experiments, plate wells were incubated at room temperature for 30 minutes with a 1:30 dilution 

of Matrigel liquid (BD) in serum-free DMEM for improved adherence of cells. For infection 

studies, cells were seeded at 1.8 x 106 cells per well in 6-well plates or 7.2 x 105 cells per well in 

12-well plates. Following addition of bacteria to wells, plates were gently centrifuged as 

described above. Cells were infected at an MOI of 1 for invasion and intracellular replication 

experiments and an MOI of 4 x 10-4 for cell fusion assays. One hour after infection, extracellular 

bacteria were killed by the addition of 1,000 μg/ml Km. For invasion and intracellular replication 

experiments, infected cells were washed with Hank’s, harvested with 0.25% trypsin, and lysed 

with 0.2% Triton X-100 + 20mM MgSO4 and 50μg/ml DNase I (to reduce lysate viscosity). 

Intracellular colony-forming units (CFUs) were enumerated by plating serial dilutions of the 

lysate at indicated time points. For cell fusion assays, cells were infected as described above, 

overlaid with 125μg/ml Km, and imaged 18-22 hours later by fluorescence microscopy and 

examined for the formation of MNCs/plaques. Plaque forming efficiency was calculated as the 

number of MNCs or plaques (plaque forming units; PFU) over the number of colony forming 
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units initially used for the infection (CFU), which was assessed by plating a dilution of the 

bacterial solution used for infection.  

 

In vitro type VI secretion assays 

B.thailandensis E264 and B. pseudomallei 1026b strains constitutively expressing VirAG 

were used for in vitro T6SS-5 secretion experiments. In the case of 5-FC-resistant 

B.thailandensis transposon mutants, complementation with a pBBR plasmid overexpressing 

VirG was used to induce T6SS-5 expression and secretion in vitro. Overnight bacterial cultures 

were diluted to an optical density at 600nm (OD600) of 0.05 in LB-NS containing antibiotics 

when necessary. At an OD600 of 0.8-1.2, 0.5ml aliquots were centrifuged, washed, and 

resuspended in 200μL of Laemmli buffer (pellet fractions). The remainder of the culture was 

centrifuged at 4,750 X g for 15 min, and the supernatants were filtered through a 0.2μM syringe 

tip filter and precipitated in 10% trichloroacetic acid (TCA) overnight at 4oC. The supernatants 

were centrifuged at 18,900 X g for 15 min at 4oC and the pellets were washed with 1ml acetone 

and resuspended in 200ul Laemmli buffer (supernatant fractions). Pellet and supernatant samples 

were normalized according to the OD600 of the bacterial culture at the time of harvest. Samples 

were analyzed by Western Blot as previously described (Toesca et al., 2014). 

 

E. coli DNA gyrase assays 

Supercoiled puc18 plasmid DNA was treated with Topoisomerase I (New England Biolabs) 

for 30 min at 37oC to generate relaxed circular puc18 DNA, and then heated to 65oC to inactivate 

Topo 1. Relaxed circular puc18 was then treated with E. coli DNA gyrase (New England 

Biolabs) in the presence of water, ciprofloxacin (100uM or 500uM), or burkfloxacin (100uM or 
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500uM), incubated at 37oC for 30 minutes, and then run on a 1% agarose gel without ethidium 

bromide (EtBr), as EtBr intercalates DNA. After electrophoresis, the gel was stained with EtBr, 

destained briefly in water, and then imaged with a UV transilluminator.  

 

Chemical mutagenesis and 5-FC forward genetic screen 

Wild-type B.thailandensis were grown to mid-exponential phase (OD600 ~ 1), washed three 

times with PBS, resuspended in PBS + 1% ethyl methanesulfonate (EMS) and shaken at 37oC for 

10-15 minutes. After EMS treatment, bacteria were washed three times with PBS, then 

resuspended in LB-NS and allowed to recover at 37oC for 1 h. Pooled mutants were then used to 

infect eGFP-expressing HEK293 cells treated with 25μM 5-FU in 384-well plate format at an 

MOI of 0.03. Plates were centrifuged at 200 x g for 5 min and a 125μg/ml Km overlay was 

added after 1 h. After 16 hours of incubation at 37oC, plates were scanned by laser scanning 

cytometry. Wells with MNCs were trypsinized, cells were lysed with 0.2% Triton X-100 + 

20mM MgSO4 and 50μg/ml DNase I, and dilutions were plated on LB-NS plates. 10 colonies 

from each plate were picked, grown in LB-NS, and used to infect 5FU-treated cell monolayers to 

validate their resistance. One validated resistant colony from each MNC was sent for sequencing 

of the uprt gene to rule out resistance due to an inactivating SNP in this enzyme. For resistant 

mutants without SNPs in uprt (7 total) and the parental wild-type strain, genomic DNA was 

extracted and whole genome sequenced.  

 

Library prep and whole genome sequencing 

Libraries were prepared with the Nextera XT kit (Illumina) starting from 1 ng of genomic 

DNA according to manufacturer’s instructions with few modifications. The initial tagmentation 
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step was extended to 8 minutes and the post-PCR purification was performed using a 1:1 ratio of 

PCR product and AMPure XP beads (Beckman Coulter). Normalized libraries were pooled and 

sequenced as 100 single-end reads on a HiSeq2500 (Illumina) Rapid Run Mode.  

 

WGS analysis 

 Reads for each sample were aligned to the Burkholderia thailandensis E264; ATCC 

700388 reference genome using BWA-MEM v.0.7.12-r1039 (Heng Li 2013 arXiv:1303.3997). 

An average of 1600 Mb were successfully mapped per sample; minimum was 960 Mb for 

the wild type sample. Variant discovery was performed with Genome Analysis ToolKit’s 

(GATK) HaplotypeCaller v3.6-0-g89b7209 (McKenna et al., 2010). Read alignments for variant 

regions were inspected for quality assurance using Integrative Genomics Viewer (IGV) 

(Robinson et al., 2011). The functional impact of variants was predicted using SnpEff 4.2 

(Cingolani et al., 2012). 

 

Data analysis 

 Figures and graphs were prepared using Microsoft Powerpoint, Microsoft Excel, and 

Graphpad Prism. Statistical analyses were performed with Student’s t test or ANOVA 

implemented in Graphpad Prism. 
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Figure 1. Screening for small molecule inhibitors of Burkholderia intercellular spread.  

(A) Schematic of the cell fusion assay, with example images. (B) Schematic of the high-

throughput cell fusion-based small molecule screen. (C) Example 384-well plate image from 

screening of an FDA-approved drug library at 5 μM concentration. Lower panel shows the 

enlarged image of a positive control well (DMSO-treated and infected), negative control well 

   
 
Fig. 1. Screening for small molecule inhibitors of Burkholderia intercellular spread. (A) 
Schematic of the cell fusion assay, with example images. (B) Schematic of the high-throughput 
cell fusion-based small molecule screen. (C) Example 384-well plate image from screening of 
an FDA-approved drug library at 5 µM concentration. Lower panel shows the enlarged image of 
a positive control well (DMSO-treated and infected), negative control well (uninfected), and wells 
treated with the known antibiotic trimethoprim and the FDA-approved antifungal flucytosine. 
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Fig. 1. Screening for small molecule inhibitors of Burkholderia 
intercellular spread. (A) Schematic of the cell fusion assay, with 
example images. Upon infection of cell monolayers, Bt, Bp, and Bm are 
able to form multinucleate cells that ultimately burst, forming plaques. 
(B) Schematic of the high-throughput cell fusion-based small molecule 
screen. HEK293-GFP cell monolayers were incubated with small 
molecules, infected with Bt, and then evaluated by laser scanning 
cytometry for the presence, abundance, and size of MNCs/plaques. (C) 
Example 384-well plate image from screening of an FDA-approved drug 
library at 5µM concentration. Lower panel shows the enlarged image of 
a positive control well (DMSO-treated and infected), negative control 
well (uninfected), and wells treated with the known antibiotic 
trimethoprim (which inhibited cell fusion) and the FDA-approved 
antifungal flucytosine (which abrogated cell fusion). 
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(uninfected), and wells treated with the known antibiotic trimethoprim and the FDA-approved 

antifungal flucytosine. 
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Figure 2. Identification of novel small molecule inhibitors of Burkholderia intercellular 

spread.  

(A) Proportional venn diagram showing the number of small molecules that reproducibly 

inhibited intercellular spread by B.thailandensis, B. pseudomallei, and B. mallei. Of the 273 

primary hits originally identified during high-throughput screening against B.thailandensis, 92 

reproducibly inhibited B.thailandensis intercellular spread, and 32 reproducibly inhibited 

intercellular spread by B. pseudomallei and/or B. mallei. (B) Diagram of the Burkholderia 

intercellular lifecycle, indicating the lifecycle stage at which 10 priority small molecule hits act. 
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Figure 3. Identification of a novel fluoroquinolone, burkfloxacin, as a potent inhibitor of 

Burkholderia intracellular replication.  

(A) Chemical structure of burkfloxacin (1-Ethyl-6-fluoro-7-(4-morpholinyl)-4-oxo-1,4-dihydro-

3-quinolinecarboxylic acid). (B) Burkfloxacin completely ablates intercellular spread of 

B.thailandensis E264 and B. pseudomallei 1026b at a concentration of 0.5μM. (C) Burkfloxacin 

inhibits intracellular replication of B.thailandensis at a concentration of 0.5μM. (D) Burkfloxacin 

does not inhibit in vitro growth of B.thailandensis at a concentration that robustly inhibits 

intracellular replication (0.5μM). (E) Burkfloxacin inhibits the negative supercoiling activity of 

E. coli DNA gyrase, similarly to ciprofloxacin. 
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(C) Burkfloxacin inhibits intracellular replication of Bt at a concentration of 0.5µM. (D) Burkfloxacin does not inhibit in vitro growth 
of Bt at a concentration that robustly inhibits intracellular replication (0.5µM), suggesting accumulation or activation of 
burkfloxacin inside host cells. (E) Burkfloxacin inhibits the negative supercoiling activity of E. coli DNA gyrase, similarly to 
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Figure 4. The FDA-approved antifungal 5-flucytosine (5-FC) potently inhibits Burkholderia 

intercellular spread by disrupting the secretion activity of the Type 6 Secretion System-5 

(T6SS-5).  

(A) Chemical structure of flucytosine. (B) Plaque forming efficiency of B.thailandensis E264 

and B. pseudomallei 1026b at varying concentrations of 5-FC. (C) 5-FC blunts and delays 

intracellular replication of B.thailandensis. (D) 5-FC does not inhibit in vitro growth at a 

concentration that robustly inhibits intercellular spread (25μM). (E) 5-FC inhibits intercellular 

spread irrespective of time-of-addition (24 hrs prior to infection, 1 hr prior, 1 hr after, and 6 hrs 

after), suggesting that 5-FC blocks a late lifecycle step downstream of endosome escape. (F) 5-
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fusion defective mutant (ΔvgrG), suggesting that it inhibits membrane fusion. (G) 5-FC does not 
significantly alter expression of virulence loci inside cells, including the virulence regulators 
(VirG and BsaN), T3SS genes (BsaN and BsaM), motility genes (Fla2 and BimA), or T6SS 
genes (ClpV and VgrG). (H) 5-FC inhibits secretion of Hcp (supernatant) in both Bt E264 and Bp 
1026b, but does not affect expression of Hcp (pellet), suggesting that 5-FC inhibits T6SS-5 
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FC does not inhibit the intracellular replication of a fusion defective mutant (ΔvgrG), suggesting 

that it inhibits membrane fusion. (G) 5-FC does not significantly alter expression of virulence 

loci inside cells, including the virulence regulators (VirG and BsaN), T3SS genes (BsaN and 

BsaM), motility genes (Fla2 and BimA), or T6SS genes (ClpV and VgrG). (H) 5-FC inhibits 

secretion of Hcp (supernatant) in both B.thailandensis E264 and B. pseudomallei 1026b, but does 

not affect expression of Hcp (pellet), suggesting that 5-FC inhibits T6SS-5 secretion activity.	
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Figure 5. The activity of 5-flucytosine requires metabolic conversion to 5-fluorouracil and 

then to fluorouridine monophosphate (F-UMP).  

(A) Diagram of 5-FC metabolism in Burkholderia. 5-FC is taken up by the bacterial cell via 

CodB, and subsequently converted by CodA to 5-FU. 5-FU is converted to F-UMP by UPRT. 5-

FU is also converted to F-UR by uridine phosphorylase (UP), which can in turn be converted to 

F-UMP by uridine kinase (UK). F-UMP is then converted to F-UDP and then F-UTP. 5-FU can 

also be converted to fluorodeoxyuridine (F-UdR) by thymidine phosphorylase, which is in turn 

converted to fluorodeoxyuridine monophosphate (F-dUMP) by thymidine kinase. Ribonucleotide 

reductase (RR) is able to convert F-UDP to F-dUMP. (B) Plaque forming efficiency of 

B.thailandensis in the presence of 5-FC and its downstream metabolites. Intercellular spread is 

inhibited by 5-FC, 5-FU, and at high concentrations, F-UR, but not by F-UdR. (C) Transposon 

insertion into codA or uprt, but not TP, UP, or RR, results in resistance to 5-FC, indicating that 
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insertion into codA or UPRT, but not TP, UP, or RR, results in resistance to 5FC, indicating that metabolism of 5FC to 5FU and then to FUMP is 
essential for its inhibitory effect on Burkholderia. 
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metabolism of 5-FC to 5-FU and then to F-UMP is essential for its inhibitory effect on 

Burkholderia. 
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Figure 6. 5-FC resistance screen identifies a novel regulator of T6SS-5 secretion activity.  

(A) Schematic of the forward genetic screen for 5-FC-resistant chemical mutants. (B) Mutations 

clustered in two genomic regions: a two-component transcriptional regulator adjacent to the Fla2 

locus (farA and farB) and a polyketide synthase cluster (thaP and thaO). Red arrows indicate the 

location of SNPs. (C) Transposon insertions into these loci results in partial resistance to 5-FU. 

(D) farA and thaP mutants display accelerated plaque formation relative to wt. (E) The farA 
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clustered in two genomic regions: a two-component transcriptional regulator adjacent to the 
Fla2 locus (farA and farB) and a polyketide synthase cluster (thaP and thaO). Red arrows 
indicate the location of SNPs. (C) Transposon insertions into these loci results in partial 
resistance to 5-FU. (D) farA and thaP mutants display accelerated plaque formation relative to 
wt. (E) The farA mutant has consistently elevated Hcp secretion (supernatant) but similar Hcp 
expression (pellet), relative to wt, suggesting that farA negatively regulates T6SS-5 secretion 
activity.  
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mutant has consistently elevated Hcp secretion (supernatant) but similar Hcp expression (pellet), 

relative to wt, suggesting that farA negatively regulates T6SS-5 secretion activity.  
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 One of the greatest challenges of my education as a biologist was learning to overcome 

my own “imposter syndrome,” that inner voice telling me that I was an outsider looking into the 

world of science. Although I was fortunate to have the decent memorization skills that most of 

my science courses required to succeed, it was not until the tail end of my undergraduate career 

that I began to truly think of myself as a scientist. This transformation only occurred once I took 

on my own research project in a real laboratory environment and took several courses that 

required me to be an active participant in the scientific process and a critical consumer of 

scientific literature.  

 As I taught students and delved into the rich literature on scientific teaching during my 

PhD training, I began to understand that my undergraduate experience is far too often the 

experience of other undergraduates in STEM. By reflecting on my own educational experiences 

and listening to students in the classroom, I realized that students learn best when they are 

empowered to take an active role in their learning experience. This idea has become the core of 

my teaching philosophy and informs the design and implementation of my curricula, as well as 

my individual interactions with students.  

 To achieve my goal of empowering students to approach their learning experiences as 

scientists, I utilize evidence-based learning techniques to build a student-centered, active 

learning classroom. When I helped redesign the MIMG 495 TA training curriculum, I took a 

backward design approach that emphasized student learning over traditional teacher-centered 

priorities such as ease of lesson planning. I started by asking, “What should students be able to 

do by the end of each lesson and at the end of the course?” I designed measurable student 

learning outcomes (SLOs) using action verbs to describe what students could do to demonstrate 

their learning. As an example, when I teach about assessments and grading during my TA 
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training seminar, SLOs include, “TAs will be able to explain the differences between formative 

and summative assessments,” and, “TAs will be able to design a rubric to assist in consistent 

evaluation of exam responses.” These SLOs provide students with a concrete and measurable 

way to demonstrate their learning. Additionally, they give me insight into what kind of active 

learning activities would help students achieve the SLOs.  

 As an example, to help students meet the SLO of designing a rubric, I have students 

grade sample problem set responses without a rubric, then work in groups to discuss the grades 

they assigned to the responses. I then have the groups write on the board some of the areas of 

disagreement among their group and what kind of information they might need in a rubric to 

ensure accurate and consistent grading among the group. After facilitating a class discussion 

about elements of a rubric that might contribute to accuracy and consistency in assessment, I 

have the students work to design a rubric for a different sample problem set, which then allows 

me to assess their progress toward the SLO. By incorporating specific action verbs across 

multiple levels of Bloom’s taxonomy, I ensure that my students will learn by doing, and that 

their learning experience will revolve around specific, measurable SLOs. This approach fosters 

the development of a classroom that utilizes active learning and frequent and transparent 

assessment methods to encourage students to approach their education in a highly participatory 

and critical manner. 

 When designing classroom experiences to help students achieve prescribed learning 

outcomes, I emphasize collaboration and participation in the classroom in a way that is reflective 

of the collaborative nature of science. Countless studies have clearly demonstrated the impact of 

active learning practices in the STEM classroom on exam scores (Jensen & Lawson, 2011), 

retention rates (Graham et al., 2013), and equitable outcomes for underrepresented minority 
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(URM) students (Haak et al., 2011). Because of this preponderance of evidence, I view the role 

of a teacher as a facilitator of student learning rather than as a gatekeeper of knowledge. 

Therefore, rather than feeding students lists of scientific facts and experimental results, I often 

ask students to take on the role of scientists and build hypotheses, predict experimental 

outcomes, and debate the merits of scientific papers and theories. The scientific process is kinetic 

and collaborative, and this is reflected in my classroom where students are expected to move 

around the room between groups and write on the board. By focusing on student-centered 

activities in the classroom, I find that students who may not have normally engaged in the 

learning process become more enthusiastic and perform better than they might in a more passive 

learning environment. 

 Like the scientific method itself, I believe that teaching and learning is an iterative 

process. Therefore, I provide frequent opportunities for my students and myself to evaluate 

students’ progress toward our learning outcomes through formative assessments. Research 

suggests that the implementation of formative assessments in the STEM classroom enhances 

student learning (Wiliam et al., 2004). By giving students continuous chances to assess their own 

progress toward an intended learning outcome in a low-stakes environment, I build a classroom 

atmosphere that values student learning over grade assignment and competition. Frequently, 

these formative assessments overlap with active learning techniques utilized in my classroom. 

For example, I might ask students to work in groups to design an experiment to test a specific 

hypothesis, and then to diagram anticipated results of that experiment on the board. In doing so, 

students are given a chance to determine whether or not they have acquired the skills necessary 

to meet an intended learning outcome. These opportunities are equally useful to myself as an 

instructor, as they give me a window into my students’ progress and common misconceptions 
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that if left unaddressed may become barriers to the learning process. In combination with 

specific and measurable learning outcomes, frequent formative assessments allow me to develop 

a classroom that emphasizes transparency in the learning process. This transparency allows 

myself and my students to effectively participate in the iterative process of adapting our teaching 

and learning strategies to meet the unique needs of each classroom so that all students can 

achieve proficiency. 

 Finally, my entire teaching philosophy centers around the idea that effective teaching in 

STEM emphasizes the development of students’ personal identities as scientists. In this regard, 

perhaps the most important measure of my success as a teacher is the extent to which I develop 

an inclusive and equitable classroom that encourages all students to succeed and identify as 

scientists. A recent “Enhancing Student Success and Building Inclusive Classrooms at UCLA” 

report found that URMs are more likely than other students to feel that their contributions were 

not valued in the classroom (Sylvia Hurtado, 2015). Additionally, the same report found a 

significant disparity between STEM retention and graduation rates for URM, low socioeconomic 

status (SES), and female students versus male, non-URM, high SES students.  

 As a male, non-URM student, I am keenly aware of my own privilege and the importance 

of acknowledging and addressing the unique barriers faced by different groups of students in the 

sciences. Fortunately, there is a significant body of research suggesting that specific teaching 

practices can aid in overcoming these obstacles. For example, studies have shown that active 

learning environments such as the ones that I foster in my classrooms can play a role in making 

students feel valued and included in the learning environment (Braxton et al., 2000). 

Additionally, the Building Inclusive Classrooms report at UCLA found that specific grading 

practices can aid promoting equity in STEM classrooms, and therefore I advocate inclusive 
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criterion-based grading practices to the TAs that I train. As an LGBT scientist, I remember 

feeling excluded by classroom problems and examples that often exclusively focused on white, 

male, heterosexual anecdotes and storylines. Therefore, I am mindful of incorporating diverse 

examples into classroom problem sets and taking time to highlight scientists of different 

backgrounds. By acknowledging and addressing historical and current disparities in science and 

science education, I encourage my students to confront their own implicit biases and to foster a 

classroom environment where every student thinks of themself as qualified, capable, and valued 

member of the scientific community. 

 As a teacher and a scientist, one sentiment that sticks in my mind and molds my teaching 

philosophy is Stephen Brookfield’s assertion in The Skillful Learner that, “Teaching is about 

making some kind of dent in the world so that the world is different than it was before you 

practiced your craft.” To me, this idea highlights two of the most exciting aspects of teaching in 

the undergraduate STEM classroom. First, my role as a teacher gives me the unique opportunity 

to impart a scientific identity on students who may otherwise go through much of their 

undergraduate career as I did seeing themselves as an outsider in the world of science. Secondly, 

as prominent scientists such as Carl Wieman and Bruce Alberts have highlighted with increasing 

urgency, there is much room for improvement in the way we teach science to undergraduate 

students. As a scientist, I am drawn to challenging problems. By approaching teaching in a 

scientific manner, treating the classroom as a dynamic, hypothesis-driven and evidence-based 

laboratory environment, I hope to be able to contribute to STEM education research and make a 

dent in the broader world of undergraduate science education. 
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Different Strokes: Blending
Microbiology and Art
Microbiologists collaborating with artists uncover new ways to find beauty and
importance in microbes and to make them into art

Jeffrey Maloy

Although Michele Banks is not a microbiologist,
she found herself speaking to a packed room of
microbiologists at the 2016 ASM Microbe meet-
ing in Boston last June. “It all started with the
paint,” she says. “I was working with wet-in-wet
watercolor, making abstract paintings with a kind
of bleeding look and fuzzy edges. I had a show at
Children’s National Medical Center in Washing-
ton, D.C., and the art coordinator told me that . . .
my work looked like ‘friendly little things under a
microscope.’”

The idea was intriguing to Banks, and as she
began to look at microscopic images she discov-
ered a new subject for her art: microbes. “[They]
appealed to me at the visual level, but I was also
really attracted to the idea that there’s this whole
microscopic world that we can’t see just with our
eyes, that is happening all around us and even
inside us all the time.”

Nowadays, Banks is a fıxture in the world of
microbiology and runs an online store selling her
microbe art, Artologica, which was featured
prominently in scientifıc venues such as Scientifıc
American, Wired, and Microbe, among others.
And her message to microbiologists during the
fırst microbial art symposium at ASM Microbe is
emphatic. “They don’t build museums because
art is pretty. They build them because art is im-
portant.” Like science, Banks explains, art is a way
of understanding the world around us, and mi-
crobe art uses microbiology to help us make sense
of our humanity.

To illustrate her point, Banks refers to an
iconic photograph of an AIDS patient named
David Kirby on his deathbed with his mourning
family surrounding him. The black-and-white
photograph, taken by a young photographer
named Therese Frare during the height of the
AIDS epidemic in 1990, is devastating. And al-

though the casual observer may not look at the
photograph and see the virus, to Banks this photo
is a portrait of HIV. “A scientifıc or clinical view
of what a virus can do—replicate, cause infection,
eventually kill their host—is not the full view. In
the artist’s view, that tiny virus just devastated a
whole family.”

Similarly, Banks uses her own microbial art to
connect the study of microbiology with the hu-
man experience of microbes. In one of her proj-
ects, Banks gleaned inspiration from data col-
lected by the Home Microbiome Project, which
analyzes microbes on smart phones. The result
was a painting she calls “Phonome,” in which
Banks depicted microbes as different, brightly
colored application icons on a smart phone
screen. “Art’s key role in the dissemination of
microbiology is to draw people in, to intrigue
them,” she says. In this case, by depicting giant
colorful microbes on a screen, she hopes to
make the science more salient to smartphone
users. Her larger goal is that the emotion and
sense of wonder experienced by those who view
works like Phonome may be harnessed for sci-
ence advocacy.

SUMMARY

➤ Art, a way of understanding the world around us, can use microbiology to
help us make sense of our humanity.

➤ Conversely, the artful use of microorganisms can make the science of
microbiology more accessible to the lay public.

➤ Bioluminescent and brilliantly colored microbial species are being used as
media for making works of art.

➤ Microbially based artworks can help to interest members of the public in
science, giving them fresh opportunities to reflect on scientific issues.

FEATURE ARTICLE
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From the Bench to the Kiln: Microbial
Pottery as an Elevator Pitch for Science

Peggy Muddles might be considered a living em-
bodiment of Michele Banks’ ambitious vision for
microbial art. “I don’t think I ever really spoke to
a nonscientist about science before my fırst art
show that featured my microbial ceramic work,”
Muddles says. Unlike Banks, Muddles works by
day as a laboratory scientist at the University of
Toronto Centre for the Analysis of Genome Evo-
lution and Function. But like Banks, she discov-
ered an aesthetic appreciation for microbes early
on in her career as a scientist.

“When I started my undergraduate degree in
biology, I needed some kind of creative out-
let—my brain doesn’t do well with a rigid sched-
ule— but I didn’t have space for an art studio. I
discovered a local pottery studio, took a few
classes, and fell deeply in love with clay,” says
Muddles of her beginnings in microbial art.
“When I took my fırst microbiology class in third

year, it was like I had found my spirit animal.
Suddenly all I wanted to create was bacteria and
viruses and microscopic structures rendered at a
relatively massive scale.”

Muddles’ fascination with recreating microbes
in clay form has led her on a thrilling journey of
science communication and advocacy that she
hadn’t entirely expected. “Art shows were my fırst
introduction to the whole notion of science com-
munication, and there was a steep learning
curve,” she says. “I quickly learned that sharing
my excitement, and the reasons for it, were the
keys to engagement. I had to toss out all the
jargon and Latin names, and focus on connecting
with the public through things they already had
some basic knowledge about.”

Muddles’ commitment to public engagement
has paid off. “As I’ve become better at explaining
my art, I’ve gotten a lot more nonscientist cus-
tomers,” she says. “I love that it’s possible to con-
vince the lay public to wear a virus around their
neck by getting them excited about something
incredibly technical like capsid self-assembly. I
love that they learn enough about it to explain it
to their friends. It’s incredibly gratifying to see
their eyes light up when they grab the person they
came with and proudly explain what they just
learned through my art.”

Bioluminescent Bacteria in Research and Art

While artists like Michele Banks and Peggy
Muddles use microbes as their inspiration, oth-
ers are beginning to explore the use of microbes
as the medium for their art. Consider Siouxsie
Wiles, head of the Bioluminescent Superbugs Lab
at the University of Auckland in New Zealand.
Her research focuses on bioluminescent bacte-
ria as a potential source for antibiotics and as a
means for developing bioluminescence-based
animal models of bacterial infection. However,
a few years ago Wiles realized that biolumines-
cent microbes readily pique the interest of non-
scientists.

When a friend asked Wiles to participate in a
local art show called Art in the Dark, Wiles col-
laborated with an artist to prepare a three-dimen-
sional vessel in the shape of a Hawaiian bobtail
squid, which forms a symbiotic relationship with
bioluminescent bacteria, Vibrio fıscheri. She fılled
the squid-shaped vessel with V. fıscheri, and let
Art in the Dark participants handle it.

Their response was phenomenal. “When peo-

FIGURE 1

“Phonome” by Michele Banks.

FEATURE ARTICLE

422 • Microbe—Volume 11, Number 12, 2016



	193 

 

ple fınd out the light is being made by living
microbes, their interest takes on a whole different
dimension and the questions start!” Wiles says.
“Are the works really made of living bacteria?
How do the bacteria make light? Why do the
bacteria glow? Where do the bacteria normally
live?” Another upshot is this art display en-
abled Wiles to share her research with the pub-
lic in a curiosity-driven manner. “Chatting
with people about the artwork usually leads on
to further questions about the research my lab
does, which is using bacteria like Staphylococcus
aureus, Pseudomonas aeruginosa, and Mycobac-
terium tuberculosis, which we engineered to pro-
duce the same kind of light, to fınd new antibiot-
ics, and to understand how nasty bacteria cause
disease.”

Later, Wiles harnessed this public enthusiasm
for this artwork to further her research goals. “All
of the artists who I have worked with allow me to
sell merchandise made from photos taken of their
works to support my research lab,” she says. For
instance, Wiles uses a website called RedBubble
to sell t-shirts, phone cases, notebooks, and more

items that are based on the bioluminescent art-
work she produced with her collaborators. About
10 –15% of the sales revenue from those products
goes directly to support her research. “We don’t
make a lot of money,” she says. “But every little bit
counts.”

Wiles continues to produce a variety of liv-
ing bioluminescent art pieces, including “sculp-
tures” and a photo booth. “I love all of the
works [I have produced] in different ways,” she
says. “But I think my favorite project was the
very fırst exhibition I curated, as part of Think
Science Day at the Auckland Arts Festival. I
brought together seven different artists and
challenged them to ‘paint’ with bacteria, giving
them a collection of square petri dishes so that
their ‘canvas’ was about 1 meter high and 1
meter wide. Just seeing what they produced was
fantastic.”

C-MOULD: Bacteria Collected for Use in Art

Like Wiles, Simon Park, a bacterial geneticist,
recognizes the power of microbial art to engage

FIGURE 2

“From the Cells to the Stars” by Michele Banks, 2011.
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the public. His journey began 10 years ago, while
teaching a fırst-year undergraduate microbiology
lab course at the University of Surrey in the
United Kingdom (UK). As a fun side project,
Park had his students make simple drawings on
agar plates using pigmented bacteria. Out of the
blue, he received a call from an artist named Jo-
Wonder, who told him that she wanted to try
working with bacteria in her art. The two applied
and received funding from the Wellcome Trust
to make a version of John Millais’s painting
“Ophelia” entirely from bacteria. The ambitious
project required Park to curate a library of pig-
mented bacteria, with about 20 different types to
provide different hues. The Park and JoWonder
collaboration was a hit, receiving plenty of press
in and outside the UK.

“I was inspired by the way that the beauty of
the painting drew people in, and then by peoples’
reaction as they discovered it was made entirely
by bacteria and thus things that normally invoke
disgust,” says Park. “This was when I became
really interested in art and biology and its ability
to engage people in ways that more formal scien-
tifıc processes often don’t.”

Following his fırst experiment with microbial
art, Park continued to explore the diversity of
bacteria through art. “Bacteria are important for
many other reasons than just producing color,”
he says. These interests led him to curate the
world’s largest collection of microbes, called C-
MOULD, for use in the arts. In this collection,
Park maintains more than 50 different types of
bacteria with properties that make them intrigu-
ing for artistic purposes. “In the C-MOULD col-
lection, I have bacteria that can generate gold
(from gold salts), make nanocellulose (for tex-
tiles/paper), form electrically conductive nano-
wires, and detect quorum-sensing signals.” Park
and others are using these microorganisms for a
variety of projects, ranging from microbial paint-
ings to a new book cover for an edition of The
Origin of Species. That cover is based on pig-
mented bacteria drawn onto a cellulose canvas
made entirely from a hyper-cellulose producing
variant of Gluconoactebacter xylinus.

Through his microbial art, Park discovered a
means for engaging the public in microbiology
that often is overlooked. One larger aim, he says,
“is to change the perception that bacteria are
primitive and simple, and to reveal their complex
social lives and amazing abilities.” Acclaim for
these artistic collaborations as well as for his art
blog (www.exploringtheinvisible.com) helps him
in furthering this goal.

Moreover, like Siouxsie Wiles, Park fınds that
his involvement in artistic endeavors leads him
along new avenues of research. Earlier, he fo-
cused on the molecular biology of Campylobacter
jejuni and other organisms involved in food-
borne illness. Some of his new research directions
include “pattern formation in liquid cultures of
bioluminescent bacteria and the characterization
of bacteria that detect and respond to physical
forces in their growth environment,” he says. Al-
though his interest in foodborne illness contin-
ues, “working with bacteria through art has given
me now a much broader perspective of the micro-
biological world.”

From Micro to Macro: Cultural
Implications of Microbial Art

“Both art and science can be ways of exploring the
world,” says microbiologist T. Ryan Gregory of
the University of Guelph in Ontario, Canada.
“For me, BioArt is a fascinating way to connect

FIGURE 3

Phytopathogen canister” by Peggy Muddles-earth-
enware clay, 2016. The canister itself depicts a
giant, stylized plant cell, to which a phytopatho-
genic bacterium (modelled after Pseudomonas sy-
ringae) has attached itself. Serving as the handle for
the canister lid, the bacterium pierces the cell wall
with its Type 3 Secretion System, a modified pilus
that delivers virulence proteins into the cell.
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with the organisms that are often used in scien-
tifıc research as well as a means of appreciating a
lot of hidden biological diversity that is normally
too small for us to notice.”

As an evolutionary biologist, Gregory got his
start in microbial art when he set out to create an
exhibit honoring Darwin in 2009, the 200th anni-
versary of Darwin’s birth and the 150th anniver-
sary of The Origin of Species. “I wanted my lab to
contribute something living that would change
over time,” he says. “Painting with microbes
turned out to be perfect for this.”

After the exhibit, Gregory remained interested
in microbial art, and began curating an online
collection of many of the best examples (www.
microbialart.com). Although he agrees that mi-
crobial art is an important tool for outreach,
Gregory maintains that it has a deeper role in
shaping the collective scientifıc culture.

“BioArt can be used not just as a way to get the
public interested in science, but also to give them
an opportunity to reflect on issues raised by sci-
ence, such as our place in nature, the diversity of
life (much of it unseen), our interactions with

microbes (both positive and negative), and so
on,” says Gregory. “BioArt provides a very useful
venue for exploring issues related to ethics, the
human condition, the impact of science on our
lives, and the way people understand what sci-
ence is and what it does and does not do. As with
any high-level artistic endeavor, BioArt can elicit
emotions and stimulate reflection about the cur-
rent state of society. Given how prominent biol-
ogy is in modern societal issues, I think that Bio-
Art could have a very important role to play in
this regard.”

To underscore his view of the cultural impact
of microbial art, Gregory cites leading BioArtist
Eduardo Kac, who described BioArt as the fırst
artistic movement of the 21st century. To hear
him discuss BioArt, one gets the impression that
Gregory sees it as the “Wild West” of microbiol-
ogy. And like generations of microbiologists be-
fore him, from Anton van Leeuwenhoek to Rob-
ert Koch, its mysteries draw him in.

“I don’t think the BioArt movement is suffı-
ciently well developed or defıned yet to draw clear
boundaries of what is and isn’t ‘legitimate’ art in

FIGURE 4

‘SalmonellaSalmonella’ by Hope Sutherland in collaboration with Siouxsie Wiles. Photo by Benj Brooking.
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that domain,” Gregory says. He points to the
variety of artistic mediums employed by others,
including Banks, Muddles, Wiles, and Park, as
examples of the incredible diversity of microbial
art. “BioArt continues to evolve, and having a

diversity of explorations out there is, in my view,
a good thing.”

Jeffrey Maloy is a graduate student at the University of
California, Los Angeles.

Artists

Michele Banks: artologica.blogspot.com
Peggy Muddles: thevexedmuddler.com
Siouxsie Wiles: www.redbubble.com/people/siouxsiew
Simon Park: www.exploringtheinvisible.com
T. Ryan Gregory: www.microbialart.com

ASM Agar Art

No discussion of microbial art would be complete without a mention of ASM’s own Agar Art contest, in which
submitters can express their creativity through cultures grown on agar plates. See the 2016 winners on the Microbe World
site:
http://www.microbeworld.org/backend-submitted-news/2132-announcing-asm-s-agar-art-2016-winners.

FIGURE 5

A sample of the bacterial “palette” available in Simon Park’s C-MOULD collection (www.exploringtheinvisible.com).
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Bruce Alberts: Redefining and promoting science education 

 “I don’t like the word proud,” Bruce Alberts says when asked about his myriad 

accomplishments. “I don’t think that’s the right word.”  

 So how would Alberts describe his transformative career that includes a 12 year tenure as 

president of the National Academy of Sciences, his discovery of the first single stranded DNA 

binding protein, or his appointment as one of the first United States Science Envoys by President 

Obama in 2009? 

 “As scientists, we enjoy solving problems. If it’s an easy problem to solve you don’t get 

much enjoyment out of it. But if it’s a challenge and you feel that in the end you’ve made 

something work that was really difficult, that’s the most enjoyable part of anything in life for 

me,” Alberts explains. “Fortunately there have been many challenges I have overcome that have 

made me feel really good.” 

 His first major challenge in science, as Alberts likes to tell students, came during his 

undergraduate years at Harvard. “The challenge of education really is finding out what you enjoy 

doing and you feel that you are reasonably good at.” To make his point, Alberts recalls his early 

fascination with mathematics. “I was reasonably good at mathematics and enjoyed it, but my first 

year at Harvard I was in a special class for math students, with maybe 50 or 100 students in the 

class. There were 4 of them that were off the scale and tutoring the rest of us. I realized that I 

could be a mathematician but I would be a mediocre one.” Instead, Alberts found himself almost 

by accident stumbling into a research laboratory his junior year and discovering his aptitude for 

biology. “I didn’t really think I enjoyed science until I got into a research lab and found out what 

it was.” 
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 Now, many years after initially discovering his passion for science outside of what he 

refers to as “cookbook laboratory classes,” Alberts has discovered a new passion: improving 

science education. Science education, Alberts insists, is not just for scientists. “Every student 

should understand what science is and how it works, and be able to think rationally and use 

evidence to make judgments whether they’re a lawyer, a scientist, a machinist, or whatever.” 

Whereas reading and math have traditionally been at the core of K-12 education, Alberts argues 

that science education belongs right alongside these education stalwarts. “Science,” he explains, 

“needs to be redefined as learning how to think logically and insist on evidence.” 

 With such an ambitious goal for science education, you could ask what is the best place 

to begin. For Alberts, this is an easy question. “If we are going to change anything in redefining 

education at any level, it really has to start at college, because colleges set the example for what 

science education really means.” Alberts views ASM as a potentially important player in 

changing the way science education is carried out in universities across the United States and 

around the world. “Scientists pay attention to scientific societies” like ASM, he explains.  

 “People who are teaching flipped classrooms and using active learning in science classes 

should be explaining to other scientists who are interested how they are doing it, what the 

advantages are, and sharing resources.” In Alberts’ view, conferences like the annual Microbe 

meeting or the ASM Conference on Undergraduate Education (ASMCUE) can play an important 

role in spreading a culture of enhanced science education in the college classroom.  

 Additionally, Alberts hopes to see ASM expand resources available to science educators. 

“I think something ASM could do for biology courses is to collate and select the kind of 

discussion questions you need for making active learning classrooms really worthwhile. To 
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encourage [science] teachers we need to give them good exercises and good problems for 

students to work on,” says Alberts. “ASM could have a major role here.” 

 As for young microbiologists, Alberts has some pointed advice on how to get the most 

out of their science education. “Try to find something when you’re young that you’re really 

interested in and try to find somebody who is an accomplished scientist to teach you how to 

approach a problem and how to design a strategy. There are millions of experiments you can do, 

but only very few of them are really ones you should do. So learning how to use strategy is 

essential in science. And you learn that by making lots of mistakes, and by looking at other 

peoples’ mistakes and studying other peoples’ failures.” As Alberts has demonstrated over the 

course of his illustrious career, this ability to find interesting problems and strategize can be a 

powerful force in facing and overcoming many of the most challenging and rewarding endeavors 

in science. 
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Elizabeth Bess: From organometallic chemistry to gut microbiota to cancer 

 In Peter Turnbaugh’s microbiology laboratory at UC San Francisco, Elizabeth Bess is an 

undercover chemist. After spending her graduate career at the University of Utah training as an 

organometallic chemist, Bess found herself increasingly attracted to the gut microbiota as a 

milieu of complex chemical reactions. “I became intrigued by the exquisite specificity with 

which enzymes can perform some very challenging chemical reactions,” says Bess. “The 

opportunity to explore new ways of making and breaking bonds, via microbes, drew me to 

microbiology.” 

 Since Bess joined the Turnbaugh lab in 2015, she has focused her chemistry expertise on 

microbial metabolism. As it has become increasingly clear that the gut microbiota plays an 

astounding variety of roles in animal physiology, Turnbaugh’s lab has emerged as a leader in the 

study of xenobiotic metabolism and the resultant small molecule products of our gut microbes. 

“Depending on the suite of bacteria that each individual uniquely harbors, the reactions that can 

take place are variable,” Bess explains. The resulting molecules produced in these reactions may 

in turn have an impact on human health. As Bess points out, “Perhaps the saying shouldn’t be 

‘We are what we eat,’ but instead, ‘We are what our microbes eat.’” 

 In particular, Bess is interested in how microbes digest compounds called lignans that are 

found in many of the fibrous plant-derived foods commonly consumed by humans. While 

lignans by themselves are more or less biologically inert, they are often converted by gut 

microbes to metabolites known as enterolignans. These enterolignans have been implicated in 

protection against breast, colon, and prostate cancer. Because the conversion of lignans to 

enterolignans relies on our gut microbes, Bess is interested in discovering what microbial genes 
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are responsible for this conversion and whether the presence of those genes can prevent breast 

cancer in animal models. 

 Although she has found a home in the microbiology community, Bess brings a unique 

perspective to her microbial research as a classically trained organic chemist. “While I’m now 

using bacteria as my catalysts rather than small molecule transition metal catalysts, I think about 

biological problems from a chemical perspective,” she says. In fact, Bess has found that her 

interdisciplinary approach to microbiology has allowed her to become a more creative an 

imaginative scientist than she might be otherwise. “Science is a continuum from math to physics 

to chemistry to biology,” Bess explains. “The more fluidity that exists in how these fields are 

defined, the less confined we are to particular boxes, and the easier it is to follow where our 

curiosity might take us and find new ways to address scientific challenges.” 

 In addition to her research, throughout her academic career Bess has cultivated a passion 

for teaching. “I discovered a love for teaching as a violin instructor during my undergraduate 

days,” she recalls. “I love to see moments of clarity and awe dawn on students’ faces.” As a 

chemist and microbiologist, Bess has continued to teach in formal classroom settings and 

through public outreach. As Bess puts it, “These experiences are particularly rewarding because 

they plant seeds of appreciation for the beauty, complexity, and simplicity of the world.”  

 As a crossdisciplinary scientist with a knack for scientific teaching, an infectious sense of 

curiosity, and a passion for finding creative solutions to important challenges in the field of 

microbiology, Bess has found a likeminded and supportive community in ASM. Recently, she 

was awarded an ASM Career Development Grant for Postdoctoral Women, which she will use to 

delve deeper into her new community of microbiologists as she attends the Keystone Symposium 

on the Microbiome in Health and Disease this year. “Coming from a chemistry background, and 
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relatively new to the microbiology field, I was delighted to find ASM supportive of this diversity 

and the creativity that it can foster,” Bess says of receiving the grant. 

 Bess is already an accomplished organic chemist and as she delves ever deeper into the 

world of microbiology as a recently christened ASM member, her academic future looks 

promising. As she contemplates her future in microbiology, Bess muses, “The more that is 

discovered about the human gut microbiota and its complex interactions and feedback loops, the 

more excited I am to learn about how these bacteria are communicating and the role that small 

molecules play in this interaction.”  

 Regardless of what future directions her science takes her, Bess is sure of her most 

important career goal: “To keep being curious.” If her path from organic chemistry to xenobiotic 

metabolomics research is any indication, that curiosity promises to direct Bess to new frontiers in 

microbiology. 
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Jennifer Martiny: Exploring the diversity of microbial populations in the environment 

 Jennifer Martiny is passionate about biodiversity. But unlike dwindling elephant 

populations or endangered birds of prey that regularly make headline news, depictions of 

Martiny’s subjects are not likely to elicit the same kind of fawning admiration.  

 “Most people think about biodiversity and why it matters in terms of species - for 

instance, you might not want to lose entire species of large mammals, because you would like to 

know that your children and grandchildren could enjoy them in the future,” explains Martiny. 

“But many of the benefits that humanity derives from biodiversity are much more local and 

commonplace. The benefits of microbial diversity don’t receive as much attention as they 

deserve, but microbial diversity is essential for purifying our water, decomposing waste, and 

recycling nutrients.” 

 Martiny’s expertise in the diversity of microbial populations reflects her graduate 

background as an evolutionary ecologist. “I loved watching birds and catching butterflies, but it 

was hard to describe the connection between the variety of butterflies and clean water to my 

parents,” says Martiny. “The connection is much more direct with microbes that are breaking 

down pollutants.” 

 That direct connection between microbial diversity and ecosystem services like water 

purification was one of the factors that drew her to microbiology. The other was simple curiosity 

about a new field. “Whereas the field of conservation biology felt crowded, I could see that there 

were so many low-hanging questions about microbial ecology,” explains Martiny. “It was 

exciting to head in a direction that was so wide open.”  

 Though genetic tools such as PCR and 16S ribosomal DNA sequencing had become 

commonplace in the study of microbial ecology, it was clear that early studies were missing most 
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of the diversity in microbial communities (“A typical study at the time only included 100 

sequences!” Martiny exclaims). As a classical ecologist, Martiny found herself in familiar 

territory. “The problem of undersampling diverse communities was familiar to me – it was a 

problem my Ph.D. lab faced all the time, for instance, when we studied fly diversity in alpine 

regions of Colorado or butterflies and moths in tropical forests.” Thus, having never taken a 

microbiology course, Martiny found herself taking on a monumental task early on in her 

microbiology career – “counting the uncountable.” Looking back, Martiny says, “I can’t believe 

I had the guts to stand up in front of a bunch of microbiologists and say anything about bacteria!” 

 Nowadays, Martiny is a microbial ecology maven. Her work spans myriad biogeographic 

niches, from the coevolution of cyanophage and their hosts in diverse marine communities to 

manipulation of microbial leaf litter communities. Her studies of microbial communities are 

interdisciplinary and innovative. Take for example Martiny’s work developing microbial “cages” 

to manipulate microbial populations in natural environments. By using nylon cages in grassland 

environments, Martiny has been able to manipulate the composition of microbial communities 

and environmental factors to gain insight into how global change might affect the ability of 

microbial communities to perform important ecological functions such as decomposition of 

pollutants. “Being trained as an ecologist, field experiments are the gold standard,” Martiny 

explains. “It has been a long term goal of mine to manipulate microbial composition in the field 

with realistic communities. Only then can one really test how variation in microbial communities 

may or may not matter for ecosystem processes.”  

 Since she began studying microbial ecology, Martiny has witnessed a seismic shift in the 

scientific community’s recognition of the importance of the field. “I attended my first ASM 

meeting in 2001, when there were very few talks focused on ecological or evolutionary 
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principles of microbial communities,” says Martiny. This year, Martiny was on the program 

committee for the inaugural ASM Microbe meeting, where she was thrilled to see Ecological and 

Evolutionary Science become its own section. In the future,“I’d love to see ASM get further 

involved in the public discussion of the importance of biodiversity for our planet’s life support 

systems,” says Martiny. “There’s no worry that microbes won’t survive human-driven changes to 

the environment. But the consequences of these changes for the ecosystem services provided by 

microbes depend a great deal on how we are unknowingly changing the composition and activity 

of microbial communities around the planet.”  

 Essentially, Martiny claims, “Microbes are an incredibly big unknown in all of our 

current predictions.” By continuing to highlight the importance of microbial ecology, Martiny 

hopes that her work and the efforts of ASM will contribute to a better scientific and societal 

understanding of the critical role microbes play in our planet’s biodiversity. 
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ASM member profile: Elio Schaechter 

Born in Italy, raised in Ecuador, and trained in the United States and Denmark, Moselio 

(Elio) Shaechter has made his way around the world during his long and illustrious scientific 

career. “There is hardly a science that is more international than microbiology,” Schaechter 

posits. His personal journey seems to affirm this sentiment at every turn. 

Schaechter was born in Milan, Italy in 1928. In September of 1940, as persecution 

against Italian Jews ramped up, his family was forced to flee to Ecuador. It was Schaechter’s 

time living in Quito, the capital of Ecuador, that played a formative role in shaping his view of 

the scientific world. “In a developing country such as the beloved Ecuador of my youth, you 

were well served to acquire on your own knowledge and a measure of cunning,” Schaechter 

recalls. “This gave me a sense of confidence and empowerment that, I think, served me well.” 

At the age of 16, Schaechter received his first position in a microbiology laboratory at a 

pharmaceutical company. The paucity of resources available to microbiologists there forced him 

to put his newly acquired cunning to work. Schaechter recalls an early challenge given to him 

when a local cow died: rather than letting anything go to waste, he was given the heart and told 

to turn it into powder for the preparation of media to be used for syphilis tests. Without a hint of 

fondness, he describes an onerous week spent drying, grinding, pounding, and crushing the beef 

heart by hand into a fine powder. 

Though he soon moved on to become a microbiologist in the more resource-abundant 

research environment of the United States, these early experiences in a relatively rudimentary lab 

atmosphere gave Schaechter perspective that would stick with him throughout the rest of his 

career, contributing to his view of the importance of cross cultural collaboration in microbiology. 

“Many researchers in underdeveloped countries work under restricted conditions,” he says. 
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“They are true heroes and should be recognized for their pluckiness.” Schaechter adds that 

interacting with these colleagues can be an enriching experience for researchers accustomed to a 

different kind of laboratory atmosphere. “By interacting with international colleagues in 

underdeveloped regions, microbiologists in developed countries will find that they have a lot to 

learn from the ingenuity and determination of these less well provided researchers.” 

 As he sees it, ASM plays a vital role in the encouragement of these cross-cultural 

collaborations. “The microbial world knows no frontiers,” Schaechter claims. “Thus, ASM is 

concerned with a global science and its membership reflects that.” With almost a third of its 

47,000 members living outside the United States, “The ‘American’ in the name is in truth a 

misnomer,” says Schaechter. “ASM is the largest microbiology society anywhere and thus serves 

as the principle arena for international contacts and activities.” These activities are wide-ranging 

and have important global implications. “The challenges and opportunities facing the microbial 

sciences community are immense: the consequences of climate change for Earth’s microbial 

makeup, the impact of increased urbanization on the emergence of new pathogens, and so forth.” 

 In addition to its role in facilitating connections between scientists, Schaechter 

emphasizes the importance of ASM’s outreach efforts. In 2006, he created ASM’s ‘Small Things 

Considered’ blog, “To share [his] appreciation for the width and depth of the microbial activities 

on this planet.” The blog now reaches thousands of readers, including microbiologists and non-

microbiologists alike, spreading Schaechter’s infectious passion for the Earth’s prolific invisible 

inhabitants. “The microbial world conjures a mindset, not just a bunch of facts,” says Schaechter. 

“Microbiology deals with a huge proportion of the biological world and influences many other 

human endeavors, including geology, meteorology, and the social sciences. Our concern is for 

perhaps half of the biosphere, if not more.” Ultimately, Schaechter sees science as a societal 
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endeavor. “We must fully recognize its impact and importance for all people, not just its 

practitioners,” he asserts. For this reason, “ASM should continue to teach microbial literacy to 

scientists and laypeople alike.”  

 Though he began his (in his words) ‘active retirement’ over 20 years ago now, there is 

perhaps no more recognizable face of ASM in the global microbiology community than 

Schaechter. In 2010, ASM awarded the inaugural ‘Moselio Schaechter Distinguished Service 

Award’ that annually recognizes an ASM member who has demonstrated outstanding 

commitment to the furthering of microbiology research, education, or technology in the 

developing world. The award is a fitting tribute in appreciation of a man who has devoted the 

past 60 years of his life to expanding ASM’s international reach to promote communication and 

collaboration between scientists worldwide. 

Unsurprisingly, the appreciation is mutual. “I have been a member [of ASM] for over 60 

years and it has given me immense pleasure,” says Schaechter.  “I suppose that if I wanted a 

tattoo on my arm, it would say ‘ASM.’”  
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ASM member profile: Diane Griffin 

 Diane Griffin is more than a microbiologist. Her study of viral pathogenesis has led her 

on a journey through a variety of disciplines, including virology, immunology, and neuroscience.  

“At graduate school in the Department of Microbiology at Stanford, I figured out that 

understanding infectious diseases required investigating more than how organisms replicated,” 

Griffin explains. This realization had a profound impact on Griffin’s understanding of the 

microbial sciences, causing her to pursue an MD as well as a PhD and influencing her decision to 

join a prominent neurovirology laboratory. “It was as a postdoctoral fellow in Richard Johnson’s 

laboratory at Johns Hopkins that I learned firsthand the advantages of a multidisciplinary 

approach to the study of viral pathogenesis,” she says. “The goal of that laboratory was to 

understand the diseases caused by virus infections of the nervous system. To solve these puzzles 

using animal models required the skills of virologists, neuroscientists, pathologists, 

immunologists, veterinarians, neurologists, and molecular biologists.” 

The integration of seemingly disparate disciplines has been a signature of Griffin’s 

career. Her research primarily focuses on the mechanisms of pathogenesis for RNA viruses and 

how the immune response can combat these infections. Her laboratory uses animal models and 

samples from human patients to determine the relative contributions of the virus and the host to 

patient outcomes from infections that cause encephalomyelitis (mosquito-borne alphaviruses) or 

systemic rash disease (measles). For these infections, Griffin is particularly interested in how the 

viruses interact with neurons in the host. 

The use of neurons as a tool to study host-pathogen interactions provides unique insight 

to viral pathogenesis and immunology for multiple reasons. “First, they are essential fully 

differentiated long-lived cells that come in many functional types and, for the most part, cannot 
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be replaced,” Griffin explains. “Neuronal responses to infection are often dependent on 

maturation, as well as neuronal type, and are distinct from the responses of other types of cells. 

Second, because the consequences of neuronal death are often severe for the host, control of 

virus infection is a challenge for the immune system. Recovery from infection requires non-

cytolytic control of intracellular virus replication. However, failure to eliminate these infected 

cells increases the risk for chronic disease and may require long-term immune control.” This 

conundrum sets the stage for a complex interplay between mechanisms of viral persistence and 

host resistance. “Discovering these mechanisms of virus infection and control has proven to be 

fascinating,” Griffin says. 

“I think the main challenge,” Griffin says of her multidisciplinary approach, “Has been 

integrating these fields. Each is complex and involves a large body of knowledge. Interpretation 

of data must take many factors into consideration.” Despite this challenge, Griffin has met with 

tremendous success. “It is very satisfying to find at least the beginnings of the answers to 

pathogenesis questions and be lead in new directions,” she says. Her progress in this area has 

resulted in many forms of recognition, including stints as president of ASM and the American 

Society for Virology (ASV), as well as election to the National Academy of Sciences and the 

National Academy of Medicine. To an extent, Griffin says, her leadership roles in ASM and 

ASV have defined her career. 

Much like her own research, Griffin views ASM’s role in the international microbial 

sciences community to be multifaceted and complex. “ASM does many things well,” she 

explains. “ASM has taken a leadership role in science policy; development of training 

opportunities for teachers, minority students, and microbiologists in resource-poor countries; and 

publication of high quality journals and books.” As we move into the future, Griffin says, “The 
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important concept is adaptation as microbial sciences become more, rather than less, important 

and complex – emerging infections, the role of the microbiome, and large sequencing data sets.” 

At this year’s ASM Microbe meeting, Griffin will receive the Alice C. Evans award for 

her contributions toward the full participation and advancement of women in microbiology. 

Though progress has been made, Griffin sees many remaining institutional challenges to gender 

equity in microbiology. “I don’t think that the issues related to careers for women in 

microbiology are unique to microbiology. In fact, women are quite well represented in 

microbiology, but not always as well represented at the higher ranks as we would like. I don’t 

think that barriers are primarily related to lack of mentoring, but rather a failure of those mentors 

and others to recognize and promote the careers of accomplished women – for instance, 

inclusion as invited speakers, nominations for awards and to membership in honorific societies,” 

Griffin explains. 

In this regard, as in the rest of her career, Griffin has been a trailblazer, carving out the 

future path for an increasingly equitable and multidisciplinary microbial sciences community. 
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Microbe first time presenter profile: Abbey Steckler 

 After attending her first ASM Microbe meeting last year, Abbey Steckler is ready to 

delve deeper this year when she presents her research for the first time in an oral abstract 

presentation. As an undergraduate at North Dakota State University, her work characterizing 

genetic variation of Listeria monocytogenes isolates from the Upper-Midwest and from New 

York state earned her the ASM Undergraduate Research Fellowship. As part of this fellowship, 

Steckler will be attending the Microbe Academy for Professional Development (MAPD) to be 

held prior to the start of ASM Microbe in New Orleans. The academy equips young microbial 

scientists with the skills needed to thrive in the scientific community, with components focused 

on presentation skills, networking, and career opportunities. “I hope the Microbe Academy for 

Professional Development will provide a venue to practice presenting my research as I am giving 

a poster talk this year,” says Steckler. “I also look forward to meeting with other microbiologists 

and discussing science and careers.” 

 Her career prospects look promising indeed. In December, Steckler graduated with a 

bachelor’s degree in Microbiology. She is continuing her journey into the world of microbial 

sciences as a graduate student in public health, focusing on the management of infectious 

disease. After finishing her program, she hopes to pursue microbial outbreaks as an infectious 

disease epidemiologist. To Steckler, the lure of microbiology is the pursuit of knowledge in an 

ever-changing discipline. “Microbiology is always evolving,” says Steckler. “Microbes impact 

everyone in more ways than they realize.” 
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Microbe first time presenter profile: Joselyn Landazuri 

 “I am in love with viruses,” says Joselyn Landazuri, an undergraduate student at Queens 

College City University of New York. This year, she will be sharing her passion for virology 

with her colleagues during her first experience as a presenter at ASM Microbe. Her research has 

focused on the mechanisms by which Zika virus manipulates host cell survival machinery. In 

particular, she is studying mitochondrial involvement in Zika-induced cell death. This work is 

interesting both from a mechanistic perspective and from a global health perspective. 

“Understanding how Zika virus manipulates cell survival machinery will contribute to the 

development of antiviral therapies as well as to our understanding of cell death,” Landazuri 

explains. 

 As a recipient of the ASM undergraduate research capstone award, Landazuri will be 

attending the Microbe Academy for Professional Development (MAPD) prior to presenting her 

research at ASM Microbe. She is excited about what the academy has to offer her as a young 

microbiologist. “As a researcher who has entered the United States relatively recently, I could 

benefit greatly from the Academy’s assistance in presenting at Microbe,” says Landazuri. She 

plans to harness this assistance to spread excitement about her research to her audience. “I hope 

to move my audience, as I have been moved by others,” she says.  

As ASM Microbe approaches, Landazuri is hopeful that her interaction with fellow 

scientists at different stages of their careers will help further her own budding career in virology. 

“I am excited about ASM Microbe,” she explains, “Because I think that science is the universal 

language. I love sharing my research and networking.” 
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Microbe first time presenter profile: Maximillion Mize 

 “The ability of a microorganism to infiltrate a host and cause disease has always been 

fascinating to me,” says Maximillion Mize. “If you consider the obstacles that need to be 

overcome to establish disease, the odds for any organism to accomplish that feat should be next 

to none.” 

 Mize, a graduate student at the University of North Texas and ASM Robert D. Watkins 

fellow, has focused his research during his PhD on analyzing mechanisms by which mycoplasma 

overcome these obstacles to establish persistent infection. “Mycoplasma possess the smallest of 

genomes and yet cause persistent disease,” Mize explains. “One way this is achieved is by 

activating components of the immune system not well-equipped for combating infection.” 

Mize’s work has helped to shine light on this phenomenon. Using a mouse model, Mize showed 

that mycoplasma cause T-cells to secrete IL-17A in the lung, promoting neutrophil activation 

and pathology associated with inflammation.  

 Mize is looking forward to sharing his work during his first ASM Microbe presentation in 

June. As a Robert D. Watkins fellow, he has had the opportunity to hone his presentation skills 

through pre-conference workshops offered by ASM. “The workshops have helped to break the 

nasty habits keeping my research from being understood by others,” he says. “My talks have 

become more focused.” As he nears the end of his PhD, Mize is also looking forward to another 

aspect of Microbe. “Now that Microbe and ICAAC have joined forces, there is a sea of 

opportunities for me to explore,” he explains. “I am excited to use the ASM Microbe meeting as 

a way of moving myself into the next stages of my career.” 

 

 




