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ABSTRACT OF THE DISSERTATION 

 

Intercellular Spread of Burkholderia and Novel Therapeutic Strategies 

 

by 
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Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2017 

Professor Robert L. Modlin, Chair 

 

Burkholderia pseudomallei (Bp), the etiologic agent of melioidosis, is increasingly 

recognized as a significant cause of morbidity and mortality in humans. Treatment requires up 

to nine months of antibiotic therapy and relapse is common. Clinical management is 

complicated by the fact that Bp is often resistant to multiple classes of antibiotics through both 

intrinsic and acquired mechanisms. Even with rigorous and appropriate antibiotic therapy, 

mortality rates are as high as 50%. Melioidosis is endemic in tropical and sub-tropical regions 

throughout the world. In addition to affecting local residents, individuals at risk include travelers 

and US military personnel deployed to tropical regions. The closely related pathogen, 

Burkholderia mallei (Bm), causes equine glanders and can also afflict humans. Although 

exceedingly rare, human glanders presents in forms similar to melioidosis with high rates of 

mortality. The lethal nature of these infections and the paucity of effective antibiotics or vaccines 

highlight the importance of understanding virulence mechanisms and developing means to 

protect populations at risk. This need is amplified by concerns regarding the potential use of 

these pathogens as biological weapons. Bm was, in fact, used for biowarfare in both World 

Wars I and II. 
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Intercellular spread is a hallmark of Burkholderia pathogenesis and represents an attractive 

therapeutic target as it is required for virulence. We have shown that efficient cell-cell spread 

depends on the ability of the bacterium to perform critical intracellular lifecycle steps, including 

invasion, endosome escape, intracellular motility, and membrane fusion. A striking feature of 

Burkholderia is their ability to fuse plasma membranes, forming multinucleated cells (MNCs). 

We have discovered that cell fusion represents the primary means of intercellular spread during 

infection of cell monolayers in vitro, and we have proposed a model that is similar to 

mechanisms used by enveloped viruses. Studies in our laboratory implicate a type VI secretion 

system (T6SS-5) as a key determinant in this process, and VgrG-5, a trimeric protein at the tip 

of the T6SS-5 apparatus. There remain significant unknowns about the mechanism of cell 

fusion and other critical intracellular lifecycle steps that promote cell-cell spread, including the 

full inventory of bacterial and host factors that participate in these processes. Furthermore, our 

data indicate that many important virulence determinants are highly conserved between Bp and 

Bm, suggesting the possibility of developing broadly acting therapeutic interventions, including 

small molecule inhibitors.  

We developed a high-throughput cell-based phenotypic assay that comprehensively 

assesses the Burkholderia intercellular lifecycle and used it to screen 1] a saturating transposon 

mutant library in Burkholderia thailandensis, a BSL2 surrogate, to identify bacterial factors 

required for Burkholderia intercellular spread, 2] an siRNA host kinase library for host factors 

involved in facilitating Burkholderia intercellular spread, and 3] a small molecule library 

comprising ~220,000 small molecules to identify compounds capable of disrupting intercellular 

spread by Burkholderia. We identified several novel bacterial factors, and one host factor, which 

are necessary for efficient intercellular spread of Burkholderia. In addition, our small molecule 

screen uncovered 91 small molecules that inhibit cell-cell spread by Bt, 27 of which also disrupt 

the intercellular lifecycles of Bp and/or Bm. Among these were burkfloxacin, a fluoroquinolone 

analog with potent intracellular bactericidal activity, and an FDA-approved drug. We found that 
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this FDA-approved drug inhibits Burkholderia-mediated membrane fusion by targeting the 

secretion activity, but not expression, of the type VI secretion system-5 (T6SS-5), a critical 

virulence determinant. Bacterial metabolism of this drug is required for activity and ensures 

selective toxicity. These results suggest that burkfloxacin and this FDA-approved drug should 

be advanced as potential therapeutic countermeasures for melioidosis, and demonstrate the 

utility of cell-based phenotypic screening for select agent drug discovery.  
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CHAPTER 1: Introduction 
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Burkholderia and the burden of disease. Burkholderia are Gram-negative bacteria that 

occupy widely diverse ecological niches. Burkholderiaceae of clinical importance include the B. 

cepacia complex which infect plants and cause opportunistic infections in humans, B. 

pseudomallei (Bp) which inhabits moist soils of tropical regions and causes melioidosis in 

humans and other mammals (Wiersinga et al., 2012), and B. mallei (Bm) which has adapted to 

equine hosts (Lopez et al., 2003). In addition to causing glanders in solipeds, Bm is responsible 

for rare but serious infections in humans that resemble melioidosis. A third member of the 

"pseudomallei-group of Burkholderia", B. thailandensis (Bt), is an environmental organism of low 

virulence that is widely used as a surrogate for studies of pathogenesis (Galyov et al., 2010a). 

Nearly all Bp infections are acquired from the environment through inhalation, ingestion, or via 

skin abrasions (Wiersinga et al., 2012, Limmathurotsakul & Peacock, 2011). Agricultural 

workers and individuals with predisposing conditions such as diabetes, alcoholism, chronic 

pulmonary disease and immunodeficiency are at elevated risk (Limmathurotsakul & Peacock, 

2011, Rolim et al., 2011, Peacock, 2006). Disease manifestations vary, with the acute form 

often presenting as pneumonia and septicemia (Wiersinga et al., 2006). Acute melioidosis 

progresses rapidly with high fever, respiratory distress, shock, and death within days if left 

untreated. In contrast, subacute melioidosis is a prolonged febrile illness characterized by 

abscess formation, especially in the liver, spleen and lungs. There are no vaccines available for 

Bp or Bm, and Bp is notoriously resistant to antimicrobials.  

Treatment requires a prolonged course of intravenous antibiotics (ceftazidime, meropenem, 

or imipenem) followed by 3 to 6 months of oral treatment (trimethoprim-sulfamethoxazole). Even 

with appropriate care, the mortality rate is 43% in Northeast Thailand, 14% in Northern 

Australia, and relapse occurs in 5-25% of treated cases (Stone, 2007, Currie et al., 2010, 

Maharjan et al., 2005). Recrudescence likely reflects the ability of Bp to evade immune 

detection by surviving inside a variety of cell types, including phagocytic cells (Stone, 2007, 

Wiersinga et al., 2006). Though most commonly recognized in Thailand and northern Australia, 
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melioidosis also occurs in other tropical regions between latitudes 20° north and south of the 

equator. Endemic areas now include Brunei, Southern China, Hong Kong, Cambodia, Laos, 

Southern India, and Taiwan, with sporadic cases reported in Africa, Brazil, the Caribbean, the 

Middle East and the Pacific (Currie et al., 2008). In Northeast Thailand, melioidosis is the third 

most common cause of death from infectious disease, exceeded only by HIV/AIDS and 

tuberculosis (Limmathurotsakul et al., 2010). Due to their low infectious dose, high intrinsic 

antibiotic resistance, and lethality, there are also concerns that Bp and Bm may be misused as 

biowarfare or bioterror agents. As such they are listed as Tier 1 select agents.  

New therapeutic strategies and vaccine targets are critically needed, and would be of 

immediate value to populations at risk of naturally acquired infection as well as military 

personnel deployed to tropical regions. The need for new therapies extends beyond 

pseudomallei-group Burkholderia 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). Efforts to develop novel therapeutic strategies for Burkholderia may uncover compounds 

and concepts that will be useful in the management of other important Gram-negative 

pathogens. 

 

Burkholderia the bioterror threat, and inadequacies of current therapeutics. The potential 

for malign use of Bp or Bm against military or civilian targets is a well-founded worry for the 

Department of Defense, as there is historical evidence for their use as biological weapons 

(Cheng et al., 2005). For Bp, concerns are heightened since the organism is hardy, resistant to 

environmental extremes, and it is readily isolated from soil and water of endemic sites and 

easily propagated in the laboratory. For Bp and Bm, disease can be fulminant, and therapeutic 
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options for Bp are limited since this pathogen is notoriously resistant to many classes of 

antibiotics (Schweizer, 2012a, Estes et al., 2010). Moreover, there are no prophylactic 

strategies available in the form of a vaccine or other intervention. The current treatment regimen 

for melioidosis consists of two phases; 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. Even with appropriate care, mortality rates can approach 50%, with relapse 

occurring in 25% of patients (Stone, 2007, Currie et al., 2010, Maharjan et al., 2005). In light of 

the inadequacies of current treatment approaches, the discovery of new therapeutic targets and 

drug development paradigms are crucially needed. 

In addition to anxiety over malevolent use, naturally acquired melioidosis has long been a 

concern for the military. Many highly endemic regions are strategically important, including 

Southeast Asia (Thailand, Indonesia and Myanmar), Taiwan, China and the Philippines 

(Kanaphun et al., 1993). In the Southern Command, Bp is known or predicted to be endemic to 

the Caribbean and much of Central and South America. Disease foci and high seropositivity 

rates (~25%) exist in Honduras, Columbia, Brazil and Puerto Rico (Doker et al., 2015). In Haiti, 

which recently hosted large numbers of U.S./U.N. peacekeeping troops, seropositivity 

approaches 10% and infections are underreported (A. Tuanyok and H. Schweizer, recent 

findings). Elsewhere, melioidosis occurs in Central Africa and across India and the Middle East, 

placing high numbers of U.S. military personnel at risk. 

 

Ecology and evolution: relevance to therapeutic targets. Bp is a native of the rhizosphere, a 

narrow zone of topsoil nourished by plant root secretions which is home to intense biological 

activity, competition, and inter-species predation (Kaestli et al., 2011). Environmental Bp are the 

source of nearly all human infections, and person to person transmission is rare. Thus, from an 

evolutionary perspective, human melioidosis is more of an “accident” than a product of positive 

selection, and virulence mechanisms that operate during disease have likely evolved in 
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response to selective pressures encountered in the rhizosphere (Inglis & Sousa, 2009, Baker et 

al., 2011, Corkeron et al., 2010, Nandi et al., 2010). In contrast, Bm is a recent clonal 

descendent of Bp that has lost the ability to survive in the environment, having adapted to 

mammalian hosts (Losada et al., 2010). Bp genomes are large (7.1 Mbp) and diverse due to 

extensive horizontal gene transfer, exhibiting significant biogeographic differences (Pearson et 

al., 2009). Conversely, Bm genomes are smaller (5.6 Mbp), highly similar, and bear the 

hallmarks of genome decay (Nierman et al., 2004). Importantly, the majority of genes retained 

by Bm share 97-99% DNA sequence identity with alleles in Bp and Bt, including the virulence 

determinants described below. These ecological and evolutionary considerations highlight the 

importance of choosing therapeutic targets that are conserved among diverse isolates of Bp and 

Bm and play essential roles in their intercellular lifestyles. For Bp, these targets are likely 

subject to positive selection in the environment as anti-predation determinants, accounting for 

their near universal presence in pathogenic isolates. 

 

Environmental habitat. Disease incidence is generally correlated with rainfall and contact with 

contaminated water or soil. Bp generally prefers low salinity, slightly acidic (pH 6) environments, 

and is most frequently associated with moist sandy clay loam soil (equal parts sand and clay) 

with a high iron content. However, Baker et al. reported nearly the opposite to be true near 

Townsville, Australia, where Bp was more likely to be found in relatively dry, sandy, nutrient-

poor soil, and preferred areas covered with rhizomatous grasses (Baker et al., 2015). These 

findings imply that unidentified ecological factors are important for environmental survival. One 

opportunistic survival strategy may be to take up residence inside environmental hosts and 

predators. This is supported by the broad range of organisms Bp can infect, which ranges from 

unicellular amoebae to plants and mammals. Accordingly, infections of humans and animals are 

more of an “accident” rather than the product of selection in humans, and virulence traits that 

promote human disease have likely evolved as “anti-predation” strategies in the rhizosphere. 
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This is demonstrated by the ability of Bp and its relatives to survive inside of eukaryotic cells. 

Intracellular survival is known to be required for virulence in animals, and is likely essential for 

survival in the environment. 

 

Genome and population structure. Bp genomes are large (>7 Mbp), diverse, and dynamic 

(Holden et al., 2004). Phylogenetic analyses suggests that Bp originated on the Australian 

subcontinent and spread up the Malay Archipelago into Southeast Asia sometime during the 

last Ice Age. Geographic separation resulted in distinct clades of Australian (AU Bp) and 

Southeast Asian (SEA Bp) strains (Tuanyok et al., 2007, Chapple et al., 2016, Pearson et al., 

2009). Of particular relevance is that clinical isolates from both clades exhibit lethality in 

animals, and share the core set of virulence determinants described above. The exception is the 

differential and mutually-exclusive distribution of the Bt-like flagellar cluster (fla2, or BTFC) and 

Yersinia-like fimbrial (YLF) adhesin loci in SEA Bp and AU Bp, respectively, which are thus 

useful indicators of strain origin. In contrast, Bm is a descendent of AU Bp that has adapted 

from an environmental lifestyle to one of obligate parasitism in a mammalian host, its genome 

bearing the hallmarks of loss and decay. Remarkably, the majority of genes retained by Bm 

during its evolutionary journey are practically unchanged, sharing 97-99% DNA sequence 

identity with the orthologs of their extant environmental Bp and Bt progenitors. 

 The genome of Bp readily undergoes large-scale changes in response to selective 

pressures. Incredibly, we have identified genomic deletions affecting key virulence loci, 

including the Bsa type 3 secretion system (T3SSBsa), the type 6 secretion system-5 (T6SS-5), 

and lipo- and capsular polysaccharide (LPS, CPS) synthesis, in one strain during an 11.5-year 

period of adaptation in a single, chronically-infected individual (Price et al., 2013). The mutations 

accumulated subsequent to the initial infection to facilitate in-host persistence, however this 

strain would be profoundly attenuated in its ability to establish a new infection. Differences in 

virulence are exhibited among various clinical isolates (Sahl et al., 2015), and between strains 
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of environmental origin (Spring-Pearson et al., 2015). We recently isolated an environmental 

strain from soil in Thailand that is avirulent in mice. Upon sequencing the genome, we were 

shocked to find that this Bp isolate is apparently in the process of niche restriction, having lost 

T6SS-1 and T3SSBsa while retaining T3SS-1, which is implicated in interactions with plant or 

fungal species. This suggests that Bp is able to employ a variety of environmental survival 

strategies that do not require adaptation and parasitism of a mammalian host, unlike what has 

occurred for Bm (Challacombe et al., 2014). 

 

The Burkholderia intracellular lifecycle. Bp, Bm and Bt exhibit nearly identical intercellular 

lifecycles (Wiersinga et al., 2006, Galyov et al., 2010a). Following entry into mammalian cells 

they escape from membrane-bound vesicles, replicate in the cytoplasm, polymerize actin, and 

spread directly from cell to cell (Ray et al., 2009). Consequently, they are able to form plaques 

on cell monolayers in the presence of antibiotics that kill extracellular bacteria. Burkholderia also 

have the remarkable ability to mediate cell fusion, leading to the formation of multinucleated 

cells (MNCs) (Kespichayawattana et al., 2000). This occurs with multiple cell types in vitro, 

including epithelial, fibroblast, and macrophage-derived, and in tissues from patients with 

melioidosis (Galyov et al., 2010a). Cell fusion is essential for virulence, and it is an Achilles heel 

that provides an attractive therapeutic target for Bp and Bm. 

 Following uptake by phagocytes or invasion of nonphagocytic cells, the T3SSBsa mediates 

escape from primary vacuoles following internalization (French et al., 2011b, Burtnick et al., 

2008a). T3SSBsa is highly conserved in Bm, Bp and Bt (Stevens et al., 2002) and is critical for 

virulence in animal models (Galyov et al., 2010a). Movement in the host cell cytosol, provided 

by BimA-mediated actin polymerization or the Fla2 flagellar system, facilitates cell-cell spread. A 

contractile T6SS-5 is a key determinant in the process of cell fusion (French et al., 2011b, 

Toesca et al., 2014) and is essential for pathogenesis (Burtnick et al., 2011a, Schell et al., 

2007). Using a "photothermal nanoblade", which allows wild type (wt) or mutant bacteria to be 
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directly placed into the cytoplasm (Wu et al., 2011), we have shown that vacuolar lysis by 

T3SSBsa is important for phagosome escape, but only in the initially infected cell (Burtnick et al., 

2008a, French et al., 2011b, Galyov et al., 2010a). Events occurring downstream of phagosome 

escape, including cell-cell spread, take place independently of T3SSBsa and are accomplished 

through the fusion of adjacent host cell membranes. 

 

T6SS-mediated membrane fusion. T6SS organelles are dynamic structures, evolutionarily and 

functionally related to contractile phage tails (Cianfanelli et al., 2016b), that assemble in the 

envelope of Gram (-) bacterial cells. Firing of T6SS-5 occurs by contraction of a sheath-like 

structure and ejection of an inner tube, composed of Hcp subunits, across the bacterial surface. 

The tube is tipped with a membrane-penetrating "spike" composed of VgrG-5 and PAAR5, 

which are both required for cell-cell spread by Burkholderia.  

 We have recently shown that the ~350aa VgrG-5 C-terminal domain (CTD) is essential for 

membrane fusion but dispensable for T6SS-5 assembly and function (Toesca et al., 2014), and 

mutations in PAAR5 have the same phenotype. We hypothesize that PAAR5 and the VgrG-5-

CTD function together as a unique membrane fusogen which is driven across the plasma 

membranes of infected and neighboring cells following ejection. VgrG-5 is highly conserved and 

functionally interchangeable among Bp, Bm, and Bt strains (Toesca et al., 2014). 

 Molecular dissection of the T6SS-5 spike complex allowed us to determine the role of cell-

cell fusion in virulence (Toesca et al., 2014). In collaboration with Dr. David Deshazer at 

USAMRIID, female Syrian hamsters, which are highly sensitive to Bp infection, were inoculated 

intraperitoneally with wild type (wt) B. pseudomallei Bp340 or fusion-defective derivatives. Wild 

type Bp340 was highly virulent while the ΔVgrG-5 mutant, which is completely defective in 

T6SS-5 activity, was fully attenuated. Most importantly, animals receiving the VgrG-5 ∆CTD or 

Δpaar5 strains, which retain T6SS secretory function but are defective in membrane fusion, 

were also avirulent. These and other observations support the conclusion that membrane fusion 
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is critical for virulence, making cell fusion and T6SS-5 activity potentially valuable therapeutic 

targets. 

 

Drug discovery for Burkholderia. There exists considerable interest in developing new drugs 

to combat melioidosis and glanders. Current therapeutic options for melioidosis are limited due 

to the organism’s broad drug resistance, and no licensed vaccine exists. B. mallei drug 

susceptibility patterns are similar to B. pseudomallei’s, with the organism being resistant to 

multiple classes of antibiotics. There is also no vaccine for glanders. Resistance is most likely 

attributable to a synergy between highly efficient active efflux and exclusion of antimicrobial 

compounds (Schweizer, 2012b), making drug discovery for these pathogens especially 

challenging. There are few data on the treatment of human glanders, with current regimens 

relying on a mixture of antibiotics that is only partially effective (Estes et al., 2010). One 

researcher who became infected with B. mallei was treated for two weeks with imipenem and 

doxycycline, and then for six months with azithromycin and doxycycline (Srinivasan et al., 

2001). Clinically speaking, antibiotics that target these organisms, and B. pseudomallei 

especially, are often found to be ineffective in vivo despite showing in vitro activity (Dance et al., 

1989, Jenney et al., 2001).  

Some have sought to reappraise existing antibiotics for use against B. pseudomallei and B. 

mallei, with mixed success. These include newer carbapenems such as doripenem, biapenem, 

and tebipenem (Thamlikitkul & Trakulsomboon, 2010, Seenama et al., 2013, Harris et al., 2011), 

tigecycline (Sam et al., 2010), the monosulfabactam BAL30072 (Mima et al., 2011), and novel 

fluoroquinolones such as sitafloxacin (Thamlikitkul & Trakulsomboon, 2011). However, as these 

compounds are still in the stage of being tested for in vitro efficacy and in animal models, they 

are a long way away from being evaluated against human melioidosis. In addition, it remains to 

be seen how well results from small animal studies will reflect effects on human disease (Titball 

et al., 2008). Other antimicrobial tools in the preliminary stages of testing include isocitrate lyase 



	   10	  

inhibitors (van Schaik et al., 2009), granulysin (Endsley et al., 2009), silver carbine compounds 

(Panzner et al., 2009), and compounds that target essential virulence factors.  

In summary, prospects for new therapies for melioidosis and glanders are bleak. Newer 

generations of currently used antibiotic classes have for the most part not demonstrated 

significant advantages over present regimens, and the pipeline for new antimicrobial classes for 

gram-negative bacteria, and especially neglected threats such as B. pseudomallei and B. mallei, 

is limited. Further investment into antimicrobial discovery for these pathogens, and in-depth 

study of their virulence and drug resistance strategies, will be vital to discovering new drugs. 

Expansion of the current therapeutic arsenal against melioidosis and glanders is a public health 

and national security priority, with the potential to protect populations at risk in endemic areas, 

as well as military personnel and civilians at risk of exposure due to a malevolent release. 
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Abstract 

A striking feature of pseudomallei-group Burkholderia species is their ability to fuse 

mammalian cells to form multinucleate cells (MNCs). MNCs are found in infected human tissues 

and cultured cells, and fusion is thought to be the primary mechanism of cell-cell spread. Little is 

known about the dynamics of this process. We built an agent-based model using NetLogo 

software, in which infected cells fuse with a probability scaled to an exponential bacterial density 

function. Results were experimentally validated by following the growth kinetics of MNCs 

derived from HEK293-GFP cells infected with B. thailandensis. MNCs grew exponentially in vitro 

and burst into plaques after fusing approximately 900 cells (interquartile range: 755-1023 cells). 

Models scaling the probability of fusion to either bacterial density or a bacterial density threshold 

explained experimental data with similar accuracy (ΔAkaike information criterion < 10) and 

clearly out-performed models that ignored bacterial density (ΔAIC > 100). Model simulations 

were run to test the dependence of MNC growth on infection conditions and therapeutic 

interventions. Our model predicts that bacteriostatic antibiotics (BA) like trimethoprim-

sulfamethoxazole would delay MNC initiation without affecting the rate of fusion thereafter, 

whereas fusion inhibitors (FI) would actually slow the rate of MNC growth. A combinatorial 

treatment is predicted to yield a multiplicative effect on MNC size, even with suboptimal efficacy 

of BA and FI. Our results suggest that the initiation of fusion is a function of intracellular 

bacterial density, while the rate of subsequent MNC growth is not. Fusion inhibitors could 

synergistically augment antibiotic efficacy, and we have successfully identified small molecules 

that prevent Burkholderia-driven membrane fusion via high-throughput screening, which we 

discuss in Chapter 3.  
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Introduction  

Critical virulence mechanisms of pathogenic Burkholderia species have been identified, 

which predict their intracellular lifecycle, virulence, and potential public health impact. A striking 

and poorly understood feature of pathogenic Burkholderia species is their ability to fuse human 

cells together in a predatory and non-specific fashion, forming multinucleated cells (MNCs) that 

ultimately degenerate into plaques. Several important genetic players have been identified for 

the cell fusion process, including the needle-spike VgrG-5 and tip PAAR-5 of the type 6-

secretion system-5 (T6SS-5) (Toesca, 2016, Toesca et al., 2014). Fusogenic Burkholderia 

species include the notorious Burkholderia pseudomallei (Bp) and Burkholderia mallei (Bm), as 

well as the related species Burkholderia thailandensis (Bt). Bp is a soil microbe and the 

etiological agent of melioidosis (Wiersinga et al., 2006) and Bm is a clonal descendent of Bp 

that causes equine glanders and can also afflict humans (Lopez et al., 2003). Bt shares a great 

deal of genetic similarity and synteny with Bp, but is considered relatively nonpathogenic 

(Galyov et al., 2010a). Melioidosis, caused by Bp, is an environmentally acquired emerging 

infectious disease that causes rapid-onset sepsis, respiratory distress, and visceral abscesses, 

and is a leading cause of morbidity and mortality in tropical and subtropical regions of the world. 

In Northern Thailand, melioidosis is the third most common cause of death from infectious 

disease, exceeded only by human immunodeficiency virus (HIV) and tuberculosis (TB) 

(Wiersinga et al., 2012). Even with appropriate and aggressive antibiotic treatment, mortality 

rates for melioidosis can approach 40% (Currie et al., 2010, Maharjan et al., 2005). Due to their 

low infectious dose, resistance to antibiotics, and high mortality rate, both Bp and Bm are listed 

as Tier-1 select agents and there are legitimate concerns that they could be misused as 

biowarfare or bioterrorism agents.  

Multinucleated cells are found in infected human tissues and tissue cultures, and cell fusion 

is thought to be the main mechanism of cell-cell spread of Burkholderia species. However, very 

little is known about the mechanism and dynamics of this process. This behavior has no 
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parallels in the prokaryotic world and has been shown to be dependent on the activity of the 

T6SS-5. T6SSs are bacterial nanomachines, structurally homologous to contractile 

bacteriophage tails, which have been linked to bacterial virulence in host-pathogen interactions, 

antibacterial activity in inter-bacterial interactions, and anti-pathogenesis in symbiotic 

relationships (Schell et al., 2007, Schwarz et al., 2010b, Burtnick et al., 2011a, Jani & Cotter, 

2010). T6SS gene clusters are present in over 25% of gram-negative bacteria, and the 

secretion apparatus is thought to function by secreting effector proteins into the cytosol of 

bacterial or host cells (Basler et al., 2012). Six T6SS gene clusters have been identified in Bp, 

four in Bm, and five in Bt, with the T6SS of Bp and Bm shown to be major virulence factors in 

mammals (Schell et al., 2007, Burtnick et al., 2011a). A study by our lab explored the 

intracellular life cycle of Burkholderia using a photothermal nanoblade and showed that T6SS-1 

activity, as well as intracellular motility provided by BimA-mediated actin polymerization or the 

Fla-2 flagellar system, were required for the formation of multinucleated cells (MNCs) (French et 

al., 2011b). We hypothesize that intracellular movement serves to increase contact with cell 

membranes as a prerequisite to cell fusion. Cell fusion obviates the requirement for cell 

membrane protrusion, exposure to the extracellular environment, engulfment by another host 

cell, and escape from a double membrane vacuole. It also represents a potential target for 

future therapeutic strategies.  

We present here an experimentally tractable agent-based mathematical model of 

Burkholderia-induced cell fusion, which we use to probe the cellular dynamics of cell fusion. Our 

goal is to generate a quantitative understanding of this process and the factors that influence 

the probability and rate of cell fusion. We have validated some aspects of our model 

experimentally, whereas others await validation. Through an iterative process of 

experimentation and model refinement, we show that MNCs grow exponentially and burst into 

plaques after fusing approximately 900 cells. We find that MNC growth is best explained by a 

model in which the probability of an infected cell fusing its neighbor is scaled to the bacterial 
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density of the infected cell. A model in which fusion occurs after a threshold bacterial density 

has been reached also explains the data well. We also use our model to identify parameters 

that may influence the rate of MNC growth. We predict that MNC growth rates depend critically 

on cell density and multiplicity of infection. Finally, we use our model to simulate the effect of 

various therapeutic strategies, including intracellular antibiotics and fusion inhibitors, on the rate 

of cell fusion. 

 

Methods 

Model. We developed an agent-based cellular automaton model of Burkholderia intercellular 

spread using NetLogo Java-based software (Wilensky, 1999) and used it to probe the impact of 

different variables and therapeutic strategies on the rate of cell fusion and MNC growth. The 

model simulates the growth of a multinucleated cell and is deterministic, with discreet time and 

discreet space. Theoretically, cells can occupy three states, non-infected, infected (fused), and 

dead (part of a plaque) [Fig. 1A]. Our model focuses on the first two states, and specifically the 

factors governing the transition from non-infected to infected cells. Some parameters 

hypothesized to be important in this transition are also summarized in the model diagram (Fig. 

1A). Model results were validated by performing infection time courses with wild-type Bt and 

HEK 293 GFP-expressing cells, with the key outcome of interest being MNC size over a 24-hour 

period. In our model, infected cells randomly fuse one of their four or eight neighboring cells 

(four-mode or eight-mode) according to pre-specified rules (see Fig. 1B for neighbor scheme). 

Models were constructed in which the probability of a cell fusing its neighbor was 1) constant 

over the course of MNC formation, 2) only occurred after a certain bacterial density was 

reached, and 3) scaled to bacterial density using a Michaelis-Menten-like formulation: 

 

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦  𝑜𝑓  𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑛𝑔  𝑎  𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟 =
𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙  𝑑𝑒𝑛𝑠𝑖𝑡𝑦

𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙  𝑑𝑒𝑛𝑠𝑖𝑡𝑦 + 𝑐
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where 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙  𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = !^!
!"##$  !"  !"#

 

 

The value of c was selected to be the estimated bacterial density at the halfway point of 

MNC formation (~10 hours). Fig. 1C shows the probability of fusion over the 22-hour infection 

time course when the constant c is set to 1x108 bacteria/cell. When the probability of fusion is 

scaled to bacterial density with c set to 1x108, we observe a sigmoidal probability curve with a 

sharp increase and subsequent plateau in fusion probability between 7-13 hours. All statistical 

analyses were conducted using the statistical software R, version 2.12.1 (R Development Core 

Team, 2010). Model fit was estimated by calculating the Akaike Information Criterion (AIC) raw 

values and weights using a linear model in the MASS package (R Development Core Team, 

2010). 

 

Experiments. Infection time courses were performed with the key outcome of interest 

being MNC size over a 24-hour infection period. Green fluorescent protein expressing HEK 293 

cells were grown and used for infection studies. Cells were plated onto 384-well and 6-well 

plates at a density of 20,000 cells/well and 1.8x106 cells/well, respectively. Wild-type Bt strains 

were used in this study. Bacteria were streaked onto LB-NS agar plates and incubated at 37oC 

overnight. The bacteria were then inoculated into LB-NS broth and shaken in a 37oC incubator 

for 20 minutes. Optical density was used to quantify bacteria, and the broth was diluted to attain 

a multiplicity of infection (MOI) of 1.5x10-2 for infection studies. MOI was confirmed by plating 

dilutions on LB-NS agar plates and counting colony-forming units (CFUs). Bacterial inocula 

corresponding to an MOI of 1.5x10-2 were added to wells. After one hour, gentamicin was added 

to wells to kill extracellular bacteria. MNC formation was monitored by laser microscopy at one-

hour intervals. High-resolution photos were taken at five-times magnification and images were 
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imported into ImageJ 1.46 (NIH, 2012), where the number of pixels represented by the growing 

MNCs and the entire well was measured. The number of cells within an MNC at a given time 

point was calculated with the following formula: 

𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑐𝑒𝑙𝑙𝑠  𝑖𝑛  𝑀𝑁𝐶 =
𝑃𝑖𝑥𝑒𝑙𝑠  𝑖𝑛  𝑀𝑁𝐶
𝑃𝑖𝑥𝑒𝑙𝑠  𝑖𝑛  𝑤𝑒𝑙𝑙

  𝑥  𝑐𝑒𝑙𝑙𝑠  𝑖𝑛  𝑤𝑒𝑙𝑙 

 

Results 

Experimental results. Our experimental analysis established several key aspects of MNC 

formation. Our data indicate that MNC growth is exponential, with a long initial lag phase (~0-7 

hours after infection) during which no cell fusion occurs (Fig. 2A). MNCs burst into plaques at 

approximately 20 hours after infection, at which point the MNC has accumulated 800-1000 cells 

(n=17). MNC degeneration into a plaque occurred over the span of one hour. 

 

Construction of an agent-based model of cell fusion. We modeled the growth of an MNC 

using a cellular automaton framework, in which infected cells randomly fuse one of their four or 

eight neighbors (four-mode or eight-mode). The model kept track of how many cells had been 

fused, and the number of newly infected cells at every time step. At first we did not scale the 

probability of fusion to bacterial density, and assumed that the probability remained constant 

throughout the MNC growth process. In this simplistic model, in which the probability of fusion 

remains constant, the number of new cells added to the MNC at every time point grows linearly. 

MNCs grew faster in eight-mode than in four-mode, as would be expected by the greater 

number of susceptible cells neighboring infected cells at each time step. The linear relationship 

between newly fused cells and time is intuitive because fusion can only occur at the edge of the 

growing MNC, which is approximated by the circumference (2πr). Because the circumference 

grows linearly, so too does the number of newly infected cells. When the MNC growth curves for 

these simplistic models were compared to experimental data, clear discrepancies emerged. 
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Although the simulated and actual MNC growth curves reached the 900-cell burst point at 

approximately the same time (when 1 simulation time step was set to 30 minutes), the 

simulation failed to capture the long lag phase between 0-7 hours, as well as the exponential 

growth thereafter. We hypothesized that scaling of the probability of fusion to the bacterial 

density would correct this discrepancy. This hypothesis was motivated by experimental data that 

suggest that bacteria, and specifically the membrane-localized type 6 secretion system, are 

required for cell fusion. In order to scale the probability of fusion to bacterial density, we used 

the Michaelis-Menten-like formulation shown in the methods section. Bacterial density in this 

case is approximated by a simple exponential function ( !^!
!"##$

). We predicted that the bacterial 

density was a more accurate predictor of cell fusion than raw bacterial counts, because as the 

MNC grows the volume increases, thereby reducing the likelihood of a bacteria-cell membrane 

collision. We found that this model far more accurately recapitulated our observed data (Fig. 

2A). 

In addition to building a model in which fusion probability was scaled to bacterial density, we 

also decided to test a model in which fusion only occurred after a set bacterial density threshold 

was reached. Drawing from our experimental finding that cell fusion starts after 7 hours, we 

decided to set thresholds to correspond to the estimated bacterial densities at 6-8 hours. A plot 

of the models tested, as well as experimental MNC growth data, is presented in Fig. 2A. The 

two models that best explained the data were the model in which fusion probability was scaled 

to bacterial density and the model in which fusion occurred after a threshold bacterial density 

was reached. These models clearly outperformed the simpler models in which fusion probability 

remained constant throughout the infection period. In order to quantify the relative goodness-of-

fit for the various models we built, we calculated the ΔAIC values (the difference in AIC from the 

lowest AIC value) and AIC weights using a linear model in R.  
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We found that the best performing model was the model in which fusion probability was 

scaled to bacterial density (AIC weight < 1), but a model with a fusion threshold of 1x107 

bacteria/cell also performed well (AIC weight < 1). Among the threshold models tested, the one 

with the strongest support was the model incorporating a threshold of 1x107 bacteria/cell. 

Models with a threshold of 1x106 and 1x108 bacteria/cell had ΔAIC values greater than 2. 

Similarly, we varied the constant c [in the formula 𝑃   𝑓𝑢𝑠𝑖𝑜𝑛 = !"#$%&'"(  !"#$%&'
!"#$!"#$%  !"#$%&'  !  !

] in models with 

fusion probability scaled to bacterial density, and found that the model with c set to 1x108 clearly 

outperformed models in which c was increased or decreased by a factor of 10 (ΔAIC > 10). We 

selected the model with the greatest AIC weight (8-mode with fusion probability scaled to 

bacterial density) to probe the impact of initial conditions on the rate of MNC growth, as well as 

the impact of different therapeutic strategies.  

 

Effect of cell density and MOI on MNC growth. We hypothesized that cell density would 

impact the rate of MNC growth, as it would alter the number of susceptible cells neighboring an 

infected cell at each time step. We represented decreased cell confluence in our models by 

replacing randomly selected cells in the cellular automaton grid with empty cells (black patches). 

In low cell density conditions (<50% confluence), MNCs grew by percolation, with unusual 

plaque shapes arising (Fig. 2B). In our model we assumed that cells could not extend 

pseudopods or chemotax toward other cells, a relatively sound assumption for HEK 293 cells 

(but not for macrophages). Our model predicted that MNC growth rate was dependent on cell 

density, with increased cell densities allowing for more rapid growth and a shorter time until the 

900-cell MNC burst point was reached [Fig. 3A]. At low cell densities (<50%), the paucity of 

susceptible cells cannot sustain continued MNC growth, and MNCs typically reach a maximal 

cell count of <30 cells over a 24-hour infection period. This is because cell fusion requires the 

juxtaposition of infected and susceptible cells. We also used our model to predict the effect of 
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MOI on MNC growth. While increased MOI did not affect the rate of growth of individual MNCs 

(as all were seeded by one infected cell), MOI did have a profound effect on the time to 

obliteration of the cell monolayer (due to an increased number of MNCs). In our simulations, we 

used a 140x140 grid representing 20,000 cells. At high MOI (0.1, i.e. 1 bacteria for every 10 

cells), all cells in the grid were fused within 17 hours of infection (Fig. 3B). Progressive 10-fold 

decreases in MOI resulted in delayed obliteration of the monolayer, and a decreased cell 

infection rate. 

 

Effect of intracellular antibiotics and fusion inhibitors on MNC growth. Finally, we used 

our model to predict the effect of different therapeutic strategies on MNC growth. The two 

strategies we focused on were intracellular antibiotics and fusion inhibitors. The addition of 

intracellular antibiotics was simulated in the model by decreasing the rate of bacterial 

replication, such that a 10% effective intracellular antibiotic would cause the bacterial population 

to grow at a rate of 1.9t. Fusion inhibitors do not currently exist, however we were successful in 

identifying one compound that can achieve this function, flucytosine, using high-throughput cell 

fusion screening of small molecule libraries. Fusion inhibitors are predicted to decrease the 

likelihood of a bacterium catalyzing a cell fusion event, and were therefore represented in the 

model by multiplying the fusion probability function [𝑃   𝑓𝑢𝑠𝑖𝑜𝑛 = !"#$%&'"(  !"#$%&'
!"#$%&'"(  !"#$%&'  !  !

] by a fraction 

representing the efficacy of the fusion inhibitor. For instance, the probability of fusion in the 

presence of a 10% effective fusion inhibitor was given by: 𝑃   𝑓𝑢𝑠𝑖𝑜𝑛 = 0.9  𝑥   !"#$%&'"(  !"#$%&'
!"#$%&'"(  !"#$%&'  !  !

. 

The results of our analysis of the effect of intracellular antibiotics and cell fusion inhibitors, as 

well as embedded diagrams of the mode of action of the therapeutic strategy, are given in Fig. 

4A.  

To summarize, our models predict that intracellular antibiotics will delay the growth of MNCs, 

without affecting their growth rate once they begin growing. Fusion inhibitors, on the other hand, 
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actually slow the rate of growth of MNCs without affecting the fusion start time. When comparing 

intracellular antibiotics and fusion inhibitors of similar efficacy, it appears that intracellular 

antibiotics are more effective in keeping MNC size low at earlier time points, while fusion 

inhibitors become more effective than intracellular antibiotics at later time points. We also 

simulated the effect of combining the two therapeutic strategies (Fig. 4B) and found that the 

combination yielded a multiplicative effect, with only 4% MNC size at 20 hours relative to no 

therapy (as compared to 10% with an intracellular antibiotic, and 24% with a fusion inhibitor). 

 

Discussion 

Several studies have identified cell fusion as a critical virulence determinant for Burkholderia 

species (Schell et al., 2007, Schwarz et al., 2010b, Toesca et al., 2014, French et al., 2011b). 

Through a coupling of infection time-course experiments and agent-based modeling, we have 

identified several key parameters that predict the probability and rate of Burkholderia-induced 

cell fusion and MNC growth. This study represents the first quantitative analysis of the cellular 

dynamics of Burkholderia infection, and provides novel insights into the process of cell fusion 

and cell-cell spread. Studies of the dynamics of cell fusion represent an exciting opportunity to 

spur the development of novel therapeutic strategies for Burkholderia infection, which are 

greatly needed. Specifically, we have shown that Burkholderia-induced cell fusion depends 

critically on the initial conditions of cell density and multiplicity of infection, with increased cell 

density and MOI leading to greater infection rates. Models in which the probability of infection 

was scaled to the bacterial density closely recapitulated our experimental time-course data, and 

suggest that bacterial density drives cell fusion. A model incorporating a bacterial density 

threshold for fusion also fit the data well, suggesting that there may be a threshold for fusion at 

approximately 7 hours after infection. This may indicate that the type 6-secretion system is 

expressed, assembled, or activated at this time, perhaps in response to a crowding or quorum-

sensing signal. 
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In addition, we have generated predictions regarding the effect of different therapeutic 

strategies on cell fusion. We predict that intracellular antibiotics and cell fusion inhibitors (such 

as flucytosine) have very different effects on MNC formation. Intracellular antibiotics were 

predicted to delay MNC formation whereas fusion inhibitors actually slow MNC formation, with 

the combination yielding a multiplicative effect. These findings provide strong motivation to 

identify small molecules that can interrupt, even partially, bacterial or cellular factors facilitating 

cell fusion and therefore supplement current antibiotic regimens for infected individuals. Current 

melioidosis treatment protocols call for IV ceftazidime, oral trimethoprim-sulfamethoxazole, and 

oral doxycycline (CDC, 2017). These antibiotics disrupt cell wall synthesis, inhibit bacterial DNA 

synthesis, and inhibit bacterial protein synthesis of intracellular and extracellular bacteria, 

respectively. In our model, our intracellular antibiotic is most analogous to trimethoprim-

sulfamethoxazole, as it limits bacterial replication in a bacteriostatic rather than bactericidal 

fashion. Further work will be required to accurately simulate the effect of other modes of 

antibiotic action.  

The ability to readily generate experimental data to validate model predictions, and the 

iterative coupling of these two approaches, is a strength of this study. While we were able to 

validate our model predictions of the MNC growth curve, many predictions remain to be tested 

experimentally. For instance, time course infection experiments performed at different cell 

densities holds great promise in helping us answer a very important question: why do MNCs 

ultimately burst into plaques? MNC degeneration into a plaque may result from membrane 

tension due to fusion of a certain threshold number of cells (our experimental data would 

suggest 900 cells). Alternatively, MNCs may degenerate due to bacterial overload once a critical 

bacterial density has been reached. If the former is true, then we would expect plaques to form 

later at lower cell densities, but to have the same size. If the latter is true, then we would expect 

plaques to be smaller at lower cell densities, but to all have formed at approximately the same 

time (as bacterial density is a function of time). Preliminary experiments appear to indicate that 
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the former is true; i.e. MNCs burst once they have accumulated a certain number of cells 

(~900). 

Many assumptions were made that we plan to revisit in future experimental and 

computational work. For instance, we assumed that the rate of bacterial replication remained 

constant throughout the infection period. The approximation of bacterial population growth as 2t 

is overly simplistic, as it does not account for the probable existence of a carrying capacity. We 

also assumed that bacterial movement remained constant throughout the infection period, 

despite the fact that it is quite plausible that at high bacterial densities bacterial movement may 

become restricted and collision frequency may be altered. We hope to embed a model of 

bacterial movement and collision frequency within our broader cellular automaton framework to 

address these and other pressing questions. For instance, we plan to investigate the effect of 

the two predominant modes of intracellular motility (actin polymerization and flagella) on the 

probability of collision and fusion to provide a more comprehensive picture of the intracellular 

dynamics of Burkholderia infection. 

 

 

 

 

 

 

 



	   33	  

 

 

 

 

 

 

 

 

Philip Bulterys Dynamics of Burkholderia-Induced Cell Fusion 
 

 3 

fusing approximately 900 cells. We find that MNGC growth is best explained by a model in 
which the probability of an infected cell fusing its neighbor is scaled to the bacterial density of 
the infected cell. A model in which fusion occurs after a threshold bacterial density has been 
reached also explains the data well, however. We also use our model to identify parameters that 
may influence the rate of MNGC growth. We predict that MNGC growth rates depend critically 
on cell density and multiplicity of infection. Finally, we use our model to simulate the effect of 
various therapeutic strategies, including intracellular antibiotics and fusion inhibitors, on the rate 
of cell fusion.   

Methods 
 Model. We developed an agent-based cellular automaton model of Burkholderia-induced 
cell fusion using NetLogo Java-based software (12) and used it to probe the impact of different 
variables and therapeutic strategies on the rate of cell fusion and MNGC growth. The model 
simulates the growth of a multinucleated giant cell and is deterministic, with discreet time and 
discreet space. Theoretically, cells can occupy three states, non-infected, infected (fused), and 
dead (part of a plaque) [Figure 1]. Our model focuses on the first two states, and specifically the 
factors contributing to the transition from non-infected to infected cells. Some parameters 
hypothesized to be important in this transition are also summarized in the model diagram (Figure 
1).  
 

 
Figure 1. Model diagram.  
 

Model results were validated by performing infection time courses with wild-type 
Burkholderia thailandensis and HEK 293 GFP-expressing cells, with the key outcome of interest 
being MNGC size over a 24-hour period. In our model, infected cells randomly fuse one of their 
four or eight neighboring cells (four-mode or eight-mode) according to pre-specified rules (see 
Figure 2 for neighbor scheme).   

 
Figure 2. Neighbor schemes 
for four-mode (left) and eight-
mode (right). Initial infections 
were seeded at the center of 
the cell grid in all infection 
simulations.  
 

 
 
Models were constructed in which the probability of a cell fusing its neighbor was 1) 

constant over the course of MNGC formation, 2) only occurred after a certain bacterial density 
was reached, and 3) scaled to the bacterial density using a Michaelis-Menten-like formulation:   

Main project question: What is the rate of cell fusion, and what factors does it 
depend on?  

Key outcome of interest (state variable): MNGC size over a 24-hour infection 
period.  

Sub-questions:  
 - Is bacterial motility targeted or random?  
 -What does cell fusion look like in 3D (in vivo context)?  
 -What is the potential impact of fusion inhibitors vs. conventional        

         antibiotics on cell fusion and pathogenesis? 
 
  

Model Diagram: 

Philip&Bulterys& & & 1/9/13 

Formulating an Experimentally-Tractable Mathematical Model of Cell Fusion 
 

1.  System description: A striking feature of pathogenic Burkholderia species is their ability to fuse cells, 
forming multinucleated giant cells (MNGCs), which subsequently die and form plaques. They do this by 
invading a cell, escaping from the endosome, replicating in the cytoplasm, and using their flagella or 
polar actin polymerization to collide into the cell membrane and cause cell fusion via a type-6 secretion 
system (T6SS)-mediated process. This process has not been analyzed quantitatively and the factors 
governing the rate of MNGC growth have not been established, despite their relevance to understanding 
Burkholderia pathogenesis (cell fusion is thought to be the main means of cell-cell spread for 
Burkholderia) and potential treatment strategies.  

2.  Main question: What is the rate of cell fusion, and what factors does it depend on? This question is 
important because cell fusion is implicated in pathogenesis, and knowledge of the factors governing cell 
fusion can help direct therapeutic strategies. 

a. Does the rate of MNGC formation (i.e. fusion event frequency) depend on the number of bacteria 
inside the MNGC, the size of the MNGC, the number of cells in direct contact with the MNGC, 
all of the above? 

b. Does the rate of bacterial replication change throughout the MNGC formation process? 
c. At what size does a MNGC burst and form a plaque, and is this consistent? 
d. Does MNGC formation affect the survival or replication rates of extracellular bacteria? 

3.  Key outcome of interest (state variable): MNGC size over a 24-hour infection period.  
4.  Processes likely affecting the outcome of interest: 

a. Number of bacteria inside the cell. 
b. Volume of the cell. 
c. Bacteria-membrane collision frequency (bacterial motility). 
d. Probability of fusion upon bacteria-membrane collision. 
e. Duration of bacterial survival. 

5.  Relevant bacterial characteristics: 
a. Number. 
b. Motility. 
c. Presence of an intact T6SS. 

6.  Relevant cellular characteristics: 
a. Density. 
b. Free-floating or adherent.  

7.  Most important processes and characteristics to consider: 
a. Number of bacteria inside the cell. 
b. Volume of the cell. 

8.  State variables that will be used to describe the system: 
a. MNGC size. 
b. Time to plaque formation. 
c. Number of intracellular bacteria. 

9.  Model diagram: 

 
 
 
 
 

Infected Cells 
(MNGC Size) 

Un-Infected  
Cells 

A.  Number of bacteria 
B.  Volume of cell 
C.  Rate of collision 
 
D.  Probability of fusion 
E.  Life-span of bacteria 

Dead Cells 
(Plaque Size) 

A.  Rate of cell death 

Rationale for the model: To assimilate what we know about cell fusion and to 
simulate the impact of different variables and therapeutic strategies on MNGC 
formation.   

Model 

Model Characteristics 
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fusing approximately 900 cells. We find that MNGC growth is best explained by a model in 
which the probability of an infected cell fusing its neighbor is scaled to the bacterial density of 
the infected cell. A model in which fusion occurs after a threshold bacterial density has been 
reached also explains the data well, however. We also use our model to identify parameters that 
may influence the rate of MNGC growth. We predict that MNGC growth rates depend critically 
on cell density and multiplicity of infection. Finally, we use our model to simulate the effect of 
various therapeutic strategies, including intracellular antibiotics and fusion inhibitors, on the rate 
of cell fusion.   

Methods 
 Model. We developed an agent-based cellular automaton model of Burkholderia-induced 
cell fusion using NetLogo Java-based software (12) and used it to probe the impact of different 
variables and therapeutic strategies on the rate of cell fusion and MNGC growth. The model 
simulates the growth of a multinucleated giant cell and is deterministic, with discreet time and 
discreet space. Theoretically, cells can occupy three states, non-infected, infected (fused), and 
dead (part of a plaque) [Figure 1]. Our model focuses on the first two states, and specifically the 
factors contributing to the transition from non-infected to infected cells. Some parameters 
hypothesized to be important in this transition are also summarized in the model diagram (Figure 
1).  
 

 
Figure 1. Model diagram.  
 

Model results were validated by performing infection time courses with wild-type 
Burkholderia thailandensis and HEK 293 GFP-expressing cells, with the key outcome of interest 
being MNGC size over a 24-hour period. In our model, infected cells randomly fuse one of their 
four or eight neighboring cells (four-mode or eight-mode) according to pre-specified rules (see 
Figure 2 for neighbor scheme).   

 
Figure 2. Neighbor schemes 
for four-mode (left) and eight-
mode (right). Initial infections 
were seeded at the center of 
the cell grid in all infection 
simulations.  
 

 
 
Models were constructed in which the probability of a cell fusing its neighbor was 1) 

constant over the course of MNGC formation, 2) only occurred after a certain bacterial density 
was reached, and 3) scaled to the bacterial density using a Michaelis-Menten-like formulation:   

Main project question: What is the rate of cell fusion, and what factors does it 
depend on?  

Key outcome of interest (state variable): MNGC size over a 24-hour infection 
period.  

Sub-questions:  
 - Is bacterial motility targeted or random?  
 -What does cell fusion look like in 3D (in vivo context)?  
 -What is the potential impact of fusion inhibitors vs. conventional        

         antibiotics on cell fusion and pathogenesis? 
 
  

Model Diagram: 
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Formulating an Experimentally-Tractable Mathematical Model of Cell Fusion 
 

1.  System description: A striking feature of pathogenic Burkholderia species is their ability to fuse cells, 
forming multinucleated giant cells (MNGCs), which subsequently die and form plaques. They do this by 
invading a cell, escaping from the endosome, replicating in the cytoplasm, and using their flagella or 
polar actin polymerization to collide into the cell membrane and cause cell fusion via a type-6 secretion 
system (T6SS)-mediated process. This process has not been analyzed quantitatively and the factors 
governing the rate of MNGC growth have not been established, despite their relevance to understanding 
Burkholderia pathogenesis (cell fusion is thought to be the main means of cell-cell spread for 
Burkholderia) and potential treatment strategies.  

2.  Main question: What is the rate of cell fusion, and what factors does it depend on? This question is 
important because cell fusion is implicated in pathogenesis, and knowledge of the factors governing cell 
fusion can help direct therapeutic strategies. 

a. Does the rate of MNGC formation (i.e. fusion event frequency) depend on the number of bacteria 
inside the MNGC, the size of the MNGC, the number of cells in direct contact with the MNGC, 
all of the above? 

b. Does the rate of bacterial replication change throughout the MNGC formation process? 
c. At what size does a MNGC burst and form a plaque, and is this consistent? 
d. Does MNGC formation affect the survival or replication rates of extracellular bacteria? 

3.  Key outcome of interest (state variable): MNGC size over a 24-hour infection period.  
4.  Processes likely affecting the outcome of interest: 

a. Number of bacteria inside the cell. 
b. Volume of the cell. 
c. Bacteria-membrane collision frequency (bacterial motility). 
d. Probability of fusion upon bacteria-membrane collision. 
e. Duration of bacterial survival. 

5.  Relevant bacterial characteristics: 
a. Number. 
b. Motility. 
c. Presence of an intact T6SS. 

6.  Relevant cellular characteristics: 
a. Density. 
b. Free-floating or adherent.  

7.  Most important processes and characteristics to consider: 
a. Number of bacteria inside the cell. 
b. Volume of the cell. 

8.  State variables that will be used to describe the system: 
a. MNGC size. 
b. Time to plaque formation. 
c. Number of intracellular bacteria. 

9.  Model diagram: 
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The value of c was selected to be the estimated bacterial density at the halfway point of MNGC 
formation (~10 hours). Figure 3 shows the probability of fusion over the 22-hour infection time 
course when the constant c is set to 1x108 bacteria/cell.  
 

 Figure 3. 
Probability of fusion 
over a 22-hour 
infection period, with 
the probability scaled 
to bacterial density 
using the formula: 
!(!"#$%&) =
! !"#$%&'"(!!"#$%&'
!"#$%&'"(!!"#$%&'!!!!!!"^! 
 

 
 

When the probability of fusion is given by the function in Figure 3, we observe a 
sigmoidal probability curve with a sharp increase and subsequent plateau in fusion probability 
between 7-13 hours. All statistical analyses were conducted using the statistical software R, 
version 2.12.1 (13). Model fit was estimated by calculating the Akaike Information Criterion 
(AIC) raw values and weights using a linear model in the MASS package (13). 

 
Experiments. Infection time courses were performed with the key outcome of interest 

being multinucleated giant cell size over a 24-hour infection period. Green fluorescent protein-
expressing HEK 293 cells were grown and used for infection studies. Cells were plated onto 384-
well and 6-well plates at a density of 20,000 cells/well and 1.8x106 cells/well, respectively. 
Wild-type Burkholderia thailandensis strains were used in this study. Bacteria were streaked 
onto LB agar plates and incubated at 37oC overnight. The bacteria were then inoculated into LB 
broth and grown in a 37oC shaking incubator for 20 minutes. Optical density was used to 
quantify bacteria, and the broth was diluted to attain a multiplicity of infection (MOI) of 1.5x10-2 
for infection studies. MOI was confirmed by plating dilutions on LB agar plates and counting 
colony-forming units (CFUs). Bacterial inocula corresponding to an MOI of 1.5x10-2 were added 
to wells. After one hour gentamicin was added to wells to kill extracellular bacteria. 
Multinucleated giant cell formation was monitored by laser microscopy at one-hour intervals. 
High-resolution photos were taken at five-times magnification and images were imported into 
ImageJ 1.46 (14), where the number of pixels represented by the growing MNGCs and the entire 
well was measured. The number of cells within an MNGC at a given time point was calculated 
with the following formula: 

Addressing Bacterial Density 

globals [
  color-mode       ;; 0 = normal, 1 = when heard, 2 = times heard
  clique           ;; how many patches have heard the rumor
  burkdensity      ;; bacterial density
  probability      ;; probability of infecting one of neighbors
  previous-clique  ;; value of clique from last tick, for use in the "successive" plots
]

patches-own [
  time-fused     ;; tracks times the rumor has been heard
  first-fused    ;; clock tick when first heard the rumor
  just-fused?    ;; tracks whether rumor was heard this round -- resets each round
]

;;; setup procedures

to setup [seed-one?]
  clear-all
  set color-mode 0
  set clique 0
  ask patches
    [ set first-fused -1
      set time-fused 0
      set just-fused? false
      recolor ]
    ask patches with [(random-float 100) < Cell-density]
    [ set pcolor green ]
  ifelse seed-one?
    [ seed-one ]
    [ seed-random ]
  reset-ticks
end

to seed-one
  ;; tell the center patch the rumor
  ask patch 0 0
    [ hear-rumor 0 ]
end

to seed-random
  ;; seed with random number of rumor sources governed by init-clique slider
  ask patches with [time-fused = 0]
    [ if (random-float 100.0) < MOI
        [ hear-rumor 0 ] ]
end

to go
  if clique > 1500
    [ stop ]
  ask patches
    [ if time-fused > 0
        [ spread-rumor ] ]
  update
  tick
end

to spread-rumor  ;; patch procedure
  let neighbor nobody
  ifelse eight-mode?
    [ set neighbor one-of neighbors ]
    [ set neighbor one-of neighbors4 ]
  set probability (burkdensity / (burkdensity + 1E8)) ;; burkdensity = 2 ^ ticks / clique
  ask neighbor [if (pcolor = green) and (random-float 100 < Cell-density) and random-float 1 <= probability  
 [ set just-fused? true ]]
end

to hear-rumor [when]  ;; patch procedure
  if first-fused = -1
    [ set first-fused when
      set just-fused? true ]
  set time-fused time-fused + 1
  recolor
end

to update
  ask patches with [just-fused?]
    [ set just-fused? false
      hear-rumor ticks ]
  set previous-clique clique
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Fig. 1. (A) Model diagram. (B) Neighbor schemes for four-mode (left) and eight-
mode (right). Initial infections were seeded at the center of the cell grid in all 
infection simulations. (C) Probability of fusion over a 22-hour infection period, 
with the probability scaled to bacterial density.
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Fig. 2. (A) Data fit of three model types [1: constant fusion probability, 2: fusion 
occurs after a bacterial density threshold, 3: probability of fusion scaled to bacterial 
density]. (B) Simulated plaque shapes at 100% cell confluence and 45% cell 
confluence, demonstrating the percolated nature of MNC growth at low cell 
densities and the emergence of unusual plaque formations.
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We found that the best performing model was the model in which fusion probability was 
scaled to bacterial density (AIC weight 0.49), but a model with a fusion threshold of 1x107 
bacteria/cell also performed well (AIC weight 0.35). Among the threshold models tested, the one 
with the strongest support was the model incorporating a threshold of 1x107 bacteria/cell. Models 
with a threshold of 1x106 and 1x108 bacteria/cell had ΔAIC values greater than 2. Similarly, we 
varied the constant c [in the formula ! !"#$%& = !"#$%&'"(!!"#$%&'

!"#$%&'"(!!"#$%&'!!] in models with fusion 
probability scaled to bacterial density, and found that the model with c set to 1x108 clearly 
outperformed models in which c was increased or decreased by a factor of 10 (ΔAIC > 13). We 
selected the model with the greatest AIC weight (8-mode with fusion probability scaled to 
bacterial density) to probe the impact of initial conditions on the rate of MNGC growth, as well 
as the impact of different therapeutic strategies.  
 
 Effect of cell density and MOI on MNGC growth. We hypothesized that cell density 
would impact the rate of MNGC growth, as it would alter the number of susceptible cells 
neighboring an infected cell at each time step. We represented decreased cell confluence in our 
models by replacing randomly selected cells in the cellular automaton grid with empty cells 
(black patches). In low cell density conditions (<50% confluence), MNGCs grew by percolation, 
with unusual plaque shapes arising (Figure 10). 

 
 
Figure 10. Simulated plaque 
shapes at 100% cell confluence 
and 45% cell confluence, 
demonstrating the percolated 
nature of MNGC growth at low 
cell densities and the emergence 
of unusual plaque formations.  
 
 
 
 
 

 
In our model we assumed that cells could not extend pseudopods or chemotax toward 

other cells, a relatively sound assumption for HEK 293 cells (but not for macrophages). Our 
model predicted that MNGC growth rate was dependent on cell density, with increased cell 
densities allowing for more rapid growth and a shorter time until the 900-cell MNGC burst point 
was reached [Figure 11]. At low cell densities (<50%), the paucity of susceptible cells cannot 
sustain continued MNGC growth, and MNGCs typically reach a maximal cell count of <30 cells 
over a 24-hour infection period. This is because cell fusion requires the juxtaposition of infected 
and susceptible cells.  
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Effect of intracellular antibiotics and fusion inhibitors on MNGC growth. Finally, 
we used our model to predict the effect of different therapeutic strategies on MNGC growth. The 
two strategies we focused on were intracellular antibiotics and fusion inhibitors. The addition of 
intracellular antibiotics was simulated in the model by decreasing the rate of bacterial replication, 
such that a 10% effective intracellular antibiotic would cause the bacterial population to grow at 
a rate of 1.9t. Fusion inhibitors do not currently exist, however we are currently attempting to 
identify compounds that can achieve this function using high-throughput cell fusion screening of 
small molecule libraries. Fusion inhibitors are predicted to decrease the likelihood of a bacterium 
catalyzing a cell fusion event, and were therefore represented in the model by multiplying the 
fusion probability function [! !"#$%& = !"#$%&'"(!!"#$%&'

!!"#$%&!'!!"#$%&'!!] by a fraction representing the 
efficacy of the fusion inhibitor. For instance, the probability of fusion in the presence of a 10% 
effective fusion inhibitor was given by: ! !"#$%& = 0.9!!! !"#$%&'"(!!"!"#$%

!"#$%&'"(!!"#$%&'!!. The results of our 
analysis of the effect of intracellular antibiotics and cell fusion inhibitors, as well as embedded 
diagrams of the mode of action of the therapeutic strategy, are given in Figure 13. 
 

 
Figure 13. Simulations of the effect of intracellular antibiotics (left) and fusion inhibitors (right) 
on the rate of MNGC growth.  
 
 Our models predict that intracellular antibiotics will delay the growth of MNGCs, 
without affecting their growth rate once they begin growing. Fusion inhibitors, on the other hand, 
actually slow the rate of growth of MNGCs without affecting the fusion start time. When 
comparing intracellular antibiotics and fusion inhibitors of similar efficacy, it appears that 
intracellular antibiotics are more effective in keeping MNGC size low at earlier time points, 

0"

100"

200"

300"

400"

500"

600"

700"

800"

900"

1000"

0" 2" 4" 6" 8" 10" 12" 14" 16" 18" 20" 22" 24" 26" 28" 30" 32"

M
N
G
C%
Si
ze
%(C

el
ls
)%

Time%(Hours)%

No"therapy"

10%"effec8ve"
intracellular"an8bio8c"

50%"effec8ve"
intracellular"an8bio8c"

90%"effec8ve"
intracellular"an8bio8c"

0"

100"

200"

300"

400"

500"

600"

700"

800"

900"

1000"

0" 2" 4" 6" 8" 10" 12" 14" 16" 18" 20" 22" 24" 26" 28" 30" 32"

M
N
G
C%
Si
ze
%(C

el
ls
)%

Time%(Hours)%

No"therapy"

10%"effec8ve"fusion"
inhibitor"

50%"effec8ve"fusion"
inhibitor"

90%"effec8ve"fusion"
inhibitor"

0

100

200

300

400

500

600

700

800

900

0 5 10 15 20 25 30 35

M
N
C$
Si
ze
$(c
el
ls
)

Time$(hours)

No,therapy

10%,effective,fusion,
inhibitor

50%,effective,fusion,
inhibitor

90%,effective,fusion,
inhibitor

Philip Bulterys Dynamics of Burkholderia-Induced Cell Fusion 
 

 11 

Effect of intracellular antibiotics and fusion inhibitors on MNGC growth. Finally, 
we used our model to predict the effect of different therapeutic strategies on MNGC growth. The 
two strategies we focused on were intracellular antibiotics and fusion inhibitors. The addition of 
intracellular antibiotics was simulated in the model by decreasing the rate of bacterial replication, 
such that a 10% effective intracellular antibiotic would cause the bacterial population to grow at 
a rate of 1.9t. Fusion inhibitors do not currently exist, however we are currently attempting to 
identify compounds that can achieve this function using high-throughput cell fusion screening of 
small molecule libraries. Fusion inhibitors are predicted to decrease the likelihood of a bacterium 
catalyzing a cell fusion event, and were therefore represented in the model by multiplying the 
fusion probability function [! !"#$%& = !"#$%&'"(!!"#$%&'

!!"#$%&!'!!"#$%&'!!] by a fraction representing the 
efficacy of the fusion inhibitor. For instance, the probability of fusion in the presence of a 10% 
effective fusion inhibitor was given by: ! !"#$%& = 0.9!!! !"#$%&'"(!!"!"#$%

!"#$%&'"(!!"#$%&'!!. The results of our 
analysis of the effect of intracellular antibiotics and cell fusion inhibitors, as well as embedded 
diagrams of the mode of action of the therapeutic strategy, are given in Figure 13. 
 

 
Figure 13. Simulations of the effect of intracellular antibiotics (left) and fusion inhibitors (right) 
on the rate of MNGC growth.  
 
 Our models predict that intracellular antibiotics will delay the growth of MNGCs, 
without affecting their growth rate once they begin growing. Fusion inhibitors, on the other hand, 
actually slow the rate of growth of MNGCs without affecting the fusion start time. When 
comparing intracellular antibiotics and fusion inhibitors of similar efficacy, it appears that 
intracellular antibiotics are more effective in keeping MNGC size low at earlier time points, 

0"

100"

200"

300"

400"

500"

600"

700"

800"

900"

1000"

0" 2" 4" 6" 8" 10" 12" 14" 16" 18" 20" 22" 24" 26" 28" 30" 32"

M
N
GC

%S
iz
e%
(C
el
ls
)%

Time%(Hours)%

No"therapy"

10%"effec8ve"
intracellular"an8bio8c"

50%"effec8ve"
intracellular"an8bio8c"

90%"effec8ve"
intracellular"an8bio8c"

0"

100"

200"

300"

400"

500"

600"

700"

800"

900"

1000"

0" 2" 4" 6" 8" 10" 12" 14" 16" 18" 20" 22" 24" 26" 28" 30" 32"

M
N
GC

%S
iz
e%
(C
el
ls
)%

Time%(Hours)%

No"therapy"

10%"effec8ve"fusion"
inhibitor"

50%"effec8ve"fusion"
inhibitor"

90%"effec8ve"fusion"
inhibitor"

Simulating$the$effect$of$intracellular$antibiotics$and$fusion$inhibitors

A$Mathematical$Model$of$BurkholderiaDInduced$Cell$Fusion$and$a$HighDThroughput$Screen$for$Inhibitors$of$CellDCell$Spread
Philip$L.$Bulterys,1,2 Christopher$T.$French,2 Isabelle$Toesca,2 Jeff$P.$Maloy,2 Imke Schroder,2 Atish Ganguly,2 Jeff$F.$Miller2

1UCLA&Caltech-Medical-Scientist-Training-Program;-2UCLA-Department-of-Microbiology,-Immunology,-and-Molecular-Genetics,-Los-Angeles,-CA,-USA

Introduction Method

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 50 100 150 200 250 300 350 400 450

M
N
C$
Si
ze
$(c
el
ls
)

Time$steps

No,therapy

50%,effective,intracellular,
antibiotic

50%,effective,fusion,inhibitor

50%,effective,intracellular,
antibiotic,+,50%,effective,
fusion,inhibitor

90%,effective,intracellular,
antibiotic,+,10%,effective,
fusion,inhibitor

10%,effective,intracellular,
antibiotic,+,90%,effective,
fusion,inhibitor

Comparing$treatment$strategies$

• A striking feature of several pathogenic Burkholderia species is their ability to fuse mammalian cells to formmultinucleated cells (MNCs).

• MNCs can be found in infected human tissues and in cultured cells, and fusion is thought to be the primary mechanism of cellMcell spread. However,
little is known about the mechanism and dynamics of this process.

• We built an agentMbased cellular automaton model using NetLogo software, in which infected cells fuse with a probability scaled to an exponential
bacterial density function. We used our model to simulate the effect of various starting conditions and therapeutic strategies on cellMcell spread.

• We have also developed and optimized a highMthroughput cell fusion assay that we have used to identify small molecule inhibitors of cellMcell spread.

• Cells in the model fuse with a probability based on bacterial density (ϱ)= (number of bacteria/number of cells in MNC)~(2t/cells).

• Probability was scaled from 0M1 using a MichaelisMMentenMlike formulation: P=[ϱ/(ϱ + c)], where c is half the estimated maximum
bacterial density.

• Results were experimentally validated by following the growth kinetics of MNCs derived from HEK293MGFP and MRFP cells, infected
with B. thailandensis, using confocal microscopy.
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• MNCs were found to grow exponentially in vitro and burst into plaques after
fusing approximately 900 cells (IQ range: 755M1023 cells).

• Models scaling the probability of cell fusion to either bacterial density or a
bacterial density threshold clearly outMperformed models that ignore bacterial
density (ΔAIC > 100).

• Our model predicts that bacteriostatic antibiotics (BA) like trimethoprimM
sulfamethoxazole would delay MNC initiation without affecting the rate of

fusion thereafter, whereas fusion inhibitors (FI) would actually slow the rate of
MNC growth.

• A combinatorial treatment is predicted to yield a multiplicative effect on MNC

size, even with suboptimal efficacy of BA and FI.
• Fusion inhibitors could synergistically augment antibiotic efficacy, and we have

developed and optimized highMthroughput assays to identify small molecules
that prevent Burkholderia&driven membrane fusion, for eventual testing in
animal models.

• We have used our assay to screen an FDAMapproved drug library and numerous
small molecule collections and have identified compounds that reproducibly

inhibit Burkholderia plaque formation, and are currently exploring their promise
as potential therapeutics for PseudomalleiMgroup pathogens.

Conclusions
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We found that the best performing model was the model in which fusion probability was 
scaled to bacterial density (AIC weight 0.49), but a model with a fusion threshold of 1x107 
bacteria/cell also performed well (AIC weight 0.35). Among the threshold models tested, the one 
with the strongest support was the model incorporating a threshold of 1x107 bacteria/cell. Models 
with a threshold of 1x106 and 1x108 bacteria/cell had ΔAIC values greater than 2. Similarly, we 
varied the constant c [in the formula ! !"#$%& = !"#$%&'"(!!"#$%&'

!"#$%&'"(!!"#$%&'!!] in models with fusion 
probability scaled to bacterial density, and found that the model with c set to 1x108 clearly 
outperformed models in which c was increased or decreased by a factor of 10 (ΔAIC > 13). We 
selected the model with the greatest AIC weight (8-mode with fusion probability scaled to 
bacterial density) to probe the impact of initial conditions on the rate of MNGC growth, as well 
as the impact of different therapeutic strategies.  
 
 Effect of cell density and MOI on MNGC growth. We hypothesized that cell density 
would impact the rate of MNGC growth, as it would alter the number of susceptible cells 
neighboring an infected cell at each time step. We represented decreased cell confluence in our 
models by replacing randomly selected cells in the cellular automaton grid with empty cells 
(black patches). In low cell density conditions (<50% confluence), MNGCs grew by percolation, 
with unusual plaque shapes arising (Figure 10). 

 
 
Figure 10. Simulated plaque 
shapes at 100% cell confluence 
and 45% cell confluence, 
demonstrating the percolated 
nature of MNGC growth at low 
cell densities and the emergence 
of unusual plaque formations.  
 
 
 
 
 

 
In our model we assumed that cells could not extend pseudopods or chemotax toward 

other cells, a relatively sound assumption for HEK 293 cells (but not for macrophages). Our 
model predicted that MNGC growth rate was dependent on cell density, with increased cell 
densities allowing for more rapid growth and a shorter time until the 900-cell MNGC burst point 
was reached [Figure 11]. At low cell densities (<50%), the paucity of susceptible cells cannot 
sustain continued MNGC growth, and MNGCs typically reach a maximal cell count of <30 cells 
over a 24-hour infection period. This is because cell fusion requires the juxtaposition of infected 
and susceptible cells.  
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Fig. 3. (A) Predicted effect of cell density on MNC growth. Increased cell densities resulted in more rapid MNC 
growth. (B) Predicted effect of MOI on infection rate and monolayer obliteration. Increasing MOI resulted in 
more rapid obliteration and increased overall cell infection rate.
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Effect of intracellular antibiotics and fusion inhibitors on MNGC growth. Finally, 
we used our model to predict the effect of different therapeutic strategies on MNGC growth. The 
two strategies we focused on were intracellular antibiotics and fusion inhibitors. The addition of 
intracellular antibiotics was simulated in the model by decreasing the rate of bacterial replication, 
such that a 10% effective intracellular antibiotic would cause the bacterial population to grow at 
a rate of 1.9t. Fusion inhibitors do not currently exist, however we are currently attempting to 
identify compounds that can achieve this function using high-throughput cell fusion screening of 
small molecule libraries. Fusion inhibitors are predicted to decrease the likelihood of a bacterium 
catalyzing a cell fusion event, and were therefore represented in the model by multiplying the 
fusion probability function [! !"#$%& = !"#$%&'"(!!"#$%&'

!!"#$%&!'!!"#$%&'!!] by a fraction representing the 
efficacy of the fusion inhibitor. For instance, the probability of fusion in the presence of a 10% 
effective fusion inhibitor was given by: ! !"#$%& = 0.9!!! !"#$%&'"(!!"!"#$%

!"#$%&'"(!!"#$%&'!!. The results of our 
analysis of the effect of intracellular antibiotics and cell fusion inhibitors, as well as embedded 
diagrams of the mode of action of the therapeutic strategy, are given in Figure 13. 
 

 
Figure 13. Simulations of the effect of intracellular antibiotics (left) and fusion inhibitors (right) 
on the rate of MNGC growth.  
 
 Our models predict that intracellular antibiotics will delay the growth of MNGCs, 
without affecting their growth rate once they begin growing. Fusion inhibitors, on the other hand, 
actually slow the rate of growth of MNGCs without affecting the fusion start time. When 
comparing intracellular antibiotics and fusion inhibitors of similar efficacy, it appears that 
intracellular antibiotics are more effective in keeping MNGC size low at earlier time points, 
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• A striking feature of several pathogenic Burkholderia species is their ability to fuse mammalian cells to formmultinucleated cells (MNCs).

• MNCs can be found in infected human tissues and in cultured cells, and fusion is thought to be the primary mechanism of cellMcell spread. However,
little is known about the mechanism and dynamics of this process.

• We built an agentMbased cellular automaton model using NetLogo software, in which infected cells fuse with a probability scaled to an exponential
bacterial density function. We used our model to simulate the effect of various starting conditions and therapeutic strategies on cellMcell spread.

• We have also developed and optimized a highMthroughput cell fusion assay that we have used to identify small molecule inhibitors of cellMcell spread.

• Cells in the model fuse with a probability based on bacterial density (ϱ)= (number of bacteria/number of cells in MNC)~(2t/cells).

• Probability was scaled from 0M1 using a MichaelisMMentenMlike formulation: P=[ϱ/(ϱ + c)], where c is half the estimated maximum
bacterial density.

• Results were experimentally validated by following the growth kinetics of MNCs derived from HEK293MGFP and MRFP cells, infected
with B. thailandensis, using confocal microscopy.
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• MNCs were found to grow exponentially in vitro and burst into plaques after
fusing approximately 900 cells (IQ range: 755M1023 cells).

• Models scaling the probability of cell fusion to either bacterial density or a
bacterial density threshold clearly outMperformed models that ignore bacterial
density (ΔAIC > 100).

• Our model predicts that bacteriostatic antibiotics (BA) like trimethoprimM
sulfamethoxazole would delay MNC initiation without affecting the rate of

fusion thereafter, whereas fusion inhibitors (FI) would actually slow the rate of
MNC growth.

• A combinatorial treatment is predicted to yield a multiplicative effect on MNC

size, even with suboptimal efficacy of BA and FI.
• Fusion inhibitors could synergistically augment antibiotic efficacy, and we have

developed and optimized highMthroughput assays to identify small molecules
that prevent Burkholderia&driven membrane fusion, for eventual testing in
animal models.

• We have used our assay to screen an FDAMapproved drug library and numerous
small molecule collections and have identified compounds that reproducibly

inhibit Burkholderia plaque formation, and are currently exploring their promise
as potential therapeutics for PseudomalleiMgroup pathogens.
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We found that the best performing model was the model in which fusion probability was 
scaled to bacterial density (AIC weight 0.49), but a model with a fusion threshold of 1x107 
bacteria/cell also performed well (AIC weight 0.35). Among the threshold models tested, the one 
with the strongest support was the model incorporating a threshold of 1x107 bacteria/cell. Models 
with a threshold of 1x106 and 1x108 bacteria/cell had ΔAIC values greater than 2. Similarly, we 
varied the constant c [in the formula ! !"#$%& = !"#$%&'"(!!"#$%&'

!"#$%&'"(!!"#$%&'!!] in models with fusion 
probability scaled to bacterial density, and found that the model with c set to 1x108 clearly 
outperformed models in which c was increased or decreased by a factor of 10 (ΔAIC > 13). We 
selected the model with the greatest AIC weight (8-mode with fusion probability scaled to 
bacterial density) to probe the impact of initial conditions on the rate of MNGC growth, as well 
as the impact of different therapeutic strategies.  
 
 Effect of cell density and MOI on MNGC growth. We hypothesized that cell density 
would impact the rate of MNGC growth, as it would alter the number of susceptible cells 
neighboring an infected cell at each time step. We represented decreased cell confluence in our 
models by replacing randomly selected cells in the cellular automaton grid with empty cells 
(black patches). In low cell density conditions (<50% confluence), MNGCs grew by percolation, 
with unusual plaque shapes arising (Figure 10). 

 
 
Figure 10. Simulated plaque 
shapes at 100% cell confluence 
and 45% cell confluence, 
demonstrating the percolated 
nature of MNGC growth at low 
cell densities and the emergence 
of unusual plaque formations.  
 
 
 
 
 

 
In our model we assumed that cells could not extend pseudopods or chemotax toward 

other cells, a relatively sound assumption for HEK 293 cells (but not for macrophages). Our 
model predicted that MNGC growth rate was dependent on cell density, with increased cell 
densities allowing for more rapid growth and a shorter time until the 900-cell MNGC burst point 
was reached [Figure 11]. At low cell densities (<50%), the paucity of susceptible cells cannot 
sustain continued MNGC growth, and MNGCs typically reach a maximal cell count of <30 cells 
over a 24-hour infection period. This is because cell fusion requires the juxtaposition of infected 
and susceptible cells.  
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Effect of intracellular antibiotics and fusion inhibitors on MNGC growth. Finally, 
we used our model to predict the effect of different therapeutic strategies on MNGC growth. The 
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Comparing$treatment$strategies$

• A striking feature of several pathogenic Burkholderia species is their ability to fuse mammalian cells to formmultinucleated cells (MNCs).

• MNCs can be found in infected human tissues and in cultured cells, and fusion is thought to be the primary mechanism of cellMcell spread. However,
little is known about the mechanism and dynamics of this process.

• We built an agentMbased cellular automaton model using NetLogo software, in which infected cells fuse with a probability scaled to an exponential
bacterial density function. We used our model to simulate the effect of various starting conditions and therapeutic strategies on cellMcell spread.

• We have also developed and optimized a highMthroughput cell fusion assay that we have used to identify small molecule inhibitors of cellMcell spread.

• Cells in the model fuse with a probability based on bacterial density (ϱ)= (number of bacteria/number of cells in MNC)~(2t/cells).

• Probability was scaled from 0M1 using a MichaelisMMentenMlike formulation: P=[ϱ/(ϱ + c)], where c is half the estimated maximum
bacterial density.

• Results were experimentally validated by following the growth kinetics of MNCs derived from HEK293MGFP and MRFP cells, infected
with B. thailandensis, using confocal microscopy.
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• MNCs were found to grow exponentially in vitro and burst into plaques after
fusing approximately 900 cells (IQ range: 755M1023 cells).

• Models scaling the probability of cell fusion to either bacterial density or a
bacterial density threshold clearly outMperformed models that ignore bacterial
density (ΔAIC > 100).

• Our model predicts that bacteriostatic antibiotics (BA) like trimethoprimM
sulfamethoxazole would delay MNC initiation without affecting the rate of

fusion thereafter, whereas fusion inhibitors (FI) would actually slow the rate of
MNC growth.

• A combinatorial treatment is predicted to yield a multiplicative effect on MNC

size, even with suboptimal efficacy of BA and FI.
• Fusion inhibitors could synergistically augment antibiotic efficacy, and we have

developed and optimized highMthroughput assays to identify small molecules
that prevent Burkholderia&driven membrane fusion, for eventual testing in
animal models.

• We have used our assay to screen an FDAMapproved drug library and numerous
small molecule collections and have identified compounds that reproducibly

inhibit Burkholderia plaque formation, and are currently exploring their promise
as potential therapeutics for PseudomalleiMgroup pathogens.
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We found that the best performing model was the model in which fusion probability was 
scaled to bacterial density (AIC weight 0.49), but a model with a fusion threshold of 1x107 
bacteria/cell also performed well (AIC weight 0.35). Among the threshold models tested, the one 
with the strongest support was the model incorporating a threshold of 1x107 bacteria/cell. Models 
with a threshold of 1x106 and 1x108 bacteria/cell had ΔAIC values greater than 2. Similarly, we 
varied the constant c [in the formula ! !"#$%& = !"#$%&'"(!!"#$%&'

!"#$%&'"(!!"#$%&'!!] in models with fusion 
probability scaled to bacterial density, and found that the model with c set to 1x108 clearly 
outperformed models in which c was increased or decreased by a factor of 10 (ΔAIC > 13). We 
selected the model with the greatest AIC weight (8-mode with fusion probability scaled to 
bacterial density) to probe the impact of initial conditions on the rate of MNGC growth, as well 
as the impact of different therapeutic strategies.  
 
 Effect of cell density and MOI on MNGC growth. We hypothesized that cell density 
would impact the rate of MNGC growth, as it would alter the number of susceptible cells 
neighboring an infected cell at each time step. We represented decreased cell confluence in our 
models by replacing randomly selected cells in the cellular automaton grid with empty cells 
(black patches). In low cell density conditions (<50% confluence), MNGCs grew by percolation, 
with unusual plaque shapes arising (Figure 10). 

 
 
Figure 10. Simulated plaque 
shapes at 100% cell confluence 
and 45% cell confluence, 
demonstrating the percolated 
nature of MNGC growth at low 
cell densities and the emergence 
of unusual plaque formations.  
 
 
 
 
 

 
In our model we assumed that cells could not extend pseudopods or chemotax toward 

other cells, a relatively sound assumption for HEK 293 cells (but not for macrophages). Our 
model predicted that MNGC growth rate was dependent on cell density, with increased cell 
densities allowing for more rapid growth and a shorter time until the 900-cell MNGC burst point 
was reached [Figure 11]. At low cell densities (<50%), the paucity of susceptible cells cannot 
sustain continued MNGC growth, and MNGCs typically reach a maximal cell count of <30 cells 
over a 24-hour infection period. This is because cell fusion requires the juxtaposition of infected 
and susceptible cells.  
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Fig. 4. (A) Simulations of the effect of intracellular antibiotics (left) and fusion inhibitors (right) on the rate of 
MNC growth. (B) Comparison of the effect of intracellular antibiotics, fusion inhibitors, and the combination of 
the two strategies on MNC growth. Intracellular antibiotics are predicted to delay the growth of MNCs, and 
fusion inhibitors are predicted to slow the growth of MNCs, with the combination yielding a multiplicative effect.
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Effect of intracellular antibiotics and fusion inhibitors on MNGC growth. Finally, 
we used our model to predict the effect of different therapeutic strategies on MNGC growth. The 
two strategies we focused on were intracellular antibiotics and fusion inhibitors. The addition of 
intracellular antibiotics was simulated in the model by decreasing the rate of bacterial replication, 
such that a 10% effective intracellular antibiotic would cause the bacterial population to grow at 
a rate of 1.9t. Fusion inhibitors do not currently exist, however we are currently attempting to 
identify compounds that can achieve this function using high-throughput cell fusion screening of 
small molecule libraries. Fusion inhibitors are predicted to decrease the likelihood of a bacterium 
catalyzing a cell fusion event, and were therefore represented in the model by multiplying the 
fusion probability function [! !"#$%& = !"#$%&'"(!!"#$%&'

!!"#$%&!'!!"#$%&'!!] by a fraction representing the 
efficacy of the fusion inhibitor. For instance, the probability of fusion in the presence of a 10% 
effective fusion inhibitor was given by: ! !"#$%& = 0.9!!! !"#$%&'"(!!"!"#$%

!"#$%&'"(!!"#$%&'!!. The results of our 
analysis of the effect of intracellular antibiotics and cell fusion inhibitors, as well as embedded 
diagrams of the mode of action of the therapeutic strategy, are given in Figure 13. 
 

 
Figure 13. Simulations of the effect of intracellular antibiotics (left) and fusion inhibitors (right) 
on the rate of MNGC growth.  
 
 Our models predict that intracellular antibiotics will delay the growth of MNGCs, 
without affecting their growth rate once they begin growing. Fusion inhibitors, on the other hand, 
actually slow the rate of growth of MNGCs without affecting the fusion start time. When 
comparing intracellular antibiotics and fusion inhibitors of similar efficacy, it appears that 
intracellular antibiotics are more effective in keeping MNGC size low at earlier time points, 
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• MNCs were found to grow exponentially in vitro and burst into plaques after
fusing approximately 900 cells (IQ range: 755M1023 cells).

• Models scaling the probability of cell fusion to either bacterial density or a
bacterial density threshold clearly outMperformed models that ignore bacterial
density (ΔAIC > 100).

• Our model predicts that bacteriostatic antibiotics (BA) like trimethoprimM
sulfamethoxazole would delay MNC initiation without affecting the rate of

fusion thereafter, whereas fusion inhibitors (FI) would actually slow the rate of
MNC growth.

• A combinatorial treatment is predicted to yield a multiplicative effect on MNC

size, even with suboptimal efficacy of BA and FI.
• Fusion inhibitors could synergistically augment antibiotic efficacy, and we have

developed and optimized highMthroughput assays to identify small molecules
that prevent Burkholderia&driven membrane fusion, for eventual testing in
animal models.

• We have used our assay to screen an FDAMapproved drug library and numerous
small molecule collections and have identified compounds that reproducibly

inhibit Burkholderia plaque formation, and are currently exploring their promise
as potential therapeutics for PseudomalleiMgroup pathogens.

Conclusions
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We found that the best performing model was the model in which fusion probability was 
scaled to bacterial density (AIC weight 0.49), but a model with a fusion threshold of 1x107 
bacteria/cell also performed well (AIC weight 0.35). Among the threshold models tested, the one 
with the strongest support was the model incorporating a threshold of 1x107 bacteria/cell. Models 
with a threshold of 1x106 and 1x108 bacteria/cell had ΔAIC values greater than 2. Similarly, we 
varied the constant c [in the formula ! !"#$%& = !"#$%&'"(!!"#$%&'

!"#$%&'"(!!"#$%&'!!] in models with fusion 
probability scaled to bacterial density, and found that the model with c set to 1x108 clearly 
outperformed models in which c was increased or decreased by a factor of 10 (ΔAIC > 13). We 
selected the model with the greatest AIC weight (8-mode with fusion probability scaled to 
bacterial density) to probe the impact of initial conditions on the rate of MNGC growth, as well 
as the impact of different therapeutic strategies.  
 
 Effect of cell density and MOI on MNGC growth. We hypothesized that cell density 
would impact the rate of MNGC growth, as it would alter the number of susceptible cells 
neighboring an infected cell at each time step. We represented decreased cell confluence in our 
models by replacing randomly selected cells in the cellular automaton grid with empty cells 
(black patches). In low cell density conditions (<50% confluence), MNGCs grew by percolation, 
with unusual plaque shapes arising (Figure 10). 

 
 
Figure 10. Simulated plaque 
shapes at 100% cell confluence 
and 45% cell confluence, 
demonstrating the percolated 
nature of MNGC growth at low 
cell densities and the emergence 
of unusual plaque formations.  
 
 
 
 
 

 
In our model we assumed that cells could not extend pseudopods or chemotax toward 

other cells, a relatively sound assumption for HEK 293 cells (but not for macrophages). Our 
model predicted that MNGC growth rate was dependent on cell density, with increased cell 
densities allowing for more rapid growth and a shorter time until the 900-cell MNGC burst point 
was reached [Figure 11]. At low cell densities (<50%), the paucity of susceptible cells cannot 
sustain continued MNGC growth, and MNGCs typically reach a maximal cell count of <30 cells 
over a 24-hour infection period. This is because cell fusion requires the juxtaposition of infected 
and susceptible cells.  
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Effect of intracellular antibiotics and fusion inhibitors on MNGC growth. Finally, 
we used our model to predict the effect of different therapeutic strategies on MNGC growth. The 
two strategies we focused on were intracellular antibiotics and fusion inhibitors. The addition of 
intracellular antibiotics was simulated in the model by decreasing the rate of bacterial replication, 
such that a 10% effective intracellular antibiotic would cause the bacterial population to grow at 
a rate of 1.9t. Fusion inhibitors do not currently exist, however we are currently attempting to 
identify compounds that can achieve this function using high-throughput cell fusion screening of 
small molecule libraries. Fusion inhibitors are predicted to decrease the likelihood of a bacterium 
catalyzing a cell fusion event, and were therefore represented in the model by multiplying the 
fusion probability function [! !"#$%& = !"#$%&'"(!!"#$%&'

!!"#$%&!'!!"#$%&'!!] by a fraction representing the 
efficacy of the fusion inhibitor. For instance, the probability of fusion in the presence of a 10% 
effective fusion inhibitor was given by: ! !"#$%& = 0.9!!! !"#$%&'"(!!"!"#$%

!"#$%&'"(!!"#$%&'!!. The results of our 
analysis of the effect of intracellular antibiotics and cell fusion inhibitors, as well as embedded 
diagrams of the mode of action of the therapeutic strategy, are given in Figure 13. 
 

 
Figure 13. Simulations of the effect of intracellular antibiotics (left) and fusion inhibitors (right) 
on the rate of MNGC growth.  
 
 Our models predict that intracellular antibiotics will delay the growth of MNGCs, 
without affecting their growth rate once they begin growing. Fusion inhibitors, on the other hand, 
actually slow the rate of growth of MNGCs without affecting the fusion start time. When 
comparing intracellular antibiotics and fusion inhibitors of similar efficacy, it appears that 
intracellular antibiotics are more effective in keeping MNGC size low at earlier time points, 
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• A striking feature of several pathogenic Burkholderia species is their ability to fuse mammalian cells to formmultinucleated cells (MNCs).

• MNCs can be found in infected human tissues and in cultured cells, and fusion is thought to be the primary mechanism of cellMcell spread. However,
little is known about the mechanism and dynamics of this process.

• We built an agentMbased cellular automaton model using NetLogo software, in which infected cells fuse with a probability scaled to an exponential
bacterial density function. We used our model to simulate the effect of various starting conditions and therapeutic strategies on cellMcell spread.

• We have also developed and optimized a highMthroughput cell fusion assay that we have used to identify small molecule inhibitors of cellMcell spread.

• Cells in the model fuse with a probability based on bacterial density (ϱ)= (number of bacteria/number of cells in MNC)~(2t/cells).

• Probability was scaled from 0M1 using a MichaelisMMentenMlike formulation: P=[ϱ/(ϱ + c)], where c is half the estimated maximum
bacterial density.

• Results were experimentally validated by following the growth kinetics of MNCs derived from HEK293MGFP and MRFP cells, infected
with B. thailandensis, using confocal microscopy.
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• MNCs were found to grow exponentially in vitro and burst into plaques after
fusing approximately 900 cells (IQ range: 755M1023 cells).

• Models scaling the probability of cell fusion to either bacterial density or a
bacterial density threshold clearly outMperformed models that ignore bacterial
density (ΔAIC > 100).

• Our model predicts that bacteriostatic antibiotics (BA) like trimethoprimM
sulfamethoxazole would delay MNC initiation without affecting the rate of

fusion thereafter, whereas fusion inhibitors (FI) would actually slow the rate of
MNC growth.

• A combinatorial treatment is predicted to yield a multiplicative effect on MNC

size, even with suboptimal efficacy of BA and FI.
• Fusion inhibitors could synergistically augment antibiotic efficacy, and we have

developed and optimized highMthroughput assays to identify small molecules
that prevent Burkholderia&driven membrane fusion, for eventual testing in
animal models.

• We have used our assay to screen an FDAMapproved drug library and numerous
small molecule collections and have identified compounds that reproducibly

inhibit Burkholderia plaque formation, and are currently exploring their promise
as potential therapeutics for PseudomalleiMgroup pathogens.
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We found that the best performing model was the model in which fusion probability was 
scaled to bacterial density (AIC weight 0.49), but a model with a fusion threshold of 1x107 
bacteria/cell also performed well (AIC weight 0.35). Among the threshold models tested, the one 
with the strongest support was the model incorporating a threshold of 1x107 bacteria/cell. Models 
with a threshold of 1x106 and 1x108 bacteria/cell had ΔAIC values greater than 2. Similarly, we 
varied the constant c [in the formula ! !"#$%& = !"#$%&'"(!!"#$%&'

!"#$%&'"(!!"#$%&'!!] in models with fusion 
probability scaled to bacterial density, and found that the model with c set to 1x108 clearly 
outperformed models in which c was increased or decreased by a factor of 10 (ΔAIC > 13). We 
selected the model with the greatest AIC weight (8-mode with fusion probability scaled to 
bacterial density) to probe the impact of initial conditions on the rate of MNGC growth, as well 
as the impact of different therapeutic strategies.  
 
 Effect of cell density and MOI on MNGC growth. We hypothesized that cell density 
would impact the rate of MNGC growth, as it would alter the number of susceptible cells 
neighboring an infected cell at each time step. We represented decreased cell confluence in our 
models by replacing randomly selected cells in the cellular automaton grid with empty cells 
(black patches). In low cell density conditions (<50% confluence), MNGCs grew by percolation, 
with unusual plaque shapes arising (Figure 10). 

 
 
Figure 10. Simulated plaque 
shapes at 100% cell confluence 
and 45% cell confluence, 
demonstrating the percolated 
nature of MNGC growth at low 
cell densities and the emergence 
of unusual plaque formations.  
 
 
 
 
 

 
In our model we assumed that cells could not extend pseudopods or chemotax toward 

other cells, a relatively sound assumption for HEK 293 cells (but not for macrophages). Our 
model predicted that MNGC growth rate was dependent on cell density, with increased cell 
densities allowing for more rapid growth and a shorter time until the 900-cell MNGC burst point 
was reached [Figure 11]. At low cell densities (<50%), the paucity of susceptible cells cannot 
sustain continued MNGC growth, and MNGCs typically reach a maximal cell count of <30 cells 
over a 24-hour infection period. This is because cell fusion requires the juxtaposition of infected 
and susceptible cells.  
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Abstract 

Burkholderia pseudomallei (Bp) and mallei (Bm) are Tier-1 select agents that cause human 

infections with high mortality, and limited therapeutic options are available. Bp, the etiological 

agent of melioidosis, is a major cause of morbidity and mortality throughout the tropics. Cell-cell 

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 test ~220,000 small molecules for their ability to disrupt intercellular spread 

by Burkholderia thailandensis (a BSL-2 surrogate). We identified 91 compounds that inhibit cell-

cell spread by Bt, and 32 that also disrupt the intercellular lifecycles of Bp and/or Bm. 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 type VI secretion system-5 (T6SS-5), a critical virulence 

determinant and central requirement for cell-cell spread and fusion. Bacterial conversion of 5-

FC to 5-fluorouracil (5-FU) and subsequently to fluorouridine monophosphate (F-UMP) is 

required for potent and selective activity against intracellular bacteria. These results suggest 

that burkfloxacin and flucytosine should be advanced as potential therapeutics for melioidosis 

and glanders, and demonstrate the utility of cell-based phenotypic screening for select-agent 

drug discovery. 
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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 (Bp) 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. In addition, those with predisposing conditions such as diabetes, 

alcoholism, and chronic lung or renal disease are at higher risk (Limmathurotsakul & Peacock, 

2011, Rolim et al., 2011, Peacock, 2006). Infections can disseminate rapidly, with severity of 

disease varying from acute fulminant sepsis to chronic infection mimicking tuberculosis. Visceral 

abscesses, particularly in the spleen and liver, are common (Wiersinga et al., 2012). Clinical 

management is complicated by intrinsic and acquired mechanisms of antibiotic resistance, and 

mortality rates are high despite appropriate diagnosis and treatment (Wiersinga et al., 2012). 

The related species B. mallei (Bm) 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). While the genome of Bm has undergone significant gene loss and functional adaptation 

for a lifestyle of obligate parasitism, it retains the core virulence determinants of Bp in a form 

that is almost unchanged, implying their positive selection in mammalian hosts (Lopez et al., 

2003). In light of their low infectious dose, high lethality, the lack of a vaccine and extensive 

antibiotic resistance, Bm and Bp 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 Bp virulence mechanisms 

is the environmental organism B. thailandensis (Bt), which is less pathogenic to mammals, and 

is often used as an experimental surrogate that does not require select-agent BSL-3 facilities.  
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Although the true global burden of melioidosis is unknown, recent estimates suggest that Bp 

is endemic in at least 79 countries with a total of more than 3 billion people, and is responsible 

for 165,000 annual human infections of which 54% are fatal (Limmathurotsakul et al., 2016b). In 

highly endemic areas such as northeast Thailand, melioidosis accounts for 20% of all 

community-acquired septicemias, and in the Northern Territory of Australia, B. pseudomallei is 

the most common cause of fatal community-acquired bacteremic pneumonia (Stone, 2007, 

Currie et al., 2010, Maharjan et al., 2005). 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 of these 

organisms make the development of new countermeasures a high priority. The need for new 

therapies extends beyond Pseudomallei-group Burkholderia 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 other eukaryotes, and 

their ability to survive intracellularly is one of their essential virulence traits. 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, which provides a portal for direct 

passage into the cytosolic compartment of a neighboring cell, causing the formation of large 
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multinucleated cells (MNCs). The intra- and intercellular lifecycles are conserved among clinical 

and environmental isolates of Bp, as well as in Bm and Bt. The Bsa injection type III secretion 

system (T3SSBsa) is important for escape from phagosomes into the cytosol (Burtnick et al., 

2008a, French et al., 2011b, Galyov et al., 2010a). Bacterial movement through the cytosol, 

provided by BimA-mediated actin polymerization or the Fla2 flagellar system, is also required to 

drive cell-cell spread. A contractile type VI secretion system (T6SS-5) triggers the fusion of host 

cell membranes, facilitating the spread of Burkholderia through a cell monolayer in the presence 

of antibiotics that kill extracellular bacteria. T6SS-5, T3SSBsa, and bacterial motility are essential 

for intracellular survival and for virulence in animals (French et al., 2011b, Schell et al., 2007).  

Work by our group and others has shown that cell fusion is the primary means of 

intercellular spread for Burkholderia (Schwarz et al., 2014, Toesca et al., 2014, Toesca, 2016), 

and the model in Fig. 2B represents a revision of previously existing models (Wiersinga et al., 

2006, French et al., 2011b). Recently we have shown that cell fusion involves the tip of the 

T6SS-5 "injectisome", which is a multimeric complex composed of Val-Gly-Arg repeat (VgrG) 

and Pro-Ala-Ala-Pro repeat (PAAR) proteins that likely forms a puncturing device that triggers 

fusion between mammalian cell membranes (Toesca, 2016). While common among intracellular 

pathogens (Ireton, 2013), Burkholderia cell-cell spread mediated by membrane fusion 

represents a completely unique mechanism for bacterial pathogens, and a potential therapeutic 

target (Wiersinga et al., 2006, Galyov et al., 2010a).  

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 from cell to cell. 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 test ~220,000 small molecules for 

their ability to disrupt Bt cell-cell spread, and validated positive hits in the BSL-3 organisms Bp 

and Bm. We successfully identified 91 compounds that inhibit intracellular survival and cell-cell 
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spread by Bt, and 32 that also disrupt cell fusion by Bp and/or Bm. We describe the mechanistic 

characterization of two of our most potent inhibitors, which hold promise as novel 

countermeasures for Bp and Bm. We also evaluate our findings in the broader context of drug 

discovery for bacterial select agents.  

 

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 Bp and Bm 

to replicate intracellularly (Estes et al., 2010). In addition, target-based high-throughput 

screening campaigns against Gram-negative bacteria have been largely unsuccessful due to 

the inability of compounds to penetrate the bacterial outer membrane (Payne et al., 2007, 

Lewis, 2013, Spellberg & Gilbert, 2014). With these and other 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 mammallian cells, forming 

large multinucleate cells (MNCs) that ultimately undergo lysis, generating 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 that had been pinned with a library of 

small molecules, infecting with Bt 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). Uninfected wells, and wells 

infected with the wt parental strain in the absence of small molecules, served as controls. This 

assay is capable of identifying compounds that inhibit any of the conserved steps in the 

Burkholderia intracellular lifecycle required for cell fusion, including entry, endosome escape, 
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intracellular mobility, replication, and fusogenic activity. Our assay setup has the inherent 

advantage of identifying compounds of low toxicity to mammalian cells that can effectively 

penetrate the cell plasma membrane - and for compounds that target bacterial cells, can also 

penetrate the bacterial outer and inner membranes, all of which 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 

(www.mssr.ucla.edu), initially using Bt E264 as a BSL-2 surrogate. This library contains over 

220,000 compounds, including an FDA approved drug library, diverse natural products, and 

bioactive products from diversity-oriented synthesis. 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 Bt, yielding a conservative 

primary hit rate of 0.0012. These compounds were validated in quintuplicate assays, yielding 91 

compounds (34%) that ablated intercellular spread in a highly reproducible manner (4/5 or 5/5 

times), with the remainder showing either partial or no activity.  

Many inhibitory compounds shared structural features, including sulfonamide groups, 

thiazoles, triazoles, and imidazoles, and some bore resemblance to known antibiotics. We next 

tested our 268 primary hits for activity against the select-agents Bp and Bm. 28 compounds (22 

novel compounds and 6 known antibiotics) inhibited cell-cell spread by a panel of geographically 

diverse Bp clinical isolates, 15 (9 novel compounds and 6 known antibiotics) inhibited cell-cell 

spread by Bm, and 4 (all novel) inhibited both Bp and Bm. As shown in Fig. 2A, the spectrum of 

many compounds' activity against these species is not universal. The majority of molecules 

which blocked cell-cell spread by Bt were not equally inhibitory against Bp or Bm, and 

compounds showing activity against Bp and/or Bm were only partially effective for Bt. In total, 27 

new therapeutic leads that have not been previously described in the context of Burkholderia or 
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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 effect 

on mammalian cell viability at concentrations far exceeding the effective dose (therapeutic index 

> 10) were prioritized for follow-up studies. These 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 approaches 

based on high-throughput, phenotype-based screening are suitable 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 cell-cell spread by Bt, 

Bp, and Bm (Fig. 3B). Burkfloxacin was found to eliminate intracellular Bt at concentrations as 

low as 0.5 µM (Fig. 3C). Interestingly, burkfloxacin did not have an effect on growth in vitro 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 structural similarities 

between burkfloxacin and known fluoroquinolones, we tested its activity against 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, burkfloxacin inhibited intercellular 
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spread of Bt at 10-fold lower concentrations than ciprofloxacin (supplementary information). 

Given its potent activity against Bt, Bp and Bm, 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) 

We identified an FDA-approved antifungal, 5-flucytosine (5-FC), as a potent inhibitor of Bt 

and Bp intercellular spread. 5-FC is a synthetic fluorinated cytosine analog (Fig. 4A) that serves 

as a first-line therapy for Cryptococcal meningitis and some Candidal 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 Bt and Bp in a dose-dependent fashion, completely 

eliminating cell-cell spread by Bt at 25 µM (Fig. 4B). Assays to measure intracellular growth 

revealed that Bt could still replicate to relatively high numbers inside cells in the presence of 

25µM 5-FC, however peak numbers were decreased and delayed, by about 8 hours, relative to 

DMSO-treated controls (Fig. 4C). Similar to burkfloxacin, 5-FC did not affect in vitro growth in 

laboratory medium at concentrations that were completely inhibitory for cell-cell spread (Fig. 

4D), suggesting that it targets virulence as opposed to growth. Experiments to identify the 

affected step of the intracellular lifecycle demonstrated that 5-FC inhibition occurred irrespective 

of the time it was added to the 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 stage of the intracellular lifecycle, possibly limiting growth in the host 

cytosol, or inhibiting membrane fusion. 
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To determine if 5-FC inhibited 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 Type 6 Secretion System-5 (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: a structural protein, and bopE: a 

secreted effector, 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. We found that Hcp secretion was significantly and 

reproducibly inhibited in both Bt and Bp, 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 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) 

5-FC’s antifungal activity relies on its efficient uptake into fungal cells by cytosine permease 

and subsequent conversion to 5-fluorouracil (5-FU) by cytosine deaminase (codA) (Nett & 
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Andes, 2016, Vermes et al., 2000). The metabolic pathway for 5-FU metabolism then bifurcates, 

as shown in Fig. 5. In the first pathway, 5-FU is further metabolized to fluorouridine 

monophosphate (F-UMP) by uracil phosphoribosyltransferase (UPRT), then to fluorouridine 

diphosphate F-UDP, and then to fluorouridine triphosphate F-UTP, which incorporates into 

fungal RNA and disrupts RNA synthesis. Of note, 5-FU can also be converted to F-UMP via 

fluorouridine (F-UR) in a shunt pathway. In the second pathway, 5-FU can be metabolized to 

fluorodeoxyuridine (F-UdR) and then to 5-fluorodeoxyuridinemonophosphate (F-dUMP), which 

inhibits thymidylate synthase, thereby blocking DNA synthesis. These two metabolic pathways 

are thought to 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 Bp-mediated cell-cell spread in order to identify the active form. 

We found that 25 µM 5-FU completely inhibited plaque formation (Fig. 5B). F-UR, an 

intermediate form between 5-FU and 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 

strongly implicate the first pathway metabolizing 5-FC to its active form. F-UdR’s inability 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 cytosine 

deaminase (codA) and uracil phosphoribosyltransferase (uprt) resulted in resistance to 5-FC 

(i.e. robust formation of plaques 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 
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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 

In order 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 look for point mutations at the genomic scale that could lead to 5-FC resistance. We 

chemically mutagenized wild-type Bt with ethyl methanesulfonate (EMS), a chemical mutagen 

that introduces transition point mutations, and used the resultant pool of mutants to infect cells 

treated with 25 µM 5FU in 384-well plates (Fig. 6A). Wells containing MNCs at 16 hours post-

infection were lysed with 0.1% Triton X-100 and spread on L-agar. Bacterial colonies were 

picked and validated for 5FU resistance by repeat plaque assay. 8 resistant clones from >4 

separate experiments were sent for whole genome sequencing (WGS). Approximately 5-10 

SNPs were identified per resistant mutant genome. Mutations were 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 transcriptional regulators A 

and B (FatrA and FatrB), and a polyketide synthase cluster (Bth_II1665 and Bth_II1666), also 

known as ThaP and ThaO, which synthesize thailandamide (Ishida et al., 2010) (Fig. 6B). It is 

highly unlikely that these regions would have been hit in multiple mutants by chance (predicted 

rate of chance occurrence ~10-6). Transposon insertions into fatrA, fatrB, and thaP resulted in 

partial resistance to 5-FC (Fig. 6C). In the absence of 5-FC, these mutants were found to have 

accelerated MNC/plaque formation (~20% faster). We assessed virulence gene expression in 

the FatrA and ThaP mutants and found it to be similar to wt, with the exception of fliC2 

expression which was 100-fold decreased in Tn::fatrA and four-fold decreased in Tn::thaP. 

Interestingly, transposon insertions into these and adjacent loci resulted in a hypermotility 

phenotype when spotted on soft agar (Fig. 6G). We hypothesized that these mutants were 
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resistant to 5-FC due to deregulated T6SS-5 activity, and performed an Hcp secretion assay. 

We found that Hcp secretion, but not expression, was consistently elevated in Tn::fatrA relative 

to wt (Fig, 6H). Tn::thaP showed no change in Hcp secretion. These results indicate that Fatr-A 

and Fatr-B positively regulate fla2 expression and negatively regulate T6SS-5 secretion activity.  

 

Discussion 

Even with rigorous and appropriate antibiotic therapy, mortality rates in humans with acute 

melioidosis remain high and recurrence is common. Due to their high lethality, high intrinsic 

antibiotic resistance, and extensive global distribution and burden, the development of new and 

improved therapeutic strategies for pseudomallei-group Burkholderia is a global health and 

national security priority. The goal of this study was to identify small molecules from a large and 

diverse library of approved drugs, natural products, and synthetic compounds that could inhibit 

steps of the Burkholderia intercellular lifecycle. We developed a comprehensive cell-based 

phenotypic screen for cell fusion that successfully interrogated every step of the Burkholderia 

intracellular and intercellular lifecycle, from invasion to cell fusion. Our primary screen identified 

91 reproducible inhibitors of intercellular spread by the BSL2 surrogate Bt, and cross-species 

validation yielded 32 reproducible inhibitors of Bp and/or Bm. For a subset of effective 

molecules with low toxicity in mammalian cells, we identified the lifecycle blockade step, and for 

two highly potent small molecules, burkfloxacin and flucytosine, 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 Bp 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 

Bp and Bm, and potentially for a spectrum of other Gram-negative and Gram-positive bacteria.  
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Our finding that 5-FC is a potent inhibitor of Bp T6SS-5 secretion activity and intercellular 

spread provides a strong argument for repurposing this FDA-approved antifungal as an 

adjunctive therapy for melioidosis. Although 5-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 T6SS-5-mediated secretion of Hcp but does not affect the 

expression of gene loci encoding critical components of the T6SS. Enzymatic conversion of 5-

FC to 5-FU by CodA and then to F-UMP by UPRT by the bacterial pyrimidine salvage pathway 

are necessary for its activity and for selective toxicity, as human cells do not possess cytosine 

deaminase and therefore do not efficiently metabolize 5-FC (Nett & Andes, 2016). It should be 

noted, however, that 5-FC metabolism does occur by human intestinal flora, and can lead to 

some human toxicity (Harris et al., 1986). The 5-FU metabolic derivative is highly toxic to 

humans as humans have a functional UPRT, and is used as an anti-cancer agent. As an FDA-

approved drug, 5-FC already has a well-established safety and clinical use profile, and is also 

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. 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 is well documented, and precludes 5-FC’s use as a 

monotherapy. Resistance typically arises from mutations in cytosine permease or cytosine 

deaminase that affect uptake and metabolism of 5-FC, or increased synthesis of pyrimidines 

that compete with 5-FC metabolites in the pyrimidine salvage pathway. It is reasonable to 

presume that similar mechanisms may develop in bacteria as well. In addition, we found in our 

5-FC resistance screen that inactivating mutations in bth_II0197 and bth_II0198 can also lead to 

partial resistance to 5-FC, probably due to deregulation of the T6SS-5.  
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 To our knowledge, regulators of T6SS secretion activity that do not affect T6SS expression 

have not been previously reported in the literature. fatrA and fatrB 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 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 in the host cytosol, thereby ensuring 

exclusive expression of the T6SS inside the mammalian cytosol. Although Burkholderia begins 

assembling the T6SS apparatus upon activation by VirAG, the actual T6SS deployment event 

(i.e. contraction of the T6SS apparatus and delivery of fusogenic effectors into neighboring 

cells) may be regulated by bth_II0197 and bth_II0198 until an appropriate environmental 

stimulus occurs. What that stimulus is remains to be determined. Although it is tempting to 

speculate that this regulatory system senses an environmental stimulus such as membrane 

contact to trigger T6SS-5 contraction, further study will be required to determine its exact spatial 

and temporal effects.  

A limitation of our study is that, for ease of manipulation, the primary small molecule screen 

was conducted with the BSL2 surrogate Bt. As we later found, the majority of our primary hits in 

Bt had no effect on the intercellular spread of Bp or Bm. This was somewhat surprising, as the 

intercellular lifecycles of Bt, Bp, and Bm are highly conserved. It is possible that presently 

unknown differences in the intracellular lifecycles of these species, or differences in drug uptake 

or efflux, contributed to this discrepancy. Although our screen was successful in identifying 27 

novel therapeutic leads for Bp and/or Bm, in retrospect the initial screen should have optimally 

been performed with Bp and Bm in BSL3 conditions. Other select agent drug discovery 

screening campaigns may benefit from conducting 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.  
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In summary, the high-throughput phenotypic screen we describe here demonstrates the 

feasibility of identifying new therapeutic leads for high-consequence select agent bacterial 

pathogens. In addition, cell-based phenotypic screens represent a promising approach to drug 

discovery for intracellular bacterial pathogens, and especially gram-negative pathogens, as any 

compound identified in these screens have already demonstrated the ability to traverse the cell 

membrane and the inner and outer bacterial membrane, without killing the host cell. We have 

shown that two compounds, burkfloxacin and flucytosine, potently disrupt the Burkholderia 

intercellular lifecycle. For burkfloxacin, we have identified the mode of action as inhibition of 

DNA gyrase, and demonstrated superiority to presently approved fluoroquinolones in in vitro 

assays against Burkholderia, as well as against other bacterial pathogens. For flucytosine, we 

have identified the mode of action as inhibition of T6SS-5 activity, and have determined via 

pathway analysis that metabolism to F-UMP is required for its activity. We will continue to 

evaluate these and other molecules identified in our screen as potential countermeasures for 

melioidosis and glanders.  
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Materials and Methods 

Study design 

The objective of this study was to develop a high-throughput assay to identify novel small 

molecule inhibitors of the Burkholderia intercellular lifecycle. All 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 based on compound efficacy in a small pilot study, and were 

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 

In vitro experiments with Bp and Bm were performed in a biosafety level 3 (BSL3) 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 
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transfer of Bp and Bm (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 the 

high-throughput screening, and as a carrier control for follow-up studies. Hcp antibodies were 

provided by Mary Burtnick at the University of South Alabama (Mobile, AL). Bt 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 (Bp1026b), Bp340 (Bp 1026b Δ(amrRAB-

oprA), and B. mallei 23344 (Bm23344) were routinely grown in LB medium without NaCl (LB-

NS) or with NaCl (Bm23344). In-frame mutations were constructed using allelic exchange with a 

cholorophenylalanine sensitivity allele, PheS, as a negative-selection marker on M9 agar 

containing 0.1% chlorophenylalanine (cPhe) as described previously (Toesca, French). Strains 

constitutively expressing VirA and VirG were constructed by insertion of a mini-Tn7 transposon 

containing the virAG genes from Bp340 downstream of the S12 ribosomal subunit promoter, 

and were selected for using the Zeocin resistance cassette encoded by the transposon, as 

described previously (Toesca et al., 2014). Transposon mutants in Bt E264 were obtained from 

a saturating transposon mutant library provided by Colin Manoil (Gallagher et al., 2013). 

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., 

2011b, Toesca et al., 2014).  

 

Small molecule library 
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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 

25uL of cell culture media (DMEM + 10% bovine growth serum) was dispensed into black 

clear bottom 384-well plates (E&K Scientific, EK-30091) using a multidrop reagent dispenser 

(Thermo Fischer Scientific). Compounds were pinned into these plates from the UCLA MSSR 

small molecule library using a Biomek FX robot to achieve a final well concentration of 5µM 

(250nL of 10mM DMSO solution). eGFP expressing HEK293 cells were seeded onto the 384-

well plates for a final well volume of 50µL and cell count of 35,000/well. Plates were incubated 

for 24 hours at 37oC, and then infected with Bt E264 at a multiplicity of infection (MOI) of 0.01. 

Validation with Bp 1026b or Bm 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, 10µL of 

media containing kanamycin was added to the wells for a final well concentration of 125µg/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). Data collected for each well 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 
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parental strain served as negative and positive controls, respectively. Negative and positive 

controls accounted for 32 wells per plate each. 

 

Cell culture, infection, and intercellular lifecycle assays 

HEK293 (ATCC CRL-1573) cells were grown in Dulbecco’s Modified Eagle’s Medium 

(DMEM) with 10% bovine growth serum (BGS; HyClone) 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 (200 x g for 5 min) 

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, cells were 

washed with Hank’s balanced salts and 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 multinucleate 

cells (MNCs) or plaques. Plaque forming efficiency was calculated as the number of MNCs or 

plaques (plaque forming units; PFU) over the number of colony forming 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 
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Bt E264 and Bp 1026b strains constitutively expressing VirAG were used for in vitro T6SS-5 

secretion experiments. In the case of 5-FC-resistant Bt 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 loaded onto 4-15% TGX Tris-glycine 

protein gels (Bio-Rad), subjected to SDS-PAGE, and transferred to polyvinylidene difluoride 

(PVDF) membranes. Membranes were blocked in PBS + 5% skim milk for 1h, incubated in 

primary antibody (rabbit anti-Bt Hcp5 or rat anti-Bp Hcp5) at 1:3,000 for 1 h, and then washed 3 

times with PBS + 1% skim milk for 10 min. Membranes were incubated in secondary antibody 

(horseradish peroxidase-labeled IgG conjugate; Amersham) diluted 1:2,000 in PBS + 1% skim 

milk for 30 min, then washed twice in PBS + 1% skim milk and once in just PBS for 10 min each 

time. 

 

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 Topo I was heat 

inactivated at 65oC. 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 500uM), incubated at 37oC for 30 minutes, and then run on a 1% agarose gel without 
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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 Bt 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-fluorouracil (5FU) 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. If a well was found to have an MNC, the cells in that well were trypsinized, lysed with 

0.2% Triton X-100 + 20mM MgSO4 and 50µg/ml DNase I, and dilutions 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 low-throughput sequencing of the uracil phosphoribosyltransferase (uprt) gene, to rule out 

resistance due to an inactivating SNP in uprt. For resistant mutants without SNPs in uprt (7 

total) and the parental wild-type strain, genomic DNA was extracted and sent for whole genome 

sequencing.  

 

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 little modifications. The initial tagmentation 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.  
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Swarming assays 

Wild-type Bt and transposon mutants were grown overnight in LB-NS. 2µL of overnight 

culture was spotted onto 0.3% agarose plates and incubated for 24 hours at 30oC.   

 

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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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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Fig. 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 Bt E264 and Bp 1026b at a concentration of 0.5µM. Plaque 
forming efficiency was assessed by the number of plaque forming units (PFU) per CFU in HEK293 cells 16 hours after infection. 
(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 
ciprofloxacin. 
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C. Intracellular growth of Bt in the presence of 0.5 µM compound B. D. Growth curves demonstrating no effect of compound B on in 
vitro. E. Compound B inhibits the negative supercoiling activity of E. coli DNA gyrase, similar to ciprofloxacin.  
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Fig. 4. The FDA-approved antifungal 5-flucytosine (5FC) 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 
Bt E264 and Bp 1026b at varying concentrations of 5FC. 5FC completely inhibits plaque formation by Bt at a concentration of 25µM. (C) 
5FC reduces and delays intracellular replication of Bt. (D) 5FC does not inhibit in vitro growth at a concentration that robustly inhibits 
intercellular spread (25µM). (E) 5FC robustly 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 5FC blocks a late lifecycle step after endosome escape (replication or membrane 
fusion). (F) 5FC does not inhibit the intracellular replication of a fusion defective mutant (ΔvgrG), suggesting that it inhibits membrane 
fusion. (G) 5FC 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) 5FC does not affect expression of 
Hcp (pellet), but significantly inhibits secretion of Hcp (supernatant) in both Bt E264 and Bp 1026b at concentrations as low as 5µM, 
suggesting that 5FC inhibits T6SS secretion activity. 
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Fig. 5. The activity of 5-flucytosine requires metabolic conversion to 5-fluorouracil and then to fluorouridine monophosphate 
(FUMP). (A) Diagram of 5FC metabolism in Burkholderia. 5FC is a synthetic fluorinated cytosine analog that is taken up by the bacterial cell 
via cytosine permease (codB), and subsequently converted by cytosine deaminase (codA) to 5FU. 5FU is converted to FUMP by uracil 
phosphoribosyltransferase (UPRT). 5FU is also converted to fluorouridine (FUR) by uridine phosphorylase, which can in turn be converted to 
FUMP by uridine kinase. FUMP is then converted to FUDP and then FUTP, which can incorporate into bacterial RNA and inhibit RNA 
synthesis. 5FU can also be converted to fluorodeoxyuridine (FUdR) by thymidine phosphorylase, which is in turn converted to 
fluorodeoxyuridine monophosphate (FdUMP) by thymidine kinase. FdUMP inhibits thymidylate synthase, thereby disrupting DNA synthesis. 
Ribonucleotide reductase (RR) is able to convert FUDP to FdUMP. (B) Plaque forming efficiency of Bt in the presence of 5FC and its 
downstream metabolites. Intercellular spread is inhibited by 5FC, 5FU, and at high concentrations, FUR, but not by FUdR. (C) Transposon 
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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Fig. 6. 5FC resistance screen identifies a novel regulator of T6SS-5 secretion activity. (A) Schematic of the forward genetic screen for chemical 
mutants resistant to 5FC. Wild-type Bt E264 was chemically mutagenized with ethyl methanesulfonate (EMS), and pooled mutants were used to infect 
384-well plates treated with 25µM 5FU at an MOI of 0.03. Wells with MNCs at 16 hours post infection were lysed, plated, and individual colonies were 
picked and retested for resistance to 5FC. Resistant mutants without SNPs in uracil phosphoribosyltransferase were whole-genome sequenced to 
determine affected loci. (B) Two genomic regions were mutated in multiple resistant mutants: a two-component regulator adjacent to the Fla2 locus 
(bth_II0197 and bth_II0198) and a polyketide synthase cluster (bth_II1665 and bth_II1666). Red arrows indicate the location of SNPs. (C) Transposon 
insertions into these loci result in partial resistance to 5FU. (D) Transposon insertions in bth_II0197 and bth_II1665 result in accelerated plaque 
formation, relative to wt. (E) Inside cells, tn::bth_II0197 has significantly reduced FliC2 expression (~100 fold decrease) relative to wt, as well as 
moderately elevated VirG and FliC1 expression. (F) Inside cells, tn::bth_II1665 has moderately reduced FliC2 expression. (G) Transposon insertions in 
bth_II0195, bth_II0197, bth_II0198, bth_II1665, bth_II1666, bth_II1667, and bth_II1672 result in a hypermotile phenotype on soft agar. (H) Transposon 
insertion into bth_II0197  results in consistently elevated Hcp secretion (~two-fold), relative to wt, suggesting that bth_II0197 regulates T6SS secretion 
activity. 
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Abstract 

It is unclear if pseudomallei-group Burkholderia species require any host factors to survive 

intracellularly and spread from cell-cell. We performed an unbiased high-throughput RNA 

interference screen, using a siRNA kinase library comprising 3,000 human genes, to identify 

host factors required for Burkholderia’s intercellular lifecycle. We identified one host factor, 

COPB2, a component of the Golgi coatamer complex (COP-I), that was required for 

Burkholderia cell-cell spread. Knockdown with three separate siRNAs targeting COPB2 mRNA 

led to near-complete or complete inhibition of cell-cell spread by B. thailandensis. Treatment of 

cells with Brefeldin A, a fungal toxin that potently disrupts COP-I mediated vesicle transport, 

significantly abrogated Burkholderia’s ability to survive intracellularly or spread from cell-cell. In 

addition, BFA treatment led to increased LC3 localization with bacteria, as determined by 

confocal microscopy, suggesting that disruption of COP-I mediated vesicle transport promotes 

autophagy of Burkholderia. Taken together, these results suggest that Burkholderia may hijack 

Golgi vesicle coats to mask itself from the innate immune response and evade autophagy. It is 

tempting to speculate that a Burkholderia type 3 secretion system (T3SS) effector recruits Golgi 

coatamer complex, as is the case in enterohemorrhagic E. coli and Shigella, however further 

work is required to establish this.  
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Short Report 

Pseudomallei-group Burkholderia species’ ability to spread from cell to cell is critical for their 

virulence (Toesca, 2016, Schwarz et al., 2014), and relies upon the proper function of an 

inventory of necessary bacterial virulence factors (French et al., 2011b, Toesca, 2016, Toesca 

et al., 2014). Our lab and others have made significant progress in understanding the bacterial 

factors required for intracellular survival and spread. However, the extent to which Burkholderia 

requires host factors to survive intracellularly and spread to neighboring cells, and the identify of 

any such host factors, remains unknown. To address this, we performed a high-throughput cell 

fusion screen of a human siRNA library to generate an inventory of host-encoded factors that 

are required for the Burkholderia infectious cycle. We screened an arrayed human kinome 

siRNA library containing approximately 3,000 distinct siRNAs targeting human kinases that play 

integral roles in established host signaling pathways. A reverse transfection protocol was used 

in which siRNA oligomers were spotted on a 384-well plate. Transfection reagent was then 

added, followed by a HEK293-GFP cellular suspension. After 52 hours of incubation, sufficient 

time for knockdown of expression and cell growth to occur, we performed our standard HT 

fusion assay; i.e. cell monolayers were infected with Bt, overlaid with kanamycin, and incubated 

for 20 hours. At 20 hours after infection (72 hours after transfection), monolayers were imaged 

by laser scanning cytometry and analyzed for the presence, abundance, and size of 

MNCs/plaques. The screen provided adequate redundancy due to the presence of multiple (up 

to four) oligomers in the library that target the same kinase, and the screen was performed in 

duplicate.  

siRNA knockdown of one host factor, the coatamer protein complex subunit B, COPB2, 

consistently led to near-complete or complete inhibition of cell-cell spread by B. thailandensis 

(Fig. 1A). Given the fact that siRNA transfections are 70% effective at best, even indispensible 

host factors are expected to display only a partial phenotype. We therefore predict this host 

protein to be important for one or more steps of the Burkholderia intracellular life cycle. COPB2 
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is one of 7 critical components of the Golgi coatamer complex (COP-I), which is essential for 

Golgi budding and vesicular transport (Jackson, 2014, Dodonova et al., 2015, Faini et al., 2013). 

The coatamer protein complex reversibly associates with Golgi non-clathrin-coated vesicles in 

the cytosol, mediating intra-Golgi biosynthetic protein transport and retrograde Golgi-ER 

transport. Small vesicle trafficking of proteins from the ER to the Golgi apparatus, Golgi 

apparatus to the trans-Golgi network, and then to final destination compartments is bidirectional 

to ensure recycling of proteins required to form vesicles. In mammals, only membranes 

associated with ADP-ribosylation factors (ARFs), small GTP-binding proteins, are able to recruit 

coatamer. In summary, COP-I is essential for normal budding of vesicles from Golgi 

membranes, the retrograde Golgi-to-ER transport of proteins, and for Golgi structural integrity.  

Our finding that B. thailandensis requires COPB2 in order to spread intercellularly leads us 

to hypothesize that Burkholderia hijacks the host COP-I vesicle transport system to evade 

autophagy and multiply intracellularly. In order to further study the effects of COP-I disruption on 

the Burkholderia intracellular lifecycle, we took advantage of the existence of a fungal toxin that 

potently disrupts COP-I-mediated vesicle transport called Brefeldin A (BFA). BFA accomplishes 

this by stabilizing the ARF1-GDP/GEF complex and thereby preventing its transition to an active 

state. Treatment with BFA should therefore have a similar effect as knockdown of COPB2, 

namely disruption of Golgi vesicle trafficking. Indeed, we found that BFA treatment phenocopied 

COPB2 knockdown, with regard to Burkholderia intercellular spread. BFA at concentrations of 1 

and 5 µM significantly abrogated intercellular spread by Bt (Fig. 2A). Although BFA did not affect 

growth in broth at a concentration of 5 µM (Fig. 2B), the same concentration potently inhibited 

intracellular replication starting around 4 hours post-infection (Fig. 2C). This defect in 

intracellular replication was sustained over a 24 hour time-course (Fig. 2D), with BFA-treatment 

leading to similar levels of intracellular replication as a type 3 secretion system Bsa (T3SSBsa) 

mutant, ΔbsaS, which cannot escape the endosome. Finally, we used confocal microscopy with 

a HEK293 cell line expressing fluorescently-tagged LC3, a component of autophagosomal 
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membranes, and fluorescent B. thailandensis. We found that BFA treatment led to increased 

LC3 localization on bacteria, suggesting that BFA treatment promotes autophagy of 

Burkholderia (Fig. 2E). Taken together, these results suggest a pivotal role of the COP-I vesicle 

transport system in the intracellular survival of Burkholderia, perhaps as a means for 

Burkholderia to mask itself to the innate immune response.  

Our group has found that escape from the endosome and subsequent evasion of autophagy 

requires the T3SSBsa ((French et al., 2011b), French et al, unpublished). It is tempting to 

speculate that recruitment of COP-I coat is facilitated by a T3SS effector targeting ARF1. There 

is precedent for T3SS effectors targeting ARF1 in other bacterial pathogens. For instance, the 

enterohaemorrhagic Escherichia coli O157:H7 T3SS effector EspG inactivates ARF1, localizes 

to the Golgi and fragments it, and disrupts secretion of cytokines and adhesion proteins that 

maintain the tight junction integrity of the intestinal lumen (Selyunin et al., 2011). The Shigella 

T3SS effector VirA inactivates Rab1 and induces Golgi disassembly (Dong et al., 2012). Further 

work will be required to determine if the Burkholderia T3SS directly targets ARF1 or the Golgi to 

evade autophagy. In addition, this host factor screening methodology should be scaled to 

accommodate other human host factor libraries, including druggable genome libraries, and 

targeted protease, phosphatase, GPCR, and ion channel libraries. Ultimately, we hope to create 

an inventory of essential host factors that participate in the Burkholderia infectious cycle, which 

may constitute therapeutic targets. This may involve screening an arrayed CRISPR guide-RNA 

(gRNA) library.  
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Materials and Methods 

High-throughput screening. 384-well plates containing siRNA oligos were pinned with 10µl 

Opti-MEM cell culture media and then 0.1µl Lipofectamine RNAiMax and left to sit at room 

temperature for 20 minutes. Then 15,000 HEK-293-GFP cells were seeded per well, the plates 

were left to sit at room temperature for 1.5 hours to facilitate cell adherence, and then placed in 

a 37C incubator for 52 hours. After 52 hours incubation, cells were infected with B. 

thailandensis, at an approximate MOI of 0.01, and incubated for 1 hour before adding 

kanamycin for a final well concentration of 125µg/ml. Plates were imaged by laser scanning 

cytometry 20 hours post infection and evaluated for the presence, absence, abundance, and 

size of multinucleated cells/plaques.  

 

Follow-up assays. Cell-based assays, bacterial growth curves, and confocal microscopy were 

performed as described previously (French et al., 2011b). Brefeldin A was ordered from 

Selleckchem, and dissolved in DMSO.  
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A

Fig. 1. A high-throughput siRNA screen identifies COPB2 as a required host factor for 
Burkholderia intercellular spread. (A) Schematic of the high-throughput cell fusion-based small 
molecule screen. HEK293-GFP cell monolayers were reverse transfected with siRNAs, infected with Bt, 
and then evaluated by laser scanning cytometry for the presence, abundance, and size of MNCs/
plaques. (B) Images taken 20-hours post-infection of a positive control well (no siRNA, infected), 
negative control well (no siRNA, uninfected), and three wells with distinct siRNAs targeting COPB2 
mRNA. 
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Fig. 2. Brefeldin A, an inhibitor of COP-I-mediated vesicle transport, abrogates Burkholderia intracellular survival by promoting 
autophagy. (A) Brefeldin A inhibits plaque formation by Bt. (B) Brefeldin A does not affect growth of Bt in broth. (C) Brefeldin A inhibits 
intracellular replication of Bt starting at 4 hours. (D) Brefeldin A inhibits intracellular replication of Bt over a 24 hour time-course. (E) 
Brefeldin A promotes LC3 localization with intracellular Bt, suggesting that it promotes autophagy of Bt. 
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Abstract 

 

Background. Burkholderia pseudomallei is the etiological agent of melioidosis, a serious and 

difficult-to-treat infection endemic throughout the tropics. Melioidosis incidence is highly 

seasonal. Uncovering the environmental factors driving this seasonality may shed light on 

modes of transmission and potential preventive strategies.  

 

Methods. This study included all melioidosis cases presenting to Mahosot Hospital in Vientiane, 

Laos from 1999-2015 (n = 872) and all melioidosis cases presenting to the Angkor Hospital for 

Children in Siem Reap, Cambodia from 2009-2013 (n = 173), and local temperature, humidity, 

precipitation, visibility, and wind data for the corresponding periods. We estimated the B. 

pseudomallei incubation period by examining profile likelihoods for hypothetical exposure-to-

admission delays.  

 

Results. We found that melioidosis admissions were strongly associated with humidity (P < 2E-

16), low visibility (P < 2E-16), and maximum wind speeds (P < 2E-5) in Laos, and humidity (P = 

0.01), rainy days (P = 0.015), and maximum wind speed (P = 0.007) in Cambodia. Children 

were almost three-fold more likely to present than adults during highly humid months (odds 

ratio, 2.78; 95% confidence interval [CI], 1.82-4.24). Persons with high blood glucose 

(≥200mg/dL) were also more likely to present during highly humid months. Lung and 

disseminated infections were more common during windy months. Maximum likelihood 

estimation suggested an incubation period of 1 week (95% CI, 0-2 weeks).  

 

Conclusions. Humidity, low visibility, and high wind speeds are important predictors of 

melioidosis in Laos and Cambodia. Children and persons with high blood glucose appear to be 

especially susceptible in these conditions.  
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Background 

Burkholderia pseudomallei, the etiological agent of melioidosis, infects an estimated 

165,000 people each year throughout the tropics, killing approximately 89,000 

(Limmathurotsakul et al., 2016c). Infections are acquired from contaminated soil and surface 

water, the environmental reservoirs of B. pseudomallei, via percutaneous inoculation, inhalation, 

or ingestion (Wiersinga et al., 2012). As such, persons with regular contact with soil, such as 

rice farmers, are at increased risk. In addition, those with diabetes, chronic lung or kidney 

disease, or alcoholism are at elevated risk. B. pseudomallei is intrinsically highly drug resistant 

and therefore very difficult to treat (Dance, 2014). Even in the setting of appropriate care case 

fatality rates can approach 50% (Wiersinga et al., 2012). Melioidosis is a highly seasonal 

infection, with the majority of cases occurring during rainy and humid months in endemic areas. 

Studies of the seasonal correlates of disease in various settings have consistently found that 

rainfall and severe weather events predict increased incidence (Kaestli et al., 2016, 

Suputtamongkol et al., 1994, Liu et al., 2015, Mu et al., 2014). Rainfall is hypothesized to impact 

melioidosis incidence by increasing bacterial burdens in topsoil by raising water tables and 

creating optimal growth conditions, and severe weather events by increasing human exposures 

via the formation of contaminated aerosols that can be inhaled (Cheng et al., 2006, Ko et al., 

2007, Chen et al., 2015). Studies linking weather variables with melioidosis incidence and 

clinical data may generate insights into the ecology of B. pseudomallei, the relative contributions 

of various modes of acquisition, and possible preventative strategies. In addition, identification 

of strong climactic drivers of infection provides a means of estimating incubation periods, which 

can be useful in the setting of limited serological data or known exposures (Bulterys et al., 

2013). 

Our objective in this study was to understand the climatic factors governing the strong 

seasonality of melioidosis in two highly endemic low-income countries, Laos and Cambodia. In 

Laos, melioidosis is a leading cause of community-acquired septicemia, particularly among the 
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rice farming communities of the Mekong flood plain (Vongphayloth et al., 2012, Rattanavong et 

al., 2011, Buisson, 2015). Eighty percent of the Lao population lives in rural areas and the 

majority are subsistence rice farmers, placing a large proportion of the population at risk of 

exposure to B. pseudomallei. A recently published study uncovered a similarly significant 

burden of melioidosis among Cambodian children (Turner et al., 2016). Turner et al. reported an 

annual incidence of 28-35 cases per 100,000 children in Cambodia (likely an underestimate), 

and a case fatality rate of 72% among bacteremic patients. We examined 872 adult and 

pediatric culture-confirmed melioidosis admissions to Mahosot Hospital (Vientiane, Laos) from 

1999 to 2015, and 173 culture-confirmed pediatric case presentations to the Angkor Children’s 

Hospital (Siem Reap, Cambodia) from 2009 to 2013, in relation to high-resolution local weather 

data for the corresponding period. We used multivariate regression modeling to identify 

environmental predictors of infection in both Laos and Cambodia, and estimated the melioidosis 

incubation period in these cohorts by considering profile likelihoods for different exposure-to-

admission delays. In addition to comparing our findings between these two study populations, 

we also stratified cohorts by age (pediatric vs. adult), gender (male vs. female), predisposing 

factors (diabetic vs. non-diabetic), residence type (urban vs. rural), clinical presentation 

(localized vs. disseminated), and organ involvement (pneumonia vs. skin and soft tissue 

infection) to determine if infection among these sub-populations was especially associated with 

climatic factors.  

 

Patients and Methods 

The present study included all melioidosis cases presenting to Mahosot Hospital in 

Vientiane, Laos from October 1999 to August 2015, and all melioidosis cases presenting to the 

Angkor Hospital for Children in Siem Reap, Cambodia from February 2009 to December 2013. 

Melioidosis cases were identified from hospital microbiology records and were defined as 

patients in whom B. pseudomallei had been isolated from at least one clinical specimen. 
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Patients were categorized by age (adult or pediatric; cutoff at 18 years of age), diabetic status 

(blood glucose at admission of ≥ 200 vs. <200), clinical presentation (localized or disseminated 

infection), and organ involvement (lung, liver, spleen, skin and soft tissue, or bone). Localized 

infection was defined as a single anatomic focus of infection, whereas disseminated infection 

was defined as two or more discrete anatomic areas and/or B. pseudomallei bacteremia. Patient 

home village GPS coordinates were used to extract weather data from the nearest reliable 

weather station to the patient’s home from the website www.TuTiempo.net, which compiles 

global climactic data and has been used in other epidemiological studies (Bulterys et al., 2013). 

Data were extracted from 15 weather stations in Laos and two weather stations in Cambodia 

(Fig. 1). If weather data from the nearest weather station were unavailable at the time of patient 

presentation, data were extracted from the next nearest reliable weather station. Weather data 

were collected for the four weeks leading up to patient’s presentation to the hospital, and 

included minimum, maximum, and mean temperature (°C), precipitation (mm), mean humidity 

(%), visibility (km), wind speed (km/hour), and maximum sustained wind speed (km/hour).  

Melioidosis case presentations were aggregated by week and by month to allow sufficient 

resolution to generate a conditional estimate of the incubation period (week) and sufficient 

sample sizes to detect annual trends (month). We averaged (temperature, humidity, visibility, 

wind speed) or summed (precipitation) weather variables over corresponding units of time. We 

performed univariate and multivariate negative binomial regressions (to account for 

overdispersion of count data), with weather variables as the independent variables, by week 

and by month to identify factors associated with melioidosis admissions. For regression 

analyses using aggregated country-wide patient counts, weather data from the site with most 

patients were used (Vientiane for Laos, and Siem Reap for Cambodia). For all other analyses, 

we used patient home village weather data. Variables found to be significantly associated with 

melioidosis admissions in univariate regression analyses were examined simultaneously in 

multivariate regression models. We also compared humidity in relation to melioidosis 
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admissions by gender, diabetic status, clinical presentation, and organ involvement to evaluate 

the odds of melioidosis admissions between these sub-groups.  

Negative binomial regression models were fitted to examine hypothetical timing of B. 

pseudomallei exposure. We estimated the date of exposure by subtracting a range of 

hypothetical incubation periods from the date of case presentation. By examining the likelihood 

scores corresponding to models fitted with different assumed incubation periods, we generated 

a conditional estimate of the melioidosis incubation period (conditional on the assumption that 

B. pseudomallei exposure is directly linked to climate variables, and that exposed cases 

resulted in hospital admissions). A 95% confidence interval was calculated by standard methods 

of likelihood profiling, and included all values that yielded log-likelihood scores within 1.92 units 

of the maximum score (Bolker, 2008). All statistical analyses were conducted using the 

statistical software R, version 3.3.1 (R Development Core Team, 2016). Regressions were 

performed using the glm.nb function in the MASS package, with a log link function. We 

performed a likelihood-ratio test to determine that the negative binomial regression model was 

required instead of a standard Poisson model, due to overdispersion in the count data. We 

examined residuals and found that errors were not skewed across seasons. The study was 

approved by the Oxford Tropical Ethics Committee, the Lao National Ethic Committee for Health 

Research, and the Angkor Hospital for Children.  

 

Results 

This study included 622 adult and 243 pediatric patients admitted with culture-confirmed 

melioidosis to Mahosot Hospital (Vientiane, Laos) between 1999 and 2015, and 173 pediatric 

patients admitted with melioidosis to the Angkor Children’s Hospital (Siem Reap, Cambodia) 

between 2009 and 2013. The Lao cohort was 59% male and 41% female, and 46% of patients 

were diabetic. The majority of patients presented with disseminated infection (55%) as opposed 

to localized (45%) infection, and the most commonly infected sites were the lung (35%), parotid 
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gland (20%), skin and soft tissue (18%), bone or joints (7%), spleen (7%), liver (4%), and 

urinary tract (2%). The Cambodian cohort were all children, with a median age of 5.7 years 

(IQR, 3.1-9.5), and 58% boys and 42% girls. The majority of patients presented with localized 

(78%) as opposed to disseminated (22%) infections, especially of the skin/soft tissue (38%), 

parotid gland (31%), and lungs (19%), and their clinical features have been described in detail 

elsewhere (Turner et al., 2016).  

Melioidosis admissions peaked annually during the rainy season (May-October) in both 

Laos and Cambodia, dropping during the dry season (November-April) (Fig. 1). Upon 

examination of environmental factors, we found that Lao melioidosis admissions were 

significantly associated with humidity (P < 0.001), precipitation (P < 0.001), low minimum 

temperature (P < 0.001), high mean temperature (P = 0.0084), low visibility (P < 0.001), 

maximum wind speed (P < 0.001), total days with rain (P < 0.001), and total days with 

thunderstorms (P < 0.001) in univariate regression analyses (Table 1). When these variables 

were examined simultaneously in a multivariate regression model, only humidity (P < 0.001), 

low visibility (P < 0.001), and maximum wind speed (P < 0.001) remained significantly 

associated with melioidosis admissions. Cambodian melioidosis admissions were significantly 

associated with humidity (P < 0.001), minimum temperature (P = 7.35E-3), maximum wind 

speed (P = 1.26E-3), total days with rain (P < 1.82E-10), and total days with thunderstorms (P = 

4.46E-4) in univariate regression analyses. Upon simultaneous examination of humidity and 

total days with rain in a multivariate regression model, both variables remained significantly 

associated with admissions (P = 0.01 and 0.015, respectively). When examined in a multivariate 

model with humidity, maximum wind speed also remained significantly associated with 

admissions (P = 0.007). When multivariate models were run with the Lao cohort stratified by 

age (adults vs. children), we found that humidity (P < 0.001), low visibility (P < 0.001), and 

maximum wind speed (P < 0.001) were independent predictors of adult admissions, whereas 
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humidity (P < 0.001), maximum wind speed (P < 0.001), and low minimum temperature (P = 

0.026) were independent predictors of pediatric admissions.  

Due to the larger sample size of the Lao cohort, we were able to compare patients by 

demographic and clinical features to determine which sub-populations were most strongly 

associated with environmental factors. Specifically, we examined the contribution of gender 

(male vs female), age (adult vs. pediatric), diabetic status (diabetes diagnosis; blood glucose 

<200 vs. ≥200mg/dL), and clinical presentation (disseminated vs. localized; infected organ) to 

the odds of admission during months of low (<70%), intermediate (70-79%), and high (≥80%) 

monthly humidity (Table 2). We found that children were almost three times more likely than 

adults to become infected during high humidity months (odds ratio [OR], 2.78; 95% confidence 

interval [CI], 1.82-4.24) relative to low humidity months. Women were also more likely than men 

to become infected during months of high humidity, although this association was not 

statistically significant. We also found that patients who presented with blood glucose levels 

≥200mg/dL were nearly two times more likely than those with blood glucose levels <200mg/dL 

to present during high humidity months compared to low humidity months (OR, 1.83; 95% CI, 

1.12-3.01). Curiously, we found the exact opposite association when examining diabetes 

diagnosis. Patients diagnosed with diabetes in the past or at presentation were two-times less 

likely than those without diabetes to present during high humidity months (OR, 0.53; 95% CI, 

0.36-0.78) relative to low humidity months. We found that localized infections were more likely 

to occur than disseminated infections during high humidity months (OR, 1.62; 95% CI, 1.12-

2.33). We also found that lung infections were less common than non-lung infections during 

high humidity months (OR, 0.6; 95% CI, 0.41-0.89), and skin and soft tissue infections (SSTIs) 

were less common than non-SSTIs during intermediate (OR, 0.51; 95% CI, 0.33-0.78) and high 

humidity months relative to low humidity months. We examined these same sub-populations 

with respect to low (<10km/h), intermediate (10-13km/h), and high (≥13km/h) maximum wind 

speeds, and found that the odds of presenting with a lung infection as opposed to a non-lung 
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infection were increased during high wind speed months compared to low wind speed months 

(OR, 1.48; 95% CI, 0.95-2.32). In addition, the odds of developing a disseminated infection were 

significantly higher than the odds of developing a localized infection during high wind speed 

months (OR, 1.91; 95% CI, 1.16-3.13).   

Plots of the average humidity and visibility 0-4 weeks prior to Lao melioidosis admissions 

showed a clear pattern of increased humidity and decreased visibility in the two weeks before 

admissions (Fig. 3A, 3B). We took advantage of the strong association between melioidosis 

admissions and humidity to generate an estimate of the melioidosis incubation period in Laos. 

We incorporated hypothetical exposure-to-admission delays in our regression model linking Lao 

melioidosis cases to weekly humidity and compared the goodness-of-fit of these models for 

delays of 0 to 7 weeks. This allowed us to obtain an estimate of the melioidosis incubation 

period that is conditional on the validity of the association with humidity. The likelihood scores 

for the regression model incorporating incubation periods of 0 to 4 weeks are shown in Fig. 3C, 

and indicate a maximum likelihood estimate of the melioidosis incubation period of 1 week (95% 

CI, 0-2 weeks).  

 

Discussion 

Elucidating the environmental factors that contribute to the marked seasonal incidence of 

melioidosis is critical to understanding the epidemiology of this deadly disease, and to 

developing evidence-based preventive strategies for communities living in endemic areas. In 

this study, we considered a suite of environmental variables, each aligned with hypothesized 

modes of transmission, to identify potential environmental drivers of infection in two highly 

endemic countries, Laos and Cambodia. We found that humidity, low visibility, and high wind 

speeds robustly predicted melioidosis admissions to Mahosot Hospital in Vientiane, Laos, and 

that humidity, days of rainfall, and high maximum wind speeds predicted melioidosis admissions 

to the Angkor Hospital for Children in Siem Reap, Cambodia. We also found that children and 
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persons with high blood glucose levels were at especially high risk of becoming infected during 

months of high humidity relative to months of low humidity. Interestingly, we found that patients 

admitted during months of high humidity were more likely to have localized as opposed to 

disseminated infections, and less likely to have lung or skin/soft tissue infections. During months 

of high wind speed, however, the odds of developing a lung or disseminated infection surpassed 

those of developing a non-lung or localized infection. Finally, we estimated the melioidosis 

incubation period to be 1 week (95% CI, 0-2 weeks).  

Several studies have examined the environmental and climactic predictors of melioidosis 

incidence (Kaestli et al., 2016, Liu et al., 2015, Mu et al., 2014), but to our knowledge this is the 

first study to do so at high spatial and temporal resolution in Laos and Cambodia, two countries 

with a significant melioidosis burden. In addition, this study is the first to examine the 

association between environmental variables and melioidosis admissions for specific 

demographic and clinical sub-populations, especially children. Our findings are consistent with 

proposed mechanisms of B. pseudomallei spillover from the environment into human 

populations (i.e. inhalation of contaminated aerosols and contact with soil). We suspect that 

humidity, rain, and high-speed winds may play an important role in exposing vulnerable 

populations to B. pseudomallei, perhaps in part by promoting the formation and aerial 

suspension of contaminated aerosols, or by facilitating B. pseudomallei’s growth at the soil 

surface. The strong association between melioidosis incidence and low visibility in Laos is 

consistent with this hypothesis, as high aerial water content would be expected to obstruct 

visibility. Our finding that children are at three-fold increased risk of becoming infected during 

months of high humidity, relative to adults, is alarming, and may reflect increased environmental 

exposures for children or immunological naivety. An alternative explanation is that children may 

have a shorter incubation period and therefore present to the hospital sooner after exposure.   

Our finding that persons with high blood glucose were more likely to present during months 

of high humidity suggests that this population is especially susceptible to environmental 
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exposure to B. pseudomallei, which is consistent with known risk factors for melioidosis (Currie 

et al., 2010, Dance, 2002). The fact that patients with a diabetes diagnosis were found to be 

less likely to become infected during high humidity months than their non-diabetic counterparts 

is somewhat puzzling, as these patients would be expected to be similarly susceptible during 

months of high environmental exposure. It is possible that diabetes diagnosis was an unreliable 

indicator of true diabetes status, as many of these patients were found to have relatively low 

blood glucose levels upon admission (36% had blood glucose of <200mg/dL). In addition, some 

of the patients with no diagnosis of diabetes had very high blood glucose levels upon admission 

(>400mg/dL in several cases), suggesting a proportion of this group had diabetes. A more 

intriguing but probably less likely explanation for this paradoxical finding is that patients with 

diabetes may have become infected with B. pseudomallei in the past. For a subset of these 

patients, admission to the hospital may represent reactivation of a latent infection rather than 

primary infection upon environmental exposure, which would account for the reduced 

seasonality of their admissions relative to patients without documented diabetes.  

We found a clear association between risk of lung infection and high wind speed, which is 

consistent with our hypothesis that wind contributes to inhalational exposure to B. pseudomallei. 

We suspect that the odds ratio for lung infection during windy months did not reach statistical 

significance, despite a strong trend toward significance, due to relatively low sample sizes in the 

low and high wind speed groups (51 and 68, respectively). Our finding that disseminated 

infection was more likely during high wind speed months may reflect higher rates of 

dissemination from the lung as opposed to from other foci, but this requires further study. It was 

somewhat surprising that lung infections were less likely, relative to non-lung infections, in high 

humidity months. This, in conjunction with our finding that localized infections were more likely 

than disseminated infections during high humidity months, may suggest that high humidity 

facilitates non-airborne exposure to B. pseudomallei, perhaps by facilitating growth or survival in 

top soil or air-exposed surfaces. Our estimate of the melioidosis incubation period (1 week) is 
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consistent with previous estimates (Kaestli et al., 2016, Mu et al., 2014), and underscores the 

speed with which melioidosis can progress following environmental exposure.  

Our study is limited in that it did not include data on known risk factors for melioidosis, 

including agricultural work, exposure to soil and surface water, and skin wounds. These data 

would have helped rule out potential confounders and provided an additional means of testing 

hypotheses about how patients become exposed to B. pseudomallei. In particular, the rainy 

season is the time when people are most likely to be performing agricultural work, and this may 

have confounded some of our results. However, our finding that climate factors predicted 

admissions at the weekly level suggests that these associations are real, as agricultural work 

would not be expected vary by the week within the rainy season, nor to increase during humid 

weeks. An additional weakness of this study is the lack of a control sample, so all comparisons 

were among admitted cases of melioidosis. This study benefitted from a large sample size and 

detailed admission and weather data over a 16-year period in Laos, and 4-year period in 

Cambodia, enabling precise quantification of associations between melioidosis incidence and 

environmental variables. In addition, the study was strengthened by inclusion of data from 

multiple study sites, and from multiple demographic groups, including children. Our findings 

should help guide prevention strategies in these endemic settings. In particular, during weeks 

with high humidity, low visibility, and high wind speed, it is reasonable to presume that the risk 

of exposure is significantly increased. Children and persons with high blood glucose appear to 

be especially susceptible on these occasions. Further study is needed to identify the specific 

activities among adults and children that put them at increased risk of exposure.  
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Fig. 1. Environmental data were extracted from 15 weather stations in Laos 
and 2 stations in Cambodia. Red circles indicate the location of weather stations 
with reliable data for the study period (1999-2015 for Laos, and 2009-2013 for 
Cambodia). The majority of Lao patients in this study lived in Vientiane (54%) or 
the nearby areas of Phônhông (21%) and Tha Ngon (13%). The next most common 
areas of residence were Salavan (4%), Thakhek (2%), Pakse (1%), Attapeu (1%), 
Savannakhet (1%), and Sainyabuli (1%).The majority of Cambodian patients in our 
study lived in Siem Reap province (72%), and most lived closer to the Siem Reap 
weather station (88%) than the Phnom Penh station (12%). 
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Fig. 2. A, Monthly melioidosis admissions to Mahosot Hospital, Vientiane, Laos, 1999-2015. B, Average number of melioidosis 
cases and monthly humidity, Mahosot Hospital, Vientiane, Laos, 1999-2015. C, Monthly melioidosis admissions to the Angkor 
Hospital for Children, Siem Reap, Cambodia 2009-2013. D, Average number of melioidosis admissions and monthly humidity, 
Angkor Hospital for Children, Siem Reap, Cambodia 2009-2013. 
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Table 1. Univariate and multivariate associations between monthly 
melioidosis admissions and environmental variables, Vientiane, Laos 
(1999-2015) and Siem Reap, Cambodia (2009-2013). 

!
Laos 

 
Univariate P value β (SE) 

Multivariate P 
value β (SE) 

Mean humidity, % <2E-16 0.088 (0.01) <2E-16** 0.11 (0.0091) 

Precipitation, mm <2E-16 0.0046 (0.00053) 0.70* 
-0.00033 
(0.00084) 

Min temperature, oC 2.01E-05 0.13 (0.030) 0.68* 0.077 (0.19) 
Max temperature, oC 0.21 0.053 (0.042) 

  Mean temperature, oC 0.0084 0.10 (0.039) 0.59* -0.11 (0.20) 
Mean visibility, km 0.00043 -0.17 (0.047) <2E-16** -0.36 (0.038) 
Mean wind speed, km/h 0.13 0.21 (0.13) 

  Max wind speed, km/h 3.3E-09 0.24 (0.040) 1.66E-05** 0.14 (0.031) 
Total days with rain 9.3E-16 0.069 (0.0086) 0.31* -0.026 (0.026) 
Total days with 
thunderstorm 4.0E-11 0.091 (0.014) 0.45* 0.016 (0.022) 
Total days with fog 0.11 -0.32 (0.20) 

  
     Cambodia 

 
Univariate P value β (SE) 

Multivariate P 
value β (SE) 

Mean humidity, % 4.92E-10 0.10 (0.017) 0.010† 0.078  (0.030) 
Precipitation, mm 0.0617 0.0058 (0.0031) 

  Min temperature, oC 7.35E-03 0.25 (0.094) 0.068‡ 0.16 (0.087) 
Max temperature, oC 0.0957 -0.14 (0.081) 

  Mean temperature, oC 0.359 -0.08908 (0.097) 
  Mean visibility, km 0.472 0.20 (0.27) 
  Mean wind speed, km/h 0.638 0.047 (0.10) 
  Max wind speed, km/h 1.26E-03 0.12 (0.036) 0.0070‡ 0.073 (0.027) 

Total days with rain 1.82E-10 0.090 (0.014) 0.015‡ 0.051 (0.021) 
Total days with 
thunderstorm 4.46E-04 0.099 (0.028) 0.30‡ 0.027 (0.026) 

Total days with fog 0.318 1.0 (1.0)   
!

Significant!P!values!have!been!bolded.!!
*P!value!generated!by!simultaneous!examination!of!all!variables!significantly!
associated!with!melioidosis!admissions!in!univariate!analyses.!
**"P!value!generated!by!simultaneous!examination!of!variables!significantly!
associated!with!melioidosis!admissions!in!multivariate!analyses.!
†"P!value!generated!by!simultaneous!examination!with!total!days!with!rain!and!
maximum!wind!speed.!
!‡"P!value!generated!by!simultaneous!examination!of!the!variable!in!question!and!
humidity!with!regard!to!melioidosis!admission.!!
!

Table 2. Odds of melioidosis for various demographic and clinical sub-
populations by low (<70%), intermediate (70-79%), and high (80%) monthly 
humidity, Vientiane, Laos (1999-2015). 

Monthly humidity Male Female Odds Ratio (95% CI) 
<70% 139 88 Reference (1.0) 

70-79% 231 162 1.11 (0.79-1.55) 
≥80% 133 102 1.21 (0.84-1.76) 

 
Adult Pediatric 

 <70% 185 43 Reference (1.0) 
70-79% 290 106 1.57 (1.05-2.34) 
≥80% 144 93 2.78 (1.82-4.24) 

 
Glucose <200 Glucose >200 

 <70% 106 48 Reference (1.0) 
70-79% 128 93 1.6 (1.04-2.47) 
≥80% 65 54 1.83 (1.12-3.01) 

 
No PMH of Diabetes PMH of Diabetes 

 <70% 91 106 Reference (1.0) 
70-79% 172 153 0.76 (0.54-1.09) 
≥80% 133 82 0.53 (0.36-0.78) 

 
Disseminated Localized 

 <70% 127 99 Reference (1.0) 
70-79% 240 152 0.81 (0.58-1.13) 
≥80% 104 131 1.62 (1.12-2.33) 

 
Other  Lung infection 

 <70% 136 91 Reference (1.0) 
70-79% 251 144 0.86 (0.61-1.2) 
≥80% 169 68 0.6 (0.41-0.89) 

 
Other Skin and soft tissue infection 

 <70% 175 53 Reference (1.0) 
70-79% 343 53 0.51 (0.33-0.78) 
≥80% 190 47 0.82 (0.52-1.27) 
!
!
!



	   98	  

 

 

 

 

 

 

 

 

 

Table 1. Univariate and multivariate associations between monthly 
melioidosis admissions and environmental variables, Vientiane, Laos 
(1999-2015) and Siem Reap, Cambodia (2009-2013). 

!
Laos 

 
Univariate P value β (SE) 

Multivariate P 
value β (SE) 

Mean humidity, % <2E-16 0.088 (0.01) <2E-16** 0.11 (0.0091) 

Precipitation, mm <2E-16 0.0046 (0.00053) 0.70* 
-0.00033 
(0.00084) 

Min temperature, oC 2.01E-05 0.13 (0.030) 0.68* 0.077 (0.19) 
Max temperature, oC 0.21 0.053 (0.042) 

  Mean temperature, oC 0.0084 0.10 (0.039) 0.59* -0.11 (0.20) 
Mean visibility, km 0.00043 -0.17 (0.047) <2E-16** -0.36 (0.038) 
Mean wind speed, km/h 0.13 0.21 (0.13) 

  Max wind speed, km/h 3.3E-09 0.24 (0.040) 1.66E-05** 0.14 (0.031) 
Total days with rain 9.3E-16 0.069 (0.0086) 0.31* -0.026 (0.026) 
Total days with 
thunderstorm 4.0E-11 0.091 (0.014) 0.45* 0.016 (0.022) 
Total days with fog 0.11 -0.32 (0.20) 

  
     Cambodia 

 
Univariate P value β (SE) 

Multivariate P 
value β (SE) 

Mean humidity, % 4.92E-10 0.10 (0.017) 0.010† 0.078  (0.030) 
Precipitation, mm 0.0617 0.0058 (0.0031) 

  Min temperature, oC 7.35E-03 0.25 (0.094) 0.068‡ 0.16 (0.087) 
Max temperature, oC 0.0957 -0.14 (0.081) 

  Mean temperature, oC 0.359 -0.08908 (0.097) 
  Mean visibility, km 0.472 0.20 (0.27) 
  Mean wind speed, km/h 0.638 0.047 (0.10) 
  Max wind speed, km/h 1.26E-03 0.12 (0.036) 0.0070‡ 0.073 (0.027) 

Total days with rain 1.82E-10 0.090 (0.014) 0.015‡ 0.051 (0.021) 
Total days with 
thunderstorm 4.46E-04 0.099 (0.028) 0.30‡ 0.027 (0.026) 

Total days with fog 0.318 1.0 (1.0)   
!

Significant!P!values!have!been!bolded.!!
*P!value!generated!by!simultaneous!examination!of!all!variables!significantly!
associated!with!melioidosis!admissions!in!univariate!analyses.!
**"P!value!generated!by!simultaneous!examination!of!variables!significantly!
associated!with!melioidosis!admissions!in!multivariate!analyses.!
†"P!value!generated!by!simultaneous!examination!with!total!days!with!rain!and!
maximum!wind!speed.!
!‡"P!value!generated!by!simultaneous!examination!of!the!variable!in!question!and!
humidity!with!regard!to!melioidosis!admission.!!
!

Table 2. Odds of melioidosis for various demographic and clinical sub-
populations by low (<70%), intermediate (70-79%), and high (80%) monthly 
humidity, Vientiane, Laos (1999-2015). 

Monthly humidity Male Female Odds Ratio (95% CI) 
<70% 139 88 Reference (1.0) 

70-79% 231 162 1.11 (0.79-1.55) 
≥80% 133 102 1.21 (0.84-1.76) 

 
Adult Pediatric 

 <70% 185 43 Reference (1.0) 
70-79% 290 106 1.57 (1.05-2.34) 
≥80% 144 93 2.78 (1.82-4.24) 

 
Glucose <200 Glucose >200 

 <70% 106 48 Reference (1.0) 
70-79% 128 93 1.6 (1.04-2.47) 
≥80% 65 54 1.83 (1.12-3.01) 

 
No PMH of Diabetes PMH of Diabetes 

 <70% 91 106 Reference (1.0) 
70-79% 172 153 0.76 (0.54-1.09) 
≥80% 133 82 0.53 (0.36-0.78) 

 
Disseminated Localized 

 <70% 127 99 Reference (1.0) 
70-79% 240 152 0.81 (0.58-1.13) 
≥80% 104 131 1.62 (1.12-2.33) 

 
Other  Lung infection 

 <70% 136 91 Reference (1.0) 
70-79% 251 144 0.86 (0.61-1.2) 
≥80% 169 68 0.6 (0.41-0.89) 

 
Other Skin and soft tissue infection 

 <70% 175 53 Reference (1.0) 
70-79% 343 53 0.51 (0.33-0.78) 
≥80% 190 47 0.82 (0.52-1.27) 
!
!
!



	   99	  

 

 

 

 

 

A

C

0 1 2 3 4
74.5

75.0

75.5

76.0

76.5

Av
er

ag
e 

hu
m

id
ity

 (%
)

Humidity

*

*
*

Weeks before admission
0 1 2 3 4

7.0

7.1

7.2

7.3

7.4

A
ve

ra
ge

 v
isi

bi
lit

y 
(k

m
)

Visibility

Weeks before admission

Fig. 3. Average weekly humidity (A) and visibility (B) during the four 
weeks prior to patient admission, Laos (1999-2015). Asterisks indicate 
weeks with significantly increased humidity compared to the fourth week 
prior to admission. C, Maximum likelihood estimation of the melioidosis 
incubation period. Shown are negative log-likelihood values obtained 
from negative binomial regression of weekly admission data and mean 
humidity, incorporating exposure to admission delays corresponding to 
incubation periods of 0-4 weeks. The maximum likelihood value 
(minimum negative log-likelihood) is 1 week (95% confidence interval 
[CI], 0-2 weeks), indicating an incubation period of ≤2 weeks. The dashed 
line corresponds to a difference of 1.92 log-likelihood units from the 
optimum value. Points beneath this line (shaded) fall within the 95% CI.
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ABSTRACT  

Burkholderia pseudomallei and its host-restricted relative B. mallei are classified as a Tier-1 

select agent pathogens. Both species use similar strategies and a conserved core set of 

virulence determinants to invade and survive within eukaryotic cells. A unique feature of 

infection is intercellular spread accompanied by fusion between host cell membranes and the 

formation of multinucleated cells (MNCs). Cell-cell spread and fusion depend on the activity of a 

conserved type VI secretion system (T6SS-5). By genetic dissection of T6SS-5-mediated cell 

fusion, we discovered phenotypically similar and essential roles for the PAAR5 protein and the 

C-terminal domain (CTD) of VgrG-5, which we hypothesize constitute a unique membrane-

puncturing spike structure that triggers fusion between mammalian cells. A comprehensive 

whole-genome mutagenesis and MNC formation screen did not reveal additional loci with novel 

roles in cell fusion, thereby solely implicating T6SS-5 in the process. The dispensability of 

PAAR5 and the VgrG-5-CTD for the operation of T6SS-5 enabled the separation of fusogenic 

activity from other functions of the system for its assessment in pathogenesis. Using the 

hamster model of infection, we observed an absolute correlation between fusogenic potential in 

vitro and virulence in vivo, definitively linking cell fusion to pathogenesis of Burkholderia.  

 

IMPORTANCE  

Aside from concerns over weaponization, B. pseudomallei is increasingly identified as a 

significant cause of morbidity and mortality in tropical regions. The high lethality from infection, 

the lack of an effective vaccine and resistance to multiple classes of antibiotics enhance its 

status as a significant public health threat. The ability of intracellular Burkholderia to fuse cell 

membranes using a contractile T6SS represents a unique but poorly-understood pathway for 

cell-cell spread by a bacterial pathogen. We identified mutations that separate T6SS-5-mediated 

fusogenic activity from apparatus function, and used them to test the hypothesis that membrane 
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fusogenic activity is critical for virulence in vivo. Our results support a central role for membrane 

fusion in Burkholderia pathogenesis and highlight a unique target for intervention. 

 

 INTRODUCTION 

 Burkholderia pseudomallei is a Gram-negative bacterium that inhabits moist, tropical soils 

and causes melioidosis in humans and animals. According to recent epidemiologic estimates, B. 

pseudomallei is endemic in at least 79 countries with a combined population of over 3 billion, 

and is responsible for 165,000 annual cases of human melioidosis with a mortality rate over 

50% (Limmathurotsakul et al., 2016a). Infections are usually acquired from environmental 

sources and can be fatal even with appropriate diagnosis and treatment (Galyov et al., 2010b). 

B mallei, which causes glanders, is considered to be a derivative of B. pseudomallei that has 

adapted to a lifestyle of obligate parasitism in mammals, and its genome bears the scars of 

decay and specialization (ref). Although glanders is a disease primarily of solidungulates, 

human infections can be severe and life threatening (Galyov et al., 2010b, Losada et al., 2010). 

B. mallei and B. pseudomallei are classified by the U.S. Centers for Disease Control and 

Prevention as Tier-1 Select Agents due to their high infectivity, broad antimicrobial resistance, 

and historical use in biological warfare (Schweizer, 2012a, Wheelis, 1998). A third, less-

pathogenic member of the Pseudomallei-group, B. thailandensis, shares conserved virulence 

mechanisms with its pathogenic relatives, making it useful as a BSL-2 surrogate (Morici et al., 

2010, Sawana et al., 2014, Haraga et al., 2008). 

 Pseudomallei-group species employ similar strategies to parasitize mammalian cells 

(Burtnick et al., 2010b, French et al., 2011a, Coenye & Vandamme, 2003, Fisher et al., 2012, 

Zehnder et al., 2014, Hasselbring et al., 2011). Following entry, bacteria escape from 

membrane-bound vesicles, replicate in the cytoplasm, exhibit motility in the cytosol, and spread 

from cell to cell (Galyov et al., 2010b). Escape from endocytic vesicles is facilitated by the 

conserved Bsa type III secretion system (T3SSBsa), called T3SS-3 in B. pseudomallei (Burtnick 



	   105	  

et al., 2008b, French et al., 2011a). Bacterial motility is a requirement for cell-cell spread, and 

can be provided by BimA-dependent actin polymerization or the Fla2 flagellar system, if present 

(French et al., 2011a, Kespichayawattana et al., 2000, Gouin et al., 2015).  

 Cell-cell spread is facilitated by fusion of adjacent cell membranes, providing a portal for 

direct passage of the bacterium into a neighboring cytosolic compartment and inducing the 

formation of multinucleated cells (MNCs). Membrane fusion, in turn, depends on the activity of a 

conserved type VI secretion system (T6SS-5). Encoded by clusters of 15-20 genes, T6SSs are 

multicomponent contractile nanomachines that mediate interactions between bacteria and other 

eukaryotic and prokaryotic species, and operate analogously to the injection mechanisms of 

tailed bacteriophages (Veesler & Cambillau, 2011). A contracted sheath composed of VipA/B 

heterodimers is assembled in the bacterial cytoplasm, and firing of the apparatus correlates with 

extension of the VipAB sheath, and ejection of the polymerized Hcp inner tube complex and 

outer spike structure consisting of trimeric Val-Gly-Arg (VgrG) repeat proteins (Veesler & 

Cambillau, 2011). The tip of the T6SS apparatus spike is composed of a single Pro-Ala-Ala-Arg 

(PAAR) repeat family protein (Shneider et al., 2013). VgrGs and PAARs can also possess 

extended effector domains and may bind other factors that possess yet additional activities 

(Shneider et al., 2013) (Pukatzki et al., 2009, Pukatzki et al., 2007, Ma et al., 2009, Sheahan et 

al., 2007, Suarez et al., 2010, Bondage et al., 2016, Leiman et al., 2009, Ballister et al., 2008, 

Cianfanelli et al., 2015, Alcoforado Diniz et al., 2015, Russell et al., 2013, Russell et al., 2014, 

Russell et al., 2012, Cianfanelli et al., 2016a, Ho et al., 2014). Clearly, the a la carte nature of 

multiple VgrG and PAAR proteins can confer significant functional diversity and a range of 

target specificities to a single T6SS system (Cianfanelli et al., 2016a, Cianfanelli et al., 2016b). 

In addition to their necessary role in T6SS assembly and operation, VgrGs may possess 

extended N- or C-terminal domains that confer effector functions in target cells, and be involved 

in the recognition and transport of other cargo effector proteins.  
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 The genome of B. pseudomallei encodes 6 distinct T6S systems, 5 of which are 

differentially represented in B. mallei and B. thailandensis. The nomenclature used to refer to 

the collection of Burkholderia T6SSs varies among prior studies. (Shalom et al., 2007, Toesca 

et al., 2014, Schwarz et al., 2010a, Schwarz et al., 2014, French et al., 2011a, Burtnick et al., 

2011b, Wong et al., 2015). Here we refer to the system associated with virulence in animals as 

T6SS-5 according to the chromosomal nucleotide coordinates for the various T6SS gene 

clusters. 

 MNCs in tissues from infected animals and human patients suggests that cell fusion is a 

feature of pathogenesis (Kespichayawattana et al., 2000, Toesca et al., 2014, Wong et al., 

1995). Moreover, MNCs formed by Burkholderia uniquely arise in response to pathogen-specific 

factors, unlike Langerhan's giant cells and granulomas formed in response to infectious agents, 

or multinucleated giant cells that result from programmed myoblast fusion or developmental 

pathways (Helming & Gordon, 2007, Helming & Gordon, 2009).  

 The expression of T6SS-5 and T3SSBsa is coordinated by a complex regulatory scheme 

involving the AraC-type regulator BsaN, which is encoded within the T3SSBsa locus. BsaN, along 

with its type-I regulatory chaperone BicA, induces expression of the T6SS-5-associated VirA 

sensor histidine kinase (Chen et al., 2014, Sun et al., 2010). Following uptake of the bacterium 

and escape from the endosome into the cytosol, VirA is activated by the presence of cytosolic 

glutathione and induces activity of the transcriptional factor VirG, which activates expression the 

T6SS-5 apparatus loci (Wong et al., 2015). The core components of the T6SS organelle 

subsequently undergo ordered assembly across the bacterial inner and outer membranes 

(Brunet et al., 2015).  

 Efforts to resolve the mechanism of membrane fusion by intracellular Burkholderia, and its 

precise role in pathogenesis, are complicated by the presence of multiple T6SS apparatus gene 

clusters, with vgrG and paar loci present within clusters and at remote sites. However, our 

recent discovery of independent roles for two domains of Burkholderia VgrG-5 in cell-cell spread 
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and T6SS-5 function was accomplished through the use of targeted mutagenic analysis (Toesca 

et al., 2014). Cell fusion was found to depend on the extended C-terminal domain (CTD) of 

VgrG-5, while the conserved N-terminal domain (NTD) was critical for the operation and 

secretion functions of T6SS-5. 

  Here we report the identification and characterization of an additional component of the 

T6SS-5 injectisome tip complex, the T6SS-5 PAAR protein. Like VgrG-5, PAAR5 was 

necessary for fusogenic activity but dispensable for the operation of the T6SS. Moreover, a 

genome-wide mutagenesis screen for MNC formation did not reveal additional loci with novel 

roles in cell fusion, exclusively implicating the activity of T6SS-5. These findings provide a toolkit 

for robust assessment of Burkholderia-mediated cell fusion in pathogenesis. Using the hamster 

model of acute melioidosis, we observed an absolute correlation between the fusogenic 

phenotype in vitro and virulence in vivo, strongly implicating fusogenic activity in pathogenesis.  

 

RESULTS 

Identification and analysis of the T6SS-5 apparatus tip protein, PAAR5 

 The NCBI Conserved Domain Retrieval Tool (CDART) was used to search the B. 

pseudomallei 1026b genome (NC_017831.1, NC_017831.2) for two CDs characteristic of 

PAAR-like proteins; DUF4150 and DUF4280 (Pfam domains PF13665 and PF05488, 

respectively), and returned 12 gene loci (Table S1). These PAAR candidates were used to 

optimize the Delta-BLAST algorithm to reveal PAAR proteins in other Pseudomallei-group 

species. We subsequently identified 9 paar loci in the genome of B. pseudomallei K96243, and 

4 in B. mallei ATCC23344. One of T6SS-linked paar open reading frame (ORF) was identified 

within the T6SS-5 gene cluster near the VgrG-5 locus. paar5 encodes a 130-amino acid (aa) 

protein containing the DUF4150/PF13665 CDD, and is highly conserved in B. mallei, B. 

pseudomallei and B. thailandensis (Fig.1A). The sequence of PAAR5 is divergent from other 
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PAAR-like proteins in B. pseudomallei, and does not resemble PAAR candidates from other 

species (Fig.1A and Fig.S1). 

 PAAR proteins are known to be important for the operation and activity of T6SSs (Shneider 

et al., 2013, Rigard et al., 2016). Accordingly, we hypothesized that PAAR5 might be important 

for T6SS-5-mediated intracellular survival and cell-cell spread by Burkholderia. To test this, we 

constructed an in-frame paar5  deletion in B. pseudomallei Bp340, an efflux mutant derivative of 

B. pseudomallei 1026b (ΔamrAB ΔoprA) (Mima & Schweizer, 2010), and examined MNC 

formation as shown in Fig. 1B. In contrast to the abundant MNCs induced by wild type (wt) 

Bp340 at 24 h post infection, no evidence of MNC formation was observed for the ∆paar5 

mutant (Fig. 1B). This was phenotypically indistinguishable from the results of infection with a 

ΔVgrG-5 control strain, which we have reported to be defective for cell fusion and T6SS-5 

function (Toesca et al., 2014). Expression of the native Δpaar5 and ΔVgrG-5 alleles in trans fully 

restored fusogenic activity, showing that mutations do not result in polar effects on adjacent loci 

(Fig. 1B). 

 The formation of MNCs indicates successful transit of Burkholderia through preceding 

steps of its intracellular lifecycle, such as entry, phagosome escape, motility and deployment of 

T6SS-5 for fusion of host cell membranes and cell-cell spread. Microscopic analysis of 

fluorescently-stained bacteria did not suggest a role for PAAR5 in earlier phases of the 

intracellular lifecycle, as comparable numbers of mutant and WT bacteria escaped from 

endosomes and polymerized cytoplasmic actin (Fig. 2), phenocopying earlier results for a B. 

thailandensis ΔVgrG-5 strain (Toesca et al., 2014).  

 

T6SS-5 spike and tip complex is required for cell fusion but not for the function of the 

apparatus 
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 T6SS function is assessed by Western Blot for the quantity of the Hcp inner channel protein 

released into the extracellular milieu. We have previously used the Hcp release assay to 

demonstrate distinct roles for the VgrG-5 CTD and NTD in fusion and the operation of T6SS-5, 

respectively (Toesca et al., 2014). Expression of T6SS-5 inside mammalian cells  

depends on activation of the regulatory sensor kinase VirA by cytosolic glutathione (Wong et al., 

2015). Since T6SS-5 is only expressed at basal levels in laboratory growth medium, in vitro 

assays for system activity require constitutive activation via the VirAG two component system. 

Therefore, measurements of Hcp5 secretion were performed using virAG-constitutive (virAGc) 

derivatives of Bp340 by Western Blot with polyclonal antisera to Hcp5 (Toesca et al., 2014). As 

shown in Fig. 1C, the amount of Hcp released from the Δpaar5 mutant is comparable to that of 

the Bp340 virAGc parental strain. In contrast, Hcp was undetectable in supernatants from the 

ΔVgrG-5 control strain, implying defects in the assembly and operation of T6SS-5 (Burtnick et 

al., 2011a, Toesca et al., 2014). Thus, elimination of PAAR5 abrogates cell fusion without 

disturbing the assembly and secretion functions of T6SS-5, phenocopying results for the VgrG-

5-ΔCTD mutation described previously (Toesca et al., 2014).  

 

A high throughput mutagenesis screen exclusively implicates T6SS-5 in cell-cell spread 

and fusion  

The essential and phenotypically identical roles performed by PAAR5 and the VgrG-5-CTD 

in cell fusion, along with their predicted colocalization at the tip of the T6SS apparatus (Bondage 

et al., 2016, Shneider et al., 2013) and their dispensability for T6SS-mediated secretion, 

suggest that they function together as part of a unique puncturing device that triggers fusion 

between mammalian cell membranes. However, since VgrG and PAAR proteins have been 

shown to be capable of binding additional cargo effector proteins, (Bondage et al., 2016, 

Shneider et al., 2013) we considered a scenario where membrane fusion is instigated by an 
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unidentified factor that associates with the tip/spike complex of Burkholderia T6SS-5. To identify 

such a hypothetical factor, we implemented a high throughput screening (HTS) assay to 

comprehensively assess bacterial genes involved in MNC formation.   

We developed the screening methods for compatibility with automated equipment in BSL-2 

facilities using B. thailandensis, which exhibits intracellular survival, spread and membrane-

fusogenic activity comparable to B. mallei and B. pseudomallei. A near-saturating, curated mini-

Tn5 mutant library obtained from Dr. Manoil Laboratory (Gallagher et al., 2013) was screened 

for MNC formation defect. The library contains 12,322 unique Tn insertions, representing 87% 

of the 5,634 predicted protein-coding loci in B. thailandensis E264, including most all of the 

genes dispensable for growth on nutrient agar. The HTS MNC assay was optimized using 

HEK293 cells expressing Enhanced Green Fluorescent Protein (EGFP) grown in 384-well 

plates. Individual wells were infected with a single library clone, and analyzed for the presence 

of MNCs 18 h post infection using an automated scanning laser fluorescence cytometer. 

Controls included uninfected cells to monitor cross- contamination, and cells infected with a 

ΔVgrG-5 mutant, which cannot form MNCs, or with WT B. thailandensis E264. Tn insertion 

mutants that were found to exhibit reduced MNC formation were validated individually in 

subsequent assays (Fig. 3 and Table 1).  

As shown in Fig. 3, our screening strategy resulted in the identification of 131 library 

mutants with defects in MNC formation. Out of these, 74 were found to exhibit an in vitro growth 

deficiency, and were not pursued in follow up studies (see Supplemental). Not surprisingly, 

nearly half of the remaining 57 insertions affected genes encoding key components of T3SSBsa 

or T6SS-5, which are known to play important roles in intracellular survival, cell fusion and 

virulence (Table S3 and Supplemental). For the 31 remaining Tn insertions, 16 failed 

subsequent validation experiments. Table 1 represents the 15 validated loci from the screen, 

and with two exceptions are predicted to encode metabolic functions (See Discussion). While 

the objective of the screen was to identify potential fusogenic factors that depend on T6SS-5, no 
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such factors were revealed. 

 

T6SS-5-mediated cell fusion is central to virulence 

 Prevous studies showed that a functional T6SS-5 is required for the secretion of Hcp5, cell-

cell spread, cell fusion, and virulence in animals (Burtnick et al., 2011b, French et al., 2011a). 

Discerning the role of cell fusion in pathogenesis has been complicated by difficulties in 

separating the fusogenic activity of T6SS-5 from its assembly and secretion activities. In recent 

and current studies, we describe a mutational analysis strategy that overcomes these 

challenges to facilitate a rigorous assessment of cell fusion in the pathogenesis of animals. The 

hamster model of acute melioidosis was chosen for these experiments in light of its sensitivity to 

Burkholderia infection (LD50 ~ 10 CFU of B. pseudomallei 1026b). Groups of 5, juvenile, female 

Syrian hamsters were inoculated via the intraperitoneal route with 10, 100 or 1000 CFU of WT 

Bp340 or fusion-defective derivatives. These included a ΔVgrG-5 deletion mutant, which cannot 

fuse cells due to T6SS-5 inactivity, and additional strains that are defective only for fusion but 

retain T6SS-5 activity; the Δpaar5 mutant from the current study, and a strain carrying a VgrG-5 

allele lacking a short internal stretch (aa 651-696) of the CTD (VgrG-5-ΔTM) (Toesca et al., 

2014). All mutations were created via markerless exchange of chromosomal alleles. Following 

inoculation, hamsters were monitored for illness, and moribund animals were humanely 

euthanized. As shown in Fig. 4A, delivery of 10 CFU of WT Bp340 resulted in 60% morbidity, 

while the T6SS-defective ΔVgrG-5 control strain was fully attenuated, with all animals surviving 

through the experimental endpoint. We were shocked that all animals receiving the fusion-

defective VgrG-5-ΔTM and Δpaar5 strains appeared completely healthy, resembling those 

inoculated with the avirulent, T6SS-defective ΔVgrG-5 control strain, even 21 days following the 

receipt of 1000 CFU – a dose that was 100% lethal by day 7 in animals receiving WT Bp340. 
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 These results starkly imply a central role for cell fusion in pathogenesis. As described in 

Fig. 4B, the ΔVgrG-5 mutation interferes with the operation of T6SS-5. Consequently, the Hcp5 

secretion, cell fusion and virulence phenotypes are eliminated. In contrast, the Δpaar5 and 

VgrG-5-ΔTM mutations do not affect the operation of T6SS-5; secretion of Hcp5 occurs 

normally, however the fusogenic and virulence phenotypes remain negative (Fig 4B). Therefore, 

fusion and virulence are inseparable activities of T6SS-5 that are dependent on, but distinct 

from, other functions of the system. The complete correspondence between fusogenic potential 

in vitro and virulence in vivo establishes an absolute link between T6SS-5-mediated cell fusion 

and pathogenesis of B. pseudomallei.  

 

DISCUSSION 

 The ability of Pseudomallei-group Burkholderia to induce fusion between mammalian cells 

is a unique virulence pathway for bacterial pathogens, as was recognized more than 18 years 

ago (Kespichayawattana et al., 2000, Harley et al., 1998). Cell fusion was initially reported to be 

dependent on the T3SSBsa translocon complex (Suparak et al., 2005), but recent evidence 

implicates T3SSBsa in phagosome escape (Burtnick et al., 2010a, French et al., 2011b), while 

fusion depends on the activity of the virulence-associated T6SS-5. MNCs have been observed 

in tissues from infected animals and human patients, implying a link to pathogenesis. However, 

differentiating the precise role of cell fusion from other activities of T6SS-5 has been challenging 

due to an inability to decouple the fusogenic and virulence activities from the operation of the 

T6SS. Recently, we described specific mutations in the VgrG-5 CTD that eliminated fusion but 

had no effects on T6SS-5-mediated secretion (Toesca et al., 2014). In this study, we identified 

an additional component of the T6SS-5 tip complex, PAAR5 that exhibits a cell fusion defect 

and Hcp5 secretion-positive phenotype, indistinguishable from mutant VgrG-5-ΔCTD alleles, 

indicating that PAAR5 is not essential for apparatus assembly and activity. We also performed a 



	   113	  

genome-wide screen for additional loci required for cell-cell spread, which resulted in the 

identification of genes encoding factors known to be involved in intracellular survival, cell fusion 

and virulence; components of T3SSBsa, T6SS-5 and critical metabolic functions. Using the 

hamster model, we found an absolute correlation between T6SS-5-mediated fusogenic activity 

and virulence, which is the first and, to our knowledge, the only example of a specific role for 

cell fusion in Burkholderia pathogenesis.  

 Current models predict that PAAR proteins associate with β-helixes at the C-terminus of 

the VgrG core motif, constituting the T6SS injectisome tip complex. PAAR proteins have been 

implicated in the assembly or operation of the T6SS, given that PAAR deletion strains in other 

species are defective for secretion of the Hcp tubule protein. Therefore, we were surprised that 

Burkholderia Δpaar5 mutants continued to secrete Hcp5. One possible explanation is that PAAR 

proteins share structural and functional redundancies as T6SS apparatus components, as 

described for V. cholerae and Acinetobacter baylyi, where deletion of all genomic paar loci was 

required to ablate Hcp secretion; 2 in the case of Vibrio and 3 in Acinetobacter (Shneider et al., 

2013). Moreover, similarities exist between the predicted core structures of the numerous 

PAAR-like proteins in B. pseudomallei (fig. S2). Thus, it is conceivable that T6SS-5-mediated 

secretion is facilitated by another genomically encoded PAAR paralog in the absence of paar5. 

The alternative implication is that T6SS-5 assembly and secretion activity has evolved 

independently of the need for PAAR5 in B. pseudomallei and its relatives. Deciphering the 

mechanism of T6SS-5 mediated secretion in Burkholderia will likely be impractical in light of the 

multiple VgrG and PAAR loci. The present study firmly establishes a role for T6SS-5-mediated 

cell fusion in virulence, and insight into the fusogenic mechanism, rather than the mechanism of 

secretion, is likely to be more informative and useful for the development of therapeutics. 

However, it is undeniable that the phenomenon of Burkholderia-mediated cell fusion is an 

intriguing and novel means of cell-cell spread for an intracellular bacterial pathogen, especially 
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from an evolutionary perspective – a soil bacterium that induces the fusion of mammalian cell 

membranes as a critical mechanism to cause accidental pathogenesis in animals and humans. 

What are the environmental hosts, predators and selective pressures that give rise to, and 

strictly maintain such an elegant virulence trait? 

 The goal of the HTS screen was to identify factors that act in conjunction with the T6SS-5 

tip complex to mediate cell fusion. Intriguingly however, the 15 genes resulting from the screen 

are not associated with canonical virulence pathways. Most are predicted to perform metabolic 

functions that are dispensable for growth in laboratory medium with the exception of two loci, 

which encode conserved hypothetical proteins of uncharacterized function (Table 1). 

BTH_I0359 possesses a conserved DUF3567 domain containing an EIVDK motif, and is the 

third gene in an operon likely dedicated to redox metabolic functions. Interestingly, this gene 

has been previously shown to be involved in contact-dependent growth inhibition (CDI) pathway 

in B. thailandensis, a mechanism of intercellular competition used by some Gram neg. species 

to inhibit the growth of neighboring bacteria. The other locus, BTH_II1511 contains an 

uncharacterized DUF4902 domain, and is the first ORF in a two-gene operon with a N-acyl 

homoserine lactone synthase, which function in quorum sensing and the subsequent regulation 

of downstream gene expression. Taken together, these results suggest the involvement of 

quorum sensing during B. pseudomallei intracellular life cycle. Yet, these loci are not likely to 

possess fusogenic activity or contribute to the fusogenic mechanism of T6SS-5.  

Aside from the genes listed in Table 1, and others belonging to T3SSBsa and T6SS-5, the Tn 

library screen identified no new loci performing critical functions in cell-cell spread and fusion. 

Taken together, our results support T6SS-5 as the main – if not the only critical locus involved in 

Burkholderia cell-cell spread per se and membrane fusion. We acknowledge the caveats, 

including that our HT screen was performed using B. thailandensis as a surrogate in lieu of its 

select-agent relatives, however we have conservatively interpreted our findings. Several lines of 

evidence suggest that our conclusions are valid, and furthermore, they are likely to apply to B. 
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mallei and B. pseudomallei. Our conclusions are corroborated by numerous prior studies, none 

of which identified novel loci that would be expected to promote cell-cell spread and fusion. 

These include microarray-based characterization of the VirAG regulon of B. mallei (Burtnick et 

al., 2011a), RNA-seq data describing the VirAG- and BsaN-dependent regulons of B. 

pseudomallei (Chen et al., 2014)(Y.H. Gann, personal communication and unpublished data), 

and a recent study utilizing Tn-seq resulting in a comprehensive list of virulence determinants 

for respiratory melioidosis (Gutierrez et al., 2015). These data are further supported by Mass-

Spec analysis of the VirAG secretome of B. thailandensis, where VgrG-5 and Hcp5 were the 

only proteins found to be secreted in a T6SS-5-dependent manner (Schwarz et al., 2014).  

The results of animal infection experiments were unexpected in that there was a nearly 

binary, inverse relationship between survival and the presence of the PAAR5 and VgrG-5-CTD 

components of the T6SS-5 apparatus tip complex. On the other hand, the Syrian Hamster 

model is known to be exquisitely sensitive to B. pseudomallei lethality mechanisms, and thus 

may not be the most ideal for detecting nuanced variations in virulence potential. Nevertheless, 

the results seamlessly reconcile the fusogenic and virulence phenotypes, leaving little doubt that 

the T6SS-5 fusogenic machinery is an important contributor to B. pseudomallei pathogenesis. 

Study of these phenomena is considered using the (BALB/C or C57BL/6) mouse models, which 

result in a less fulminant melioidosis-type illness that more closely mimics human disease.  

 

CONCLUSIONS  

Burkholderia cell-cell spread is facilitated by the fusion of mammalian cell membranes, 

which occurs by an uncharacterized, T6SS-5-dependent mechanism. In this study, we report 

the identification and characterization of the PAAR5 protein, which according to current 

structural models is a component of the T6SS-5 organelle tip complex. PAAR5 was required for 

fusogenic activity but dispensable for T6SS-5-mediated secretion of Hcp5, allowing the 

separation of fusogenic activity from other functions of the system for analysis in pathogenesis. 
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We demonstrated that cell-cell spread induced by membrane fusion of adjacent cells is a 

primordial aspect of Burkholderia pseudomallei virulence. An absolute correlation between the 

fusogenic phenotype in vitro and virulence in vivo was observed using the hamster model of 

acute melioidosis strongly suggesting a role in mammalian disease. Therefore, discovery of 

molecules inhibiting membrane fusion is likely to be a promising direction for future therapeutic 

drugs development against melioidosis. Genes involved in the intracellular lifecycle were 

comprehensively assessed by a saturating Tn mutagenesis and MNC formation screen. The 

screen did not identify new loci with novel roles in cell fusion, exclusively implicating the activity 

of T6SS-5.  

 We showed that the fusogenic activity of T6SS-5 depends on the PAAR5 protein in a 

similar way than the carboxyl domain of VgrG-5, as previously showed. Thus, we conclude that 

these 2 components of the T6SS-5 tip complex are tightly involved in the membrane fusion 

process. From our conclusions and observations we propose a following model: after escape 

from endosomal vesicles, the actin-tail polymerization- or flagella-dependent bacterial motility 

provides enough energy to bring the membrane of infected and neighboring cells together. 

Upon contact with cell membrane, the T6SS-5 injectisome is deployed inserting VgrG in plasma 

membranes. VgrG-5 CTD could serves as a trident anchor, stabilizing close membrane 

apposition. Hemi-fusion stage to pore expansion resulting in a complete merge of the two 

membranes is then triggered by fusogenic activity, possibly carried by (the NTE of ) PAAR5 

(Fig. 5). 
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MATERIALS. AND METHODS 

Bacterial strains and mutant construction. Bp340 (SEA Bp 1026b ΔamrAB-oprA) (Tuanyok 

et al., 2007) and derivative strains were routinely grown in L-medium without NaCl (LB-NS). 

Kanamycin or Zeocin were added at final concentrations of 100 µg/ml when needed. Strains 

constitutively expressing VirA and VirG were constructed as described in (Toesca et al., 2014). 

Briefly, a mini-Tn7 transposon containing virAG genes from Bp340 (Bp1026b_1587-89) 

downstream from the S12 ribosomal subunit promoter (Kumar et al., 2010) was inserted in B. 

pseudomallei  genome and selected for the presence of the Zeocin resistance cassette encoded 

by the transposon. In frame paar5 (BP1026B_II1600) deletion was constructed using allelic 

exchange with the pheS* negative selection marker on M9 agar containing 0.1% 

cholorophenylalanine (cPhe) (Barrett et al., 2008).  

Complementation of mutants was performed using derivatives of the pBBR1-MCS2 broad host-

range plasmid (Kovach et al., 1995) containing the nptII kanamycin resistance gene. Internal 

deletions and truncated version of paar5 were obtained after amplification, cloning and ligation 

of the regions framing the sequence to be eliminated using primers listed in Table S2.  

Transposon insertion mutant library duplication. Original transposon insertion mutant library 

was duplicated in 96-well plates. Individual transposon mutant plus control strains were 

inoculated in rich media containing 15% glycerol. For propagation of the library clones prior to 

screening, plates were inoculated from frozen stocks and incubated at 37c for 48h. 10 random 

transposon mutants from duplicated library were selected and locus of transposon insertion was 

verified by PCR using primer sequence specific to the locus and primer located inside 

appropriate transposon (Fig.3).  

Primer pairs for amplification: 

Tn8: Forward: 5’-TTTATGGACAGCAAGCGAACC; Reverse: 5’-

TTTCCGGCACCGCTTCTGGTGC;  
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Tn23: Forward:5’-TATGTGGACGAGCTGTACAAG; Reverse: 5’-

AACGACGGCCAGTGAATCCG. 

 

Transposon insertion mutant library High Throughput Screening. HTS was performed at 

the UCLA Molecular Screening Shared Resource (MSSR: http://www.mssr.ucla.edu). HEK cells 

were seeded in 384-well plates at a final concentration of 3.5x104 per well using a multidrop 

device. Bacteria from transposon library duplicated plates were diluted at 1/300 in DMEM +10% 

Fetal Bovine Serum. 1µl or 10µL of dilution were added to the 384-well plates using automated 

dispenser BioMek FX (Beckman Coulter). Extracellular bacteria were then eliminated by adding 

antibiotic to the media 1h after infection and laser scanning cytometry data was collected for 

each well using a FlexStation plate reader (Molecular Device) and analyzed for the presence of 

multinucleated cells and/or plaques at 20h post-infection (PI).  

 

MNC formation assays. HEK293 cell lines that stably express msRFP or eGFP were infected 

with B. pseudomallei and derivatives as previously described (French et al., 2011b). Briefly, 

RFP/eGFP expressing cells were seeded at a final concentration of 1.8x106 per well pre-coated 

with a 1/40 dilution of liquid Matrigel (Becton Dickinson). Cells were infected at a MOI of 1x10-3 

and 1 hr post-infection cells were washed and remaining extracellular bacteria were killed by 

adding gentamicin (120 µg/ml). After 18 h, cells were fixed with PBS + 10% formalin and MNCs 

were observed by fluorescence microscopy. The number of MNCs formed per bacterial CFU 

was determined and values were reported as the mean ± SD of a minimum of 3 independent 

experiments.  

Actin staining. HEK293 cells were grown on coverslips in 12-well plates at 2x105 cells/well and 

infected with Bp340 WT, or ∆paar or ∆bimA mutants at an MOI of 10. After 1h of infection, 

extracellular bacteria were killed by adding gentamicin (100 µg/ml) and cells were prepared for 

microscopy as previously described (French et al., 2011a). Antibodies were used at the 
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following dilutions: mouse anti-B. pseudomallei antiserum at 1:1000, Alexa-Fluor 488- labeled 

phalloidin and rabbit Alexa-Fluor 633 labeled mouse antiserum (Molecular Probes) at 1:200. 

Permanent mounts of specimens were created using ProLong Gold. Fluorescence imaging was 

performed using Leica SP5-II-AOBS confocal microscope setup. Image processing was 

performed with Leica’s LAS-AF software suite or Adobe Photoshop CS5. 

In vitro type VI secretion assays. Hcp secretion assays were performed as previously 

described (Toesca et al., 2014). Briefly, 1 ml aliquots of bacterial culture at an OD600 0.5 were 

centrifuged, washed, and resuspended in 400 µl of Laemmli Buffer (pellet fractions). 30ml 

culture supernatants were filtered through a 0.2 µm syringe-tip filter, precipitated with 10% 

trichloroacetic acid (TCA) and resuspended in Laemmli Buffer (supernatant fractions). 

Supernatant fractions were normalized according to the OD600 of the bacterial culture at the time 

of harvest and samples were loaded on a 4-15% TGX-Tris-glycine protein gel (BioRad), 

subjected to SDS-PAGE, and transferred to polyvinylidene difluoride (PVDF) membranes. 

Detection of Hcp was performed as previously described (Toesca et al., 2014) using anti-Bp 

Hcp (rat) and secondary antibody IgG horseradish peroxidase-labeled conjugate (Amersham). 

Phylogenetic tree and 3D structures analysis. Phylogenetic tree was generated using the 

program Geneious after comparison of annoted PAAR-like protein sequences of B. 

pseudomallei 1026b listed in Table S1 and their homologs in Burkholderia strains. (see 

Supplemental) 

Predicted 3D structure of PAAR-like protein of Bp1026B and VCA0105 from V. cholerae were 

obtained after submission of protein sequences to PHYRE2 program (Kelley et al., 2015). 

Indices of confidence for the protein to be homolog are indicated in percentage. 

 

Animal study. Virulence assessment of B. pseudomallei strains was performed in the hamster 

model. Each group of 5 female Syrian hamsters, 6-8 week old, were infected by the intra-
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peritoneal route with 10, 100 or 1x103 colonies forming units (CFU) doses with indicated B. 

pseudomallei strains and were monitored for clinical signs and symptoms for 21 days. 
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Figure 1. PAAR is required for MNCs formation but dispensable for T6SS-5 function. (A) 
PAAR5 sequence alignment from Burkholderia pseudomallei / Burkholderia mallei (Bp/Bm) 
compared to PAAR5 orthologs in Burkholderia oklahomensis (Bo), B. thailandensis E264 (Bt 
E264), and the PAAR homolog from Bt E264 T6SS-4 (BtE264 T4). Other species; B. 
cenocepacia (Bcc), Vibrio cholerae VCA0105 (Vc) Red: conserved residues, Blue: conserved in 
Pseudomallei-group. Grey box: PAAR motif. (B) MNC assay results with B. pseudomallei Bp340 
and derivative strains. HEK293 cells were infected with Bp340 WT, ΔVgrG-5 or Δpaar5 mutants, 
with and without native alleles expressed in trans. MNCs per colony forming unit (CFU) were 
determined at 18h post infection. Values represent the mean ± SD of a minimum of 3 
independent experiments (* P<0.005, n.s.: non significant). (C) Hcp secretion assay in B. 
pseudomallei and derivatives strains. Western blot analysis of bacterial supernatant or pellet 
fractions from Bp340 WT, mutant and Bp340 virAG constitutive (virAGc) derivatives. Blots were 
probed with antibody against B. pseudomallei Hcp5 (α-Hcp).  
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Figure 2. PAAR5 does not affect phagosome escape or actin-based motility. Bp340 and 
mutant derivative strains were fixed and stained 8h after infection of HEK293 cells. Red; actin 
stained with Alexa Fluor 647-labeled phalloidin. Green; bacteria stained with monoclonal 
antibody to Bp LPS. Right panel: Enlarged areas indicated by boxed areas. WT; Bp340 wild 
type. ΔbsaS; T3SSBsa ATPase mutant; ΔVgrG-5: Bp340 deleted for VgrG-5; Δpaar5 : Bp340 
deleted for paar5.  
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Figure 3. High Throughput Screening (HTS) procedure. (A) Duplication of the Tn mutant 
library and confirmation of Tn insertion site by PCR using primer pairs as indicated. Results are 
summarized in Table 1. Inset shows example of differential growth rates. (B) Representative 
fluorescent micrographs of MNCs in plate wells . (a): uninfected; (b): ΔVgrG-5; (c-f): Bt WT at 
different growth density.  
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Figure 4. The fusogenic phenotype is correlated with virulence in animals. (A) Syrian 
hamsters infected by the intra-peritoneal route with 10, 1x102 or 1x103 colonies forming units 
(CFU) of the indicated Bp340 WT or mutant derivatives. Animals were monitored for signs of 
illness for 21 days. (B) Summary of secretion, MNCs and virulence phenotypes: WT; Bp340. 
ΔVgrG-5; Bp340 VgrG-5 deletion strain. VgrG-5-ΔTM; Bp340 mutant carrying a VgrG-5 allele 
lacking an internal 46 aa predicted transmembrane segment in the carboxy-terminal domain 
(CTD). Δpaar5; Bp340 paar5 deletion mutant. 
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Figure 5. Hypothetical model of membrane fusion mediated by the VgrG-5/PAAR5 tip 
complex. Actin-tail polymerization- or flagella-dependent bacterial motility provides enough 
energy to bring the membrane of infected cells (grey) and neighboring cells (brown) together. 
Upon contact with cell membrane, the T6SS-5 injectisome is deployed. Contraction of VipA/B 
sheaths (grey) ejects Hcp5 tube (green) translocating VgrG-5/PAAR5 complex across the 
mammalian cell membrane. VgrG-5 CTD (pink) serves as a trident anchor, stabilizing close 
membrane apposition and induces negative curvature of the membranes to initiate fusion. 
Hemi-fusion stage to pore expansion resulting in a complete merge of the two membranes is 
triggered by PAAR5 (dark blue) directly through its hypothetic fusogenic activity contained in its 
amino extension.  
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Table 1. Gene loci critical for intracellular survival and cell-cell spread as revealed by HT 
Tn library screen. MNC/plaque formation phenotype 24h after infection. Red; "reduction". 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Locus Tag 
(BTH_)

Gene
Name Function Pathway

MNC formation 
(Tn::BtE264)

I0827 ilvD Dihydroxy-acid dehydratase Valine, isoleucine biosynthesis �

I3024 aroK Shikimate kinase Aromatic amino acid 
biosynthesis �

I3023 aroB Aromatic amino acid 
biosynthesis +/� (>100X red.)

I1317 purM Phosphoribosyl-formyl-
glycinamidine cyclo-ligase Purine metabolism �

I1014 purD Phosphoribosylamine--
glycine ligase Purine metabolism �

I0668 purK
Phosphoribosylaminoimidaz
ole carboxylase, ATPase 
subunit

Purine metabolism delay (1.5X)

I1184 pyrF Orotidine 5'-phosphate 
decarboxylase Pyrimidine metabolism +/� (>5X red.)

I1982 NLP/P60 family protein +/� (>100X red.)

I1315 HAD-superfamily subfamily IB 
hydrolase +/� (>50X red.)

I0359 Conserved hypothetical +/� (>5X red.)

I2264 Phosphoserine phosphatase Serine and glycine biosynthesis small

I1644 rfaD ADP-L-glycero-D-manno-
heptose-6-epimerase

Nucleotide-sugar biosynthesis 
pathway small

II1511 Conserved hypothetical small

I0004 DNA-binding protein HU-
alpha small

I0011 gspG General sec. pathway 
protein G small

Table 1. List of transposon insertion mutants showing consistent phenotype during HTS and plaque 
assay confirmation other then T3SSbsa and T6SS-5 locus. 
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Table S1. paar homologs of Pseudomallei-group Burkholderia . a: homologs in Bp K96243, 
Bm ATCC23344 and Bt E264. Shaded boxes indicate paralog genes. b: Plaque formation 
phenotype observed in HTS. +: presence of MNCs; N/A: no corresponding transposon mutant 
present in library. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                 Bp1026b aPAAR Homologs

T6SS locus
Cognate 

VgrG 
(Bp1026b_)

PAAR 
(Bp1026b_)

Bp K96243 
(BP)

Bm ATCC
23344 (BM)

Bt E264 
(BTH_)

bMNC formation 
(Tn::BtE264)

- I1129 - - I2104 +

- - I1318 - - I1928 +

- I2068 - - II2330 N/A

- I2025 I2032 SL2051 - I2706 +

- I2089 SS0389 - I0119 +

- - SS1057 - II1358 N/A

- - - II2000 N/A

- II1283 II1280 SS0080a - I3228 N/A

- II0082 II0085 SS1210 - II0092 N/A

- - - II0098 +

T6SS-2 II0113 II0114 - - II0130 +

T6SS-3 II0203 II0207 SS0185 AA1897 II0236 +

T6SS-4 II0581 II0586 SS0528 AA0450 II1889 +

T6SS-5 II1596 II1600 SS1507 AA0734 II0859 N/A

- II1049 II1051 SS0960 AA1266 II1434 +

Table S1. PAAR-like protein encoding genes in Bp1026b. a: homologs in Bp K96243, Bm 
ATCC23344 and Bt E264. Shaded boxes indicate paralog genes. b: Plaque formation phenotype 
observed in HTS. +: presence of MNCs; N/A: no corresponding transposon mutant present in library. 
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Table S2. vgrG homologs of Pseudomallei-group Burkholderia. a: homologs in Bp K96243, 
Bm ATCC23344 and Bt E264. b: Plaque formation phenotype observed in HTS. +: presence of 
MNCs; N/A: no corresponding transposon mutant present in library; stars indicates duplicated 
genes with 100% identity (*) or 99.73% identity (**) . 
 
 
 
 
 
 
 
 
 
 
 
 
 

                 Bp1026b aVgrG Homologs

T6SS locus
Cognate 

PAAR
(Bp1026b_)

VgrG
(Bp1026b_)

Bp K96243 
(BP)

Bm ATCC
23344 (BM)

Bt E264 
(BTH_)

bMNC formation 
(Tn::BtE264)

T6SS-2 II0114 II0113 SS0115 - II0129 + 

T6SS-3 II0207 II0203 SS0181 AA1901 - + 

T6SS-4 II0586 
II0580 SS0523 AA0445 II1893 + 

II0581 SS0524 AA0446 II1894 + 

T6SS-5 II1600 II1596 SS1503 AA0737 II0863 - 

T6SS-6 - II2254 SS2093  AA0410 II0265 + 

I2032 

I2019 SL2041 - II2693 
(vgrG-E) + 

I2025 SL2046 - II2697 
(vgrG-B) + 

I2031 SL2050 AA0855 II2705 
(vgrG-H) + 

II1280 II1283 SS1213 - I3225 
(vgrG-G)* + 

II0085 II0082 SS0078 - II0089 
(vgrG-F)* N/A 

- - - - II0933 
(vgrG-D)** + 

II1051 II1049 SS0958 AA1269 II1436 
(vgrG-A) + 

- - - - II1531 
(vgrG-C)** + 

Table S2. vgrG homologs in Bp1026b. a: homologs in Bp K96243, Bm ATCC23344 and Bt E264. b: 
Plaque formation phenotype observed in HTS. +: presence of MNCs; N/A: no corresponding 
transposon mutant present in library; stars indicates duplicated genes with 100% identity (*) or 99.73% 
identity (**) . 
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Table S3. Nomenclature of Type III and Type VI Secretion Systems (T3SS, T6SS) in 
Pseudomallei-group Burkholderia strains. MNCs formation phenotypes of Bt E264 Tn library 
mutants with insertions in critical loci of T3SS and T6SS loci.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table S3. Locus of Type III and Type VI Secretion system in representative Pseudomallei group 
Burkholderia strains. Phenotype for MNCs formation of corresponding transposon mutants in B. 
thailandensis obtained during HTS. +: presence of MNCs; -: absence of MNCs.  

LOCUS_TAG MNC 
formation  
Tn::Bt E264Bp 1026b Bp K96243 Bm 

ATCC23344 Bt E264

T6SS-1 I0197 - I0182 BPSL3097 - 
BPSL3111 

BMA2826 - 
BMA2831 

BTH_I2954 - 
BTH_I2968 + 

T6SS-2 II0103 - II0125  BPSS0095 - 
BPSS0116 - BTH_II0119 - 

BTH_II0140 + 

T6SS-3 II0188 - II0207  BPSS0167 - 
BPSS0185 

BMAA1914 - 
BMAA1897 - + 

T6SS-4 II0572 - II0590 BPSS0515 - 
BPSS0533 

BMAA1761 & 
BMAA0438 - 
BMAA0455  

BTH_II1885 - 
BTH_II1902 + 

T6SS-5 II1586 - II1604 BPSS1493 - 
BPSS1511

BMAA 0747 -
BMAA0729.1

BTH_II0864 - 
BTH_II0873 -

T6SS-6 II2254 - II2270 BPSS2093 - 
BPSS2109 

BMAA0410 - 
BMAA0393 

BTH_II0249 - 
BTH_II0267 + 

T3SS-2 II1739 - II1714 PBSS1629 -
BPSS1603   

BMAA1639 - 
BMAA1613  

BTH_II0742 - 
BTH_II0767 

+ 

T3SSBsa 
(T3SS-3)

II1642 - II1615 PBSS1546 - 
BPSS1520

BMAA1545 -
BMAA1517

BTH_II0827 - 
BTH_II0853

& 
BTH_II0846 
–BTH_0849 

-

+ 
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Figure S1. Phylogenetic tree of annotated PAAR-like proteins homologs of B. 
thailandensis and Burkholderia species (list of genes in online Supplemental). VCA0105 from 
V. cholerae is showed in red. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S1 
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Figure S2. Phyre2 3D structure predictions of annotated PAAR-like proteins of Burkholderia 
pseudomallei and VCA0105 from V. cholerae. Cov (coverage): percentage amino acid similarity 
with amino acid sequence of VCA0105. Conf (confidence): probability that protein is 
homologous to VCA0105.  
 
 
 
 
 
 
 
 
 
 
 
 
 

VCA0105 BP1026B_I2032 
cov: 92% 
conf: 99.9 

BP1026B_I2068 
cov:60% 
conf: 99.9 

BP1026B_I2089 
cov: 44% 
conf: 99.8 

BP1026B_II0114 
cov: 95% 
conf: 99.9 

BP1026B_II0207 
cov: 53% 
conf: 97.6 

BP1026B_II0586 
cov: 51% 
conf: 97.5 

BP1026B_II1280 
cov: 91% 
conf : 99.9 

Figure S2 

PAAR5 (BP1026B_II1600) 
cov: 66% 
conf: 98.3 
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Supplemental material 
 
Bioinformatic and mutational dissection of PAAR5 reveals a critical function for the N-

terminal extension in cell fusion 

Because paar5 is essential for fusion but dispensable for T6SS activity, we considered that 

paar5 itself could be the mammalian cell fusogen. Mutant alleles were constructed to identify 

critical domains of PAAR5 for testing this hypothesis. As shown in Fig. S3A, all minimally-

truncated and internal deletion alleles failed to mediate fusion. Bioinformatic analysis using the 

Cobalt and ClustalW multi-alignment tools, and the Phyre2 structural threading algorithm to help 

identify any noteworthy features (Kelley et al., 2015). While the sequences of PAAR5 and the 

VCA0105 PAAR protein of V. cholerae are divergent, Phyre2 predicts remarkably similar core 

structures for the two proteins. The exception is a unique 15 aa N-terminal extension (NTE) in 

PAAR5 that is perfectly conserved in fusogenic Burkholderia (Fig. S3B & C). Through alanine 

scanning mutagenesis of the PAAR5 NTE, we found 3 single aa substitutions; F2-A, R5-A and 

G9A, that failed to restore cell fusion in a Δpaar5 mutant. The functional implications of this 

result are unclear but currently under investigation (Fig. S3D).  

The sequence of the PAAR5 NTE is immediately followed by a DVCKTP motif of 

unknown significance, but noteworthy due to its widespread occurrence in Rhs/VgrG and PAAR 

proteins from diverse species, as indicated by Delta-BLAST. Surprisingly, this motif is prevalent 

and identical in VgrG/PAAR proteins of fusogenic and non-fusogenic Burkholderiaceae (Fig.1). 

The succeeding, structurally-defining core of PAAR5 (region 40-130) is separated from the NTE 

by a proline repeat motif (XP)7 (PRM). As shown in Figure S3E and S3F, mutation of the PRM 

region significantly affects the number of MNC induction and the sizes of MNCs are greatly 

reduced. Proline-rich sequences are noted for their conformational constraints, and their 

location may define functional domains in a variety of proteins. Taken together, these 

observations demonstrate a necessary role for the PAAR5 NTE in cell fusion. Further 

investigations are currently pursued.  
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PAAR5 is conserved only in fusogenic clade 1b Burkholderia species (fig. 1A and fig. S1) 

(Sawana et al., 2014). Since the deletion of paar5 suppresses MNC formation and is not 

required for T6SS-5 activity, we investigated the possibility that PAAR5 acts directly as the 

mammalian cell fusogen. Sequence analysis revealed features common to Fusion Associated 

Small Transmembrane (FAST) peptides, which mediate membrane fusion of non-enveloped 

viruses. The formation of multinucleated syncytia leads to viral propagation in infected hosts 

(Ciechonska & Duncan, 2014). FAST proteins are the smallest fusogens identified (98 to 198 

aa). PAAR5 exhibits some features of FAST proteins; its small size (130 aa), hydrophobic 

patches, a proline repeat motif (PRM), and importantly, a potential transmembrane domain (TM) 

(aa 35-58) that could delineate the endo- and ectodomains of PAAR5 (fig.4A). Mutation of these 

regions abolished MNC formation (Fig.4 and S6), supporting the possibility that PAAR5 could 

possess fusogenic activity. Mutations in the polyproline motif reduced the size of MNCs and the 

efficiency of MNC induction. Proline-rich stretches are important for protein-protein interaction 

(Kay et al., 2000), and it is possible that PAAR5 carries other cargo proteins, similar to IglC of 

Francisella tularensis (Rigard et al., 2016). However, considering the results from our HT assay, 

we consider a scenario where the PAAR5 NTE, separated from the core motif by a proline rich 

linker, carries the fusogenic activity or mediates interactions with a T6SS-5 apparatus 

component, perhaps VgrG-5, that acts as the mammalian cell fusogen to be a more likely 

explanation. Experiments are currently in progress to identify the fusogenic factor and elucidate 

its underlying mechanism. 
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Abstract 

Burkholderia pseudomallei (Bp) and Burkholderia thailandensis (Bt) 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. Motility in 

the cytoplasm of host cells, mediated either by bimA induced actin polymerization or by flagella 

encoded by the fla2 locus, is required for efficient cell-cell spread. We show that the Fla2 

system, which is present and expressed in Australian strains of Bp and Bt, activates intracellular 

expression of lateral flagella in response to an unidentified cytoplasmic signal. Innate immune 

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

host response to Bp infection. While previously attributed to T3SS stimuli deployed 

intracellularly, we show that this response is partially dependent on fliC2, the flagellin gene 

encoded in the fla2 cluster in Bt and Australian strains of Bp. Deletion of fliC2 results in a 

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. 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 (Bp) is a gram negative, soil-dwelling saprophytic bacterium 

endemic to Southeast Asia and Northern Australia (Galyov et al., 2010a, Wiersinga et al., 2006). 

Bp is the causative agent of melioidosis, a severe and often fatal human disease (Wuthiekanun 

& Peacock, 2006). In highly endemic regions, Bp is almost exclusively acquired from the 

environment, and various lines of evidence suggest that virulence mechanisms of Bp in 

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

rhizosphere (Nandi et al., 2010). Because of its low infectious dose and high intrinsic antibiotic 

resistance, Bp is classified as a tier-1 select agent by the United States Centers for Disease 

Control (CDC). 

 B. thailandensis (Bt) is a related environmental organism with an overlapping geographic 

distribution and a genome that is similar to Bp, but it exhibits decreased virulence in Syrian 

golden hamster and mouse models of infection and is rarely associated with disease in humans. 

Bt and Bp 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).  

 Bp and Bt 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., 2011b). Actin-

based intracellular motility facilitates cell-cell spread. A striking feature of Bp is its ability to fuse 

adjacent cells together and form multinucleate cells (MNCs), thus negating the need for escape 

from a secondary endosome (French et al., 2011b, 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., 2011b, Toesca et al., 2014, Schwarz et al., 2014).  

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

intracellular movement and cell-cell spread in Bp and Bt, recent work has provided evidence for 
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an alternative mechanism of intracellular motility in Bt (French et al., 2011b). In unmarked, non-

polar bimA Bt 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 Bt, genomic studies have indicated the presence of 

a second distinct flagellar locus (fla2) on chromosome 2 of Bt and many Australian strains of Bp 

(Tuanyok et al., 2007). Deletion of motA2 or fliC2 from the fla2 locus has no effect on 

extracellular motility or actin polymerization, but eliminates rapid intracellular motility (French et 

al., 2011b). Furthermore, rapid intracellular motility conferred by the fla2 locus is sufficient for 

MNC formation by Bt in the absence of actin polymerization, contrary to previous dogma that 

bimA was required for intracellular motility and cell-cell spread (Galyov et al., 2010a, French et 

al., 2011b, Kespichayawattana et al., 2000, Stevens et al., 2005). 

 Recent whole genome sequence (WGS) analyses have shown that Bp 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 genetically distinct 

southeast Asian and northern Australian populations of Bp (Tuanyok et al., 2007). While fla2+ 

strains of Bp comprise up to 97% 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 

(17).  

 Although intracellular pathogens like Burkholderia can partially evade immune responses 

mediated by extracellular recognition of pathogen associated molecular patterns (PAMPs), 

organisms across all three domains of life have evolved cell-autonomous immune mechanisms 

to respond to pathogenic threats (Randow et al., 2013). In particular, the NLRC4 inflammasome 
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recognizes and responds to the presence of bacterial components such as T3SS proteins and 

flagellin in the cytosol of mammalian cells. This recognition results in the restriction of bacterial 

intracellular growth via a caspase-1 mediated cell death mechanism called pyroptosis, as well 

as the processing and secretion of proinflammatory cytokines such as IL-1β and IL-18 (Miao et 

al., 2006, Miao et al., 2010b). Therefore, the possibility that pathogenic Burkholderia species 

might express cytoplasmic flagella is puzzling from an immunological perspective.  

In this report, we confirm the expression of lateral flagella by Bt and Bp in the cytosol of 

infected host cells. We further explore the role of this alternative flagellar system in bacterial 

growth and motility as well as its role in intracellular growth and cell-cell spread of Burkholderia. 

Our results suggest that the fla2 system plays a role in surface motility of Bt and Bp and 

contributes to IL-1β secretion during Bt infection. 

 

Results 

Fla1 mediates swimming in soft agar and liquid media, while fla2 mediates surface 

swarming on semisolid agar. Bt and Bp exhibit swimming behavior in liquid culture and 0.2% 

agar plates. To determine whether fla2 is involved in extracellular motility, ∆fliC1, ∆fliC2, and 

∆fliC1 ∆fliC2 derivatives of Bt were spotted onto NB plates containing increasing percentages of 

agar (Figure 1A). As expected, wt Bt exhibited swimming motility in soft agar (0.2%), indicated 

by diffuse bacterial growth through the agar emanating from the inoculation point. Swimming 

motility was abrogated in a ∆fliC1 mutant but not in a ∆fliC2 mutant (Figure 1A, upper panels). 

When plated onto media containing higher concentrations of agar, the motility pattern of wt Bt 

switched to swarming motility characterized by tendril formation. Swarming was also observed 

for a ∆fliC1 mutant, but not for a ∆fliC2 mutant, indicating that fla2 is required for swarming on 

semisolid agar (Figure 1A, middle and lower panels). 

Among Bp isolates, swimming on 0.2% agar was apparent for both Australian and 

Southeast Asian isolates (Figure 1B, upper panels). However, when spotted on 0.3% agar, only 
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Australian isolates of Bp exhibited surface swarming motility with a ruffled morphology (Figure 

1B, lower panels). B. mallei, which has neither the fla1 locus nor the fla2 locus, did not exhibit 

either swimming or swarming motility.  

 

Fla2 provides a competitive advantage to Bt grown under nutrient-limited conditions. In 

other organisms, swarming motility is thought to provide an ecological advantage by allowing 

swarmer cells to colonize new ecological niches, resist predation, and avoid cell density-

dependent nutrient depletion (Eberl et al., 1999, Netotea et al., 2009). To test whether fla2-

mediated swarming provides a competitive advantage for Burkholderia grown on semisolid 

agar, liquid cultures of wt and ∆fliC2 strains of Bt were mixed together and the mixture was 

spotted on either LBns or M9 agar. At various time points post-inoculation, the entire growth 

area was collected, genomic DNA was isolated, and the makeup of the population was 

evaluated by PCR using primers outside of the fliC2 locus to determine the ratio of wt to ∆fliC2 

bacteria present. On LBns agar, we observed an increase in the ratio of wt to ∆fliC2 Bt over the 

course of 240 hours (Figure 2). This pattern was even more pronounced on M9 agar, 

suggesting that surface motility facilitates growth in a nutrient-limited environment.  

 

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

flagella. In addition to the environmental swarming phenotypes described above, fla2 has been 

shown to mediate rapid intracellular motility of Bt. However, it is presently unclear whether the 

presence of an intact fla2 locus in Australian strains of Bp is correlated with rapid intracellular 

motility. To investigate whether this phenotype is conserved in fla2+ strains of Bp, HEK293 cells 

were infected with a panel of fla2+ (Australian) and fla2- (Southeast Asian) Bp strains. By eight 

hours post infection, all fla2+ Bp strains exhibited rapid intracellular motility in infected cells, 

whereas none of the fla- strains tested exhibited rapid intracellular motility (Table 1). 
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 Bioinformatic analysis suggests that fla2 shares similarities with peritrichous flagellar 

systems from other organisms (French et al., 2011b). To determine if fla2 similarly encodes 

peritrichous flagella in Bt and fla2+ Bp strains, we inserted an HA tag into the variable region of 

the predicted fla2 flagellin gene fliC2 in Bt and Bp NAU14-B6. These fliC2:HA strains were then 

used to infect HEK293 cells, and fixed and stained for microscopy 8 hours post-infection. In both 

cases, peritrichous flagella were observed in the cytosol of infected cells, but not in extracellular 

bacteria or bacteria grown in liquid culture (Figure 3 A and B). To test whether expression of 

peritrichous flagella is a general feature of fla2+ Bp strains, an HA tag was inserted into the 

variable region of fliC2 in two additional fla2+ Bp strains, Bp 305 and Bp 668. Like Bt and Bp 

NAU14-B6, both of these strains expressed intracellular peritrichous flagella, although 

expression levels did not appear to be uniform across different strains (Figure 2C). These data 

indicate that the presence of the fla2 locus appears to be generally correlated with intracellular 

expression of lateral flagella across Burkholderia strains. 

 While other flagellated intracellular pathogens like Salmonella and Shigella repress 

expression of flagellar genes upon entry into a host cell, Bt exhibits fully assembled lateral 

flagella at 8 hours post-infection (Figure 4A). Whereas assembled flagella appear later in the 

infection cycle, expression of multiple fla2 genes is dramatically upregulated as early as 1 hour 

post-infection (Figure 4B and 4C). In contrast to the activation of fla2 expression, fla1 genes are 

rapidly downregulated following infection (Figure 4B and 4C).  

 We observed the presence of multiple putative regulatory genes upstream and 

downstream of the fla2 locus (Figure 4D). The overexpression of one of these genes, frr, 

resulted in the expression of lateral flagella in liquid media and a hyperswarming phenotype on 

semisolid agar (Figure S1). The transcriptional consequences of frr overexpression included 

upregulation of fla2 genes and downregulation of fla1 genes, as well as upregulation of T3SSBsa 

expression. Given the intricate regulatory structure of Burkholderia virulence-associated 

pathways, these data suggest that spatial and temporal regulation of flagellar expression may 
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be coordinated with other virulence mechanisms during the Burkholderia intracellular life cycle 

(Chen et al., 2014). 

 

NLRC4, but not FliC2, contributes to cell death and restriction of intracellular replication 

of B. thailandensis. The presence of lateral flagella in the cytosol of infected cells was 

surprising given the ability of the NLRC4 inflammasome to respond to cytosolic flagellin. One of 

the downstream consequences of NLRC4 activation is restriction of intracellular bacterial growth 

by pyroptosis of infected host cells (Miao et al., 2010a). Indeed, in primary bone marrow 

macrophages (BMMs) and immortalized bone marrow macrophage cell lines (MCLs), Bt 

undergoes minimal intracellular replication (Figure 5A and 5B). However, in nlrc4-/- MCLs, Bt 

regains the ability to replicate inside of cells, confirming previous reports that the NLRC4 

response plays a protective role during Burkholderia infection (Figure 5B) (West et al., 2014). 

Despite the role of NLRC4 in restricting intracellular replication by inducing pyroptosis, this 

NLRC4-dependent restriction was not dependent on the presence of FliC2 (Figure 5B). 

Consistent with this data, we observed that rapid host cell death in response to infection was 

partially dependent on NLRC4, but that FliC2 did not appear to contribute (Figure 5C). A 

downstream consequence of intracellular replication of Burkholderia is the formation of MNCs 

and plaques (French et al., 2011b). Thus, while minimal plaque formation occurred in wt MCLs, 

we observed the restoration of plaque formation in nlrc4-/- MCLs (Figure 5D). Again, this process 

did not appear to be influenced by the presence or absence of FliC2. 

 

FliC2 induces IL-1β release in an NLRC4-dependent manner. In addition to restricting 

intracellular replication by inducing pyroptosis, the NLRC4 inflammasome also induces the 

secretion of proinflammatory cytokines including IL-1β, which has been shown to contribute to 

morbidity during Burkholderia infection (Ceballos-Olvera et al., 2011). To test whether FliC2 

contributes to NLRC4-dependent IL-1 β secretion in response to Bt infection, we assayed the 
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supernatants of infected wt and nlrc4-/- MCLs for the presence of mature IL-1β. Whereas levels 

of secreted IL-1β were not dependent on FliC2 in nlrc4-/- MCLs, the deletion of fliC2 resulted in a 

significant decrease in IL-1β secretion in wt MCLs, indicating that Bt FliC2 induces NLRC4-

dependent IL-1β secretion (Figure 6A). 

 While pyroptosis and cytokine secretion are often considered to be coincident 

downstream consequences of inflammasome activation, recent studies have demonstrated that 

these processes are subject to distinct licensing requirements downstream of inflammasome 

activation and caspase-1 cleavage (Schmidt & Lenz, 2012). Additionally, Bt is known to release 

other cytosolic PAMPs including BsaK and LPS that induce activation of NLRC4 and other 

inflammasomes, 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 Bt infection led to an epistatic effect in cell death assays, potentially masking 

the effect of fliC2 deletion on pyroptosis and intracellular replication (Figure S1). To test this 

hypothesis, we reconstituted the NLRC4 inflammasome in 293T cells that do not normally 

mount an inflammasome response by transfecting them with the four components necessary to 

induce a cell death response to cytosolic flagellin (NAIP5, NAIP6, NLRC4, and Caspase-1) 

(Kofoed & Vance, 2011). We then infected these 293T-NLRC4 cells with Bt and tracked cell 

death over the course of infection. In contrast to our earlier findings in MCLs we observed that in 

293T cells, rapid cell death only occurred in the presence of the fully reconstituted NLRC4 

inflammasome (Figure 6B). Furthermore, this NLRC4-dependent cell death response was 

completely eliminated with the deletion of fliC2. Together, these results indicate that FliC2 is 

recognized by the NLRC4 inflammasome during the course of Bt infection, and that this 

recognition contributes significantly to IL-1β secretion and may be a minor player in Bt-induced 

pyroptosis. 
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FliC2 does not contribute to inflammasome activation in B. pseudomallei. The amino acid 

sequence of FliC2 is highly conserved between Bt and Australian Bp strains, particularly in the 

C-terminal 35 residues that have been shown to be sufficient for recognition of Legionella 

pneumophila flagellin by the NLRC4 inflammasome (Lightfield et al., 2008) (Figure 7A). 

Therefore, we predicted that FliC2 would contribute to IL-1β secretion during Bp infection. 

However, we did not observe a difference in IL-1β secretion by wt MCLs between wt and ∆fliC2 

Bp strains (Figure 7B). To determine whether Bp FliC2 is inherently nonimmunogenic, we 

complemented a ∆fliC2 Bt strain with either the Bt or Bp NAU fliC2 allele expressed on a 

plasmid. These complemented strains were tested for their ability to restore IL-1β secretion. The 

results demonstrated that both Bt and Bp FliC2 are recognized by the NLRC4 inflammasome in 

the context of Bt infection of MCLs.  

Another possible explanation for the differential contribution of FliC2 to the 

inflammasome response during Bt and Bp infection is a difference in fliC2 expression levels in 

Bt versus Bp, such that FliC2 levels are insufficient to contribute significantly to IL-1β secretion 

in Bp. Indeed, qRT-PCR analysis indicated that whereas Bt fliC2 is increased greater than 500-

fold as soon as one hour post infection, upregulation is significantly lower in Bp, with a mere 5-

fold increase in fliC2 expression post-infection (Figure 7D). Therefore, it is likely that low levels 

of fliC2 expression during Bp infection produce only a weak inflammasome response that is 

masked by the contributions of other PAMPs to IL-1β secretion. 
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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, and that these flagella contribute to an innate 

immune response against Bt. Our observation that intracellular flagella are expressed during Bt 

and Bp 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 Bt 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, Bt, and to a lesser extent, Bp, maintain cytoplasmic 

expression of flagella even though fla2 is not required for cell-cell spread in Bt or Bp (Figure 

S3). This observation is consistent with the idea that as primarily environmental pathogens, the 

virulence mechanisms observed in Bt and Bp 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 and 

its contribution to the innate immune response. 

In support of this hypothesis, fla2 appears to play an environmental role for Bt and Bp 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 on nutrient rich soft substrates such 

as partially hydrated soils or animal tissues (Kearns, 2010, Quelas et al., 2016). In the case of 
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Burkholderia, the ability to swarm on semisolid surfaces was associated with a growth 

advantage, as wt Bt outgrew ∆fliC2 Bt in a direct competition assay on 0.3% agar plates. Given 

the different environmental conditions experienced by Bp in southeast Asia and northern 

Australia, it is possible that fla2 may provide a survival advantage to Bp under the 

environmental conditions prevalent in northern Australia, where 88% of Bp 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+Bp 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 boundry between the 

two regions. Phylogenetic studies have suggested that a founding Australian population of Bp 

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- Bp 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- Bp strains in the geographically isolated region. 

Another intriguing observation is the underrepresentation of fla2+ Bp strains in clinical 

isolates. One survey conducted in Northern Australia found that although fla2- Bp strains made 

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

isolates (Tuanyok et al., 2007). This observation is consistent with the hypothesis that fla2 

confers an environmental advantage for Bp in certain regions at the expense of fitness in 

mammalian hosts. 

Following invasion of host cells the flagellin gene associated with fla2, fliC2, contributes 

to the innate immune response to infection. Although pyroptosis appears to occur independently 

of FliC2 in response to Bt infection, IL-1β secretion is largely dependent on FliC2. This finding 
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could have significant implications for pathogenesis of Bt in mouse 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 macrophage cell lines. 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 bacterial replication, to our knowledge 

this is the first study to directly demonstrate the role of the NLRC4 inflammasome in preventing 

plaque formation by Burkholderia in bone marrow macrophages (Breitbach et al., 2009). 

 Although we did not observe a similar dependence on FliC2 for IL-1β secretion in 

response to Bp infection, our results do not rule out the possibility that strain-specific differences 

in fla2 expression may contribute to differential host innate immune responses to infection with 

different Bp strains. Indeed, different strains of Bp have been shown to produce notably variant 

phenotypes in infected hosts, including different symptomatic manifestations and LD50 values 

ranging from 3 to 5,650 cfu (Welkos et al., 2015). A comprehensive survey of fliC2 expression 

levels in a panel of fla2+ Bp strains may therefore prove informative in elucidating the clinical 

relevance of the fla2 locus in Australian melioidosis cases. 

Collectively, these observations indicate the need for a revised model of the 

Burkholderia intracellular life cycle. The traditional model of Burkholderia pathogenesis largely 

focuses on bacterial factors influencing plaque formation and pathogenesis (French et al., 

2011b). However, we have demonstrated the importance of a holistic model that accounts for 

the interplay between Burkholderia virulence mechanisms and host response systems in 

influencing the ultimate outcome of Burkholderia infection. In this revised model, multiple 
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bacterial factors including FliC2 contribute to NLRC4 activation during infection, leading to 

pyroptosis and cytokine secretion (Figure 8). These innate immune outputs have been shown to 

play a physiologically significant role in the course of Bp infection.  

The presence or absence of fla2 is the first strain-specific predictor of inflammasome 

response that has been described. In addition to the geographic segregation of fla2+ Bp strains, 

clinical presentations of melioidosis vary significantly between Australian and southeast Asian 

cases (Cheng & Currie, 2005). 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. Given the major differences that exist 

between clinical presentation of melioidosis in southeast Asia and northern Australia and the 

clinical importance of inflammasome responses such as IL-1β release and pyroptosis, it will be 

interesting to see whether fla2 may contribute to some of these pathophysiological differences 

seen in melioidosis patients. 
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MATERIALS AND METHODS 

Bacterial strains, growth, and mutant construction. Bt E264, Bp NAU14-B6, Bp MSHR668, 

and Bp MSHR305 were routinely cultured in LB medium without NaCl (LBns). For Bt and Bp 

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.  

 

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 Bt or Bp 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. Bt cultures were 

grown to an OD600 of ~0.6 and normalized to an OD600 of 0.1. Bt and Bt ∆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 
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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 Bt 

fliC2, respectively, to produce a product of ~2.9 kb for wt Bt and ~2 kb for Bt ∆fliC2. Relative 

band intensities were measured using Image Lab software (Bio-Rad). 

 

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 Bt, Pipericillin/Tazobactam 10 µg/mL for 

complemented Bt strains and Bp). 
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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 

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 Bt antiserum, 1:1000 (Bt) or 1:50 (Bp); 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 
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primers are listed in Table S1. RNA levels were normalized to recA and relative expression 

levels were determined using the comparative CT method (Schmittgen & Livak, 2008). 

 

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). 

 

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 
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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), Bt (GenBank: CP000085.1), and Bp (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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Figure 1. 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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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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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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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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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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Figure 7. 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 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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CHAPTER 8: Future Directions and Conclusions 
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Ongoing and Future Research 

Small molecule inhibitors of Burkholderia intercellular spread. Our overarching goal is 

to develop new and improved countermeasures against Burkholderia pseudomallei and B. 

mallei. As discussed in previous chapters, we have successfully conducted a high-content, high-

throughput screen (HTS) to identify small-molecule inhibitors of intercellular spread, and have 

completed a comprehensive assessment of bacterial genes required during the infectious cycle. 

Significant discoveries include the identification and partial characterization of 27 new small 

molecule inhibitors of B. pseudomallei and/or B. mallei. The value of these compounds is due, in 

part, to the fact that they were discovered using a highly stringent HTS that requires traversal of 

the host cell plasma membrane and the bacterial outer and inner membranes, which are all 

formidable obstacles for developing antibiotics against intracellular pathogens. Although initially 

high risk, our approach yielded a promising collection of lead molecules with permeability and 

activity profiles that merit further development. 

 For compounds which have not been characterized at all beyond their identification in our 

screen, current and future research objective are to 1) generate dose-response curves and 

determine EC50 values for all of our inhibitors during infection of HEK293 cells by wild type 

Bp1026b and BmATCC23344, 2) perform stage I toxicity evaluations using the CellTiter-Glo 

Viability Assay, 3) identify the precise lifecycle blockade point, and 4) attempt to pinpoint the 

cellular pathways they inhibit and their molecular targets. Identifying molecular targets of small 

molecule inhibitors is often a challenging task, however we have developed a forward genetic 

screening approach that may prove useful. For compounds that appear to target bacterial, as 

opposed to host pathways, we will perform ethyl methanesulfonate (EMS) mutagenesis and 

isolate mutants that form MNCs in the presence of compound, followed by whole genome 

sequencing (Nguyen & Valdivia, 2014). For each compound, multiple (N > 10) independent 

mutants will be isolated and sequenced to facilitate deconvolution and identification of potential 

resistance alleles. Information on blockade points and affected pathways will guide our 
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bioinformatic analysis, and suspected resistance mutations will be confirmed by: i) 

complementation with wild type alleles to restore sensitivity, and ii) directed mutagenesis of wild 

type Bp to confer resistance. In select cases, biochemical assays with isolated target proteins 

will be developed to further characterize mechanisms of inhibition. We validated this approach 

with our search for the molecular target of flucytosine (Chapter 3), and although our resistance 

screen did not uncover the molecular target, we were able to identify a novel regulator of T6SS-

5 activity that leads to resistance when mutated.  

 Numerous alternative approaches exist for identifying molecular targets. One relies on 

MASS-spectrometry based quantitative proteomics by stable isotope labeling with amino acids 

in cell culture (SILAC), in which stable isotope-containing amino acids are incorporated into 

newly synthesized proteins, and affinity enrichment identifies direct interactors with small 

molecules (Ong et al., 2002, Ong et al., 2009). Another, drug affinity responsive target stability 

(DARTS) takes advantage of reduced protease sensitivity of target proteins upon interaction 

with small molecules (Lomenick et al., 2009, Pai et al., 2015). Advantages of DARTS over other 

similar techniques are that it uses native (unmodified) small molecules, it can be performed with 

complex protein mixtures including whole cell or tissue lysates, the readout is based solely on 

binding interactions between ligand and target protein, and it was developed by our colleagues 

at UCLA. For inhibitors of bacterial replication, approaches involving measurements of DNA, 

RNA, protein, and peptidoglycan synthesis can also be employed as needed. Finally, the ability 

to isolate resistant bacterial mutants as detailed above requires gain of function mutations, 

which in some cases can be difficult to obtain. Although advantageous for antibiotic efficacy, this 

is problematic for target identification. If resistant mutants are not isolated or if sequencing 

results are ambiguous, we will screen overexpression libraries for clones that confer resistance 

to compounds of interest. Similar approaches using cDNA overexpression libraries (available at 

the UCLA MSSR) screened for the ability to rescue MNC formation in the presence of inhibitors 

can be used to identify host-encoded targets if desired. 
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 Compounds that inhibit bacterial growth in laboratory medium may target conserved 

pathways common to other pathogens, and we plan to test replication inhibitors against a 

collection of Tier-1 agents of major concern to the DoD. These will include Gram (-) pathogens 

Francisella tularensis and Yersinia pestis, and Gram (+) B. anthracis, B. cereus bv. Anthracis, 

and botulinum toxin producing Clostridium. Dose-response curves and EC50 values will be 

measured with bacteria grown in laboratory medium. Similarly, we will evaluate compounds that 

affect entry, escape, or intracellular growth (e.g. burkfloxacin) on intracellular survival and 

growth of F. tularensis, Mycobacterium tuberculosis, Salmonella and Shigella species, and 

T6SS-5 inhibitors, such as flucytosine, will be tested with F. tularensis, which also requires a 

T6SS for infection. 

Small molecules that block membrane fusion by Burkholderia may also inhibit fusogenic 

mechanisms employed by enveloped viral pathogens such as Nipah virus and Avian Influenza 

virus. We will test this by measuring MNC (i.e. syncytia) formation +/- inhibitor by transient 

transfection of fusogenic viral proteins (Nipah NivF and NivG; Influenza HA) into RFP 

expressing HEK293 cells followed by addition of non-transfected HEK293-GFP cells. Fusion will 

be revealed by the formation of giant yellow MNCs. Finally, we plan to advance the most 

promising compounds from our screen for testing in animal models of melioidosis and glanders. 

An animal study is currently underway, in collaboration with the Emerging Pathogens Institute at 

the University of Florida, to test the therapeutic efficacy of burkfloxacin and flucytosine in a 

BALB/c model of melioidosis.  

 T6SS-5-mediated membrane fusion as a new therapeutic target. Our discovery that 

intracellular Bp, Bm, and Bt are able to fuse mammalian cells using a conserved fusogenic 

contractile nanomachine is, to our knowledge, unprecedented in bacterial pathogenesis (Toesca 

et al., 2014, French et al., 2011b). Having demonstrated its essential role in virulence, as 

discussed in previous chapters, we now plan to conduct a molecular characterization of the 

fusogenic mechanism as a means to identify novel targets for the development of 



	   183	  

countermeasures against melioidosis. This effort will focus on 1) characterizing the roles of 

predicted membrane fusogens in the VgrG-5 C-terminal domain, 2) characterizing the role of the 

PAAR5 N-terminal extension in cell fusion, and 3) therapeutically targeting the T6SS using 

polyclonal antibodies directed against PAAR5, the PAAR5 NTE, VgrG-5, and VgrG-5 CTD. 

Host factors required for the Burkholderia intercellular lifecycle. Our discovery of 

COPB2 as a required host factor for Burkholderia intercellular spread opens a new line of 

investigation into Burkholderia’s potential hijacking of the COP-I vesicle transport system as a 

means of evading autophagy and replicating intracellularly. Specifically, experiments are 

planned to determine if Burkholderia uses a T3SS effector to recruit Golgi coatamer complex to 

form a protected replicative niche. Expansion of our siRNA screen to include other mammalian 

libraries, or transitioning to screening an arrayed CRISPR library, will allow for the identification 

of additional required host factors, if they exist.  

 

Conclusion 

The studies described herein have shed light on a number of aspects of Burkholderia 

pathogenesis, including the host and bacterial factors required for intracellular survival and 

intercellular spread. In addition, a number of promising small molecule compounds have been 

discovered, which may hold promise as future therapeutics for melioidosis and glanders. Our 

high-throughput screen and follow up investigations of the mechanism of action of two 

compounds, burkfloxacin and flucytosine, not only provide a roadmap for future studies in our 

laboratory, but also demonstrate the feasibility of discovering new therapeutic leads for high-

consequence select agent pathogens. Studies of the environmental drivers of melioidosis in 

Laos and Cambodia revealed a highly seasonal pattern of infection strongly associated with 

humidity and high wind speeds, particularly among children and persons with high blood 

glucose. Taken together, these studies highlight the need for continued investigation of these 

organisms at the molecular, ecological, and epidemiological scales. Studies of the basic 
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mechanisms of pathogenesis of Burkholderia, and studies of the ecology of these organisms in 

their natural habitat, will be key to identifying new ways to prevent and treat human infections.  
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ABSTRACT 

Background: Penicillium marneffei is an emerging dimorphic mycosis endemic in Southeast 

Asia, and a leading cause of mortality among HIV-infected people in the region. Factors 

governing the seasonal incidence of P. marneffei infection are unknown, and may yield critical 

insights into possible reservoirs or modes of acquisition.  

Methods: This study included 719 HIV-infected patients presenting with P. marneffei and 1,598 

presenting with Cryptococcus neoformans infection to the Hospital for Tropical Diseases in Ho 

Chi Minh City, Vietnam from 2004-2010, and temperature, humidity, wind, precipitation, and 

HIV-related admissions data for the corresponding period. We used multivariate regression 

modeling to identify factors associated with P. marneffei and C. neoformans admissions. We 

estimated the P. marneffei incubation period by considering profile likelihoods for different 

exposure-to-admission delays.  

Results: We found that P. marneffei admissions were strongly associated with humidity 

(P<0.001), and that precipitation, temperature, and wind did not add explanatory power. C. 

neoformans admissions were not seasonal, and P. marneffei admissions were more common 

relative to C. neoformans admissions during months of high (≥85%) humidity (odds ratio = 1.49; 

95% confidence interval = 1.10-2.01). Maximum likelihood estimation suggested a P. marneffei 

incubation period of 1 week (95% CI: 0-3 weeks).  

Conclusions: Our findings suggest that humidity is the most important environmental predictor 

of P. marneffei admissions, and may drive exposure by facilitating fungal growth or spore 

release in the environment. In addition, it appears that a high proportion of penicilliosis patients 

present to the hospital with primary disseminated infection within three weeks of exposure.  
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Introduction. Penicillium marneffei is an emerging dimorphic mycosis endemic in South and 

Southeast Asia, and a leading cause of mortality among HIV-infected persons in the region (1-

4). P. marneffei ranks as the third most common opportunistic infection in the region, exceeded 

in prevalence only by tuberculosis and cryptococcal meningitis in Thailand and Vietnam and 

Pneumocytis jiroveci pneumonia (PCP) and tuberculosis in Hong Kong (1-4). Critical aspects of 

the epidemiology of P. marneffei infection have yet to be elucidated, including its environmental 

reservoir, mode of acquisition, and incubation period. It has been observed that P. marneffei 

incidence is closely correlated with HIV-1 prevalence inter-annually, and with rainy months intra-

annually; however, specific seasonal drivers such as temperature, humidity, precipitation, and 

wind speed have not been studied (6). In addition, seasonality has only been examined using 

data averaged or aggregated at the seasonal or annual level, negating the opportunity to 

discern among seasonal drivers that may vary within and across years.  

Studies in Vietnam and Thailand comparing P. marneffei incidence with that of 

Cryptococcus neoformans found that P. marneffei infections varied seasonally with more 

infections during the rainy season, whereas C. neoformans infections were non-seasonal (4,6). 

One case-control study identified agricultural exposure to soil during the rainy season as an 

important risk factor for P. marneffei infection, but not exposure to the soil-burrowing bamboo rat 

(the only known non-human host of P. marneffei), suggesting that humans and rats may acquire 

the infection from a common soil reservoir (5). However, as P. marneffei cases occur both in 

rural and urban settings, it is unclear whether infection ensues from exposure to an immediate 

soil reservoir, wind-blown spores, construction related activities (especially in urban settings), or 

a combination of these factors. Analysis of specific seasonal drivers that influence such factors 

can provide clues to these questions. Our objective was therefore to test various hypotheses for 

the known seasonality of P. marneffei by examining the association between P. marneffei 

hospital admissions and a suite of environmental variables, including precipitation, humidity, 
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wind speed, and temperature. We examined P. marneffei and C. neoformans hospital 

admissions to the Hospital for Tropical Disease (HTD) in Ho Chi Minh City (HCMC), Vietnam 

from 2004-2010 in relation to high-resolution weather and HIV admissions data from HCMC for 

the corresponding period. Using multivariate regression modeling, we sought to identify factors 

that could account for the observed seasonality of P. marneffei infection. We also generated a 

conditional estimate of the P. marneffei incubation period, which has been inaccessible to direct 

study due to the paucity of serological data and lack of knowledge of the source of exposure, by 

incorporating different exposure-to-admission delays in our models and comparing the 

goodness-of-fit of these models.  

Patients and Methods.  The present study included all patients admitted with P. marneffei 

infection, C. neoformans infection, and HIV/AIDS-related illness to the Hospital for Tropical 

Disease (HTD) in HCMC from January 2004 to June 2010. The HTD is the largest infectious 

disease referral hospital in Vietnam, caring for >5,000 HIV-infected patients annually. P. 

marneffei and C. neoformans cases were identified from hospital microbiology records and were 

defined as a compatible illness in which P. marneffei or C. neoformans was isolated from blood, 

skin scrapings, cerebrospinal fluid, bone marrow, lymph node, and/or other bodily fluids. 

Standard culture techniques were used and have been described elsewhere (7), as were data 

collection details (4). Daily weather data from the HCMC weather station (latitude = 10.81, 

longitude = 106.66) for the 2004-2010 period were extracted from the website TuTiempo.net, 

which compiles global climactic data and has been used in other epidemiological studies (8,9). 

Weather variables included in this analysis were: minimum, maximum, and mean temperature 

(ºC), precipitation (mm), mean humidity (%), visibility (km), wind speed (km/h), and maximum 

sustained wind speed (km/h). All data were double entered into Microsoft Excel 2008. The study 

was approved by the Scientific and Ethical Committee of the HTD.  
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 P. marneffei and C. neoformans admissions were aggregated by week and by month. 

Units of aggregation were selected to allow sufficient resolution to generate a conditional 

estimate of the incubation period (week), as well as sufficient sample sizes to detect an annual 

trend (month). Weather variables were averaged (temperature, humidity, visibility, wind speed) 

or summed (precipitation) over corresponding units of time. HIV admission numbers were 

aggregated by month. We performed univariate and multivariate negative binomial regressions 

(to account for over-dispersion of count data), with weather variables as the independent 

variables, by week and by month to identify factors associated with P. marneffei and C. 

neoformans admissions. Factors found to be significantly associated with P. marneffei 

admissions in univariate analyses were included in multivariate regression models. We also 

stratified P. marneffei and C. neoformans cases by low (<70%), intermediate (70-84%), and 

high (≥85%) monthly humidity [cutoffs were chosen to allow approximately equal case counts in 

the low and high categories] to evaluate the odds of P. marneffei relative to C. neoformans 

admissions at different levels of humidity.  

We estimated the dates of penicilliosis disease onset by subtracting the patient-reported 

duration of symptomatic illness from the date of admission. We estimated the date of exposure 

by subtracting a range of hypothetical incubation periods (0-7 weeks) from the date of symptom 

onset, and from the date of hospital admission. Negative binomial regression models were fitted 

to examine hypothetical dates of P. marneffei exposure. By examining the likelihood scores 

corresponding to models fitted with different assumed incubation periods, we generated a 

conditional estimate of the P. marneffei incubation period (conditional on the assumption that 

pathogen exposure is directly linked to climate variables). A 95% confidence interval was 

calculated by standard methods of likelihood profiling, and included all values that yielded log-

likelihood scores within 1.92 units of the maximum score (10). All statistical analyses were 

conducted using the statistical software R, version 2.12.1 (11). Regressions were performed 

using the glm.nb function in the MASS package, with a log link function (12). We performed a 
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likelihood-ratio test to determine that the negative binomial regression model was required 

instead of a standard Poisson model, due to over-dispersion in the count data. We examined 

residuals and found that errors were not skewed across seasons.  

 

Results.  This study included 719 HIV-infected patients admitted with P. marneffei, and 1,598 

HIV-infected patients admitted with C. neoformans, between 2004-2010. The clinical features of 

the P. marneffei cohort were consistent with disseminated infection [fever (82%), skin lesions 

(71%), anorexia (62%), hepatosplenomegaly (56%), and reticulonodular (50%) and interstitial 

(39%) findings on chest radiograph] and have been described in detail elsewhere (4). The 

median CD4 cell count (n=62) at admission was 7 cells/µL (interquartile range 4-24 cells/µL) [4]. 

P. marneffei admissions peaked annually during the rainy season (May-November) and 

decreased during the dry season (December-April). C. neoformans admissions did not show a 

seasonal trend.  

Associations between P. marneffei and C. neoformans admissions and environmental 

variables are reported in Table 1. Among all environmental variables examined, P. marneffei 

admissions were most closely associated with humidity (P=0.0004) and precipitation (P=0.001) 

in univariate regression analyses. The association between P. marneffei admissions and 

humidity was significant when examined at the weekly (P=0.0004) and monthly levels 

(P=0.002). The association between P. marneffei admissions and precipitation was also 

significant at the weekly (P=0.001) and monthly levels (P=0.004). Other weather variables, 

including minimum, maximum, and mean temperature, visibility, wind speed, and maximum 

sustained wind speed were not significantly associated with P. marneffei admissions. C. 

neoformans admissions were significantly associated with low maximum wind speeds 

(P=0.026), but not with other environmental variables.  

 Upon simultaneous examination of humidity and precipitation in a multivariate regression 

model, only humidity remained significantly associated with P. marneffei admissions (P=0.01). 
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When humidity and HIV admissions were examined simultaneously, both remained significantly 

associated with P. marneffei admissions (P=0.0008 and 0.0001, respectively) [Table 1]. When 

humidity and total admissions to HTD were examined simultaneously, only humidity was 

significantly associated with P. marneffei admissions (P=0.036). The distribution of total P. 

marneffei and C. neoformans cases and mean humidity by month, from 2004-2010, is illustrated 

in Figure 1. When P. marneffei and C. neoformans admissions were stratified by monthly 

humidity (Table 2), we found that P. marneffei admissions were more common relative to C. 

neoformans admissions during months of intermediate (70-84%) humidity (odds ratio = 1.22; 

95% confidence interval = 0.96-1.55) and high (≥85%) humidity (OR = 1.49; 95% CI = 1.10-

2.01). 

 The median duration of patient-reported illness in the penicilliosis cohort was 15 days 

(interquartile range: 7-30 days), and was not correlated with humidity (r2 = 0.09). Severity of 

disease, as measured by the risk of death upon hospital admission (mean = 20%), was also not 

correlated with humidity (r2 = 0.16). The CD4 cell counts at admission for patients presenting 

during the rainy season (May-November) and dry season (December-April) were similar 

(median of 6 and 7 cells/µL, respectively; two-tailed student’s T-test p = 0.18). We approached 

estimation of the date of penicilliosis disease onset by subtracting the patient-reported days of 

illness from the date of hospital admission for each patient. The association between the 

estimated dates of penicilliosis onset and monthly humidity was statistically significant (P=0.01); 

however, the correlation between the calculated date of penicilliosis onset and humidity was 

lower (r=0.28) than that between the date of admission and humidity (r=0.39), leading us to 

hypothesize that the patient-reported duration of illness may have included illness time 

attributable to other HIV-related infections.   

 Subtraction of hypothetical incubation periods from the date of admission was a more 

successful approach to estimating the date of exposure. We incorporated hypothetical 

exposure-to-admission delays in our regression model linking P. marneffei cases to humidity, 
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and compared the goodness-of-fit of these models for delays from 0 to 7 weeks. In this way we 

obtained an estimate of the P. marneffei incubation period, conditional on the validity of the 

association with humidity. The likelihood scores for the model with different values of the 

incubation period are shown in Figure 2, and reveal a maximum-likelihood estimate of the P. 

marneffei incubation period of 1 week (95% CI: 0-3 weeks). The association between P. 

marneffei admissions and precipitation was not significant at any incubation period.  

 

Discussion. Several studies have reported the seasonality of penicilliosis infection, but it is 

unclear what factors are involved in maintaining this seasonal pattern (4,6). In this study, we 

considered a suite of environmental variables, each aligned with hypothesized mechanisms of 

transmission, to see which could best account for our observed admissions data. We found that 

humidity, not rainfall, was the strongest predictor of P. marneffei hospital admissions. To our 

knowledge, our study is the first to perform a formal statistical analysis of P. marneffei 

seasonality with unaggregated data across seasons and years, and to report associations 

between infection and environmental factors at high resolution. Based on our findings, we 

suspect that humidity may drive P. marneffei incidence, perhaps by promoting expansion of the 

environmental reservoir or facilitating fungal growth or spore release in the environment. Our 

findings are consistent with proposed mechanisms of P. marneffei spillover from the 

environment into susceptible human populations (i.e. inhalation of infectious spores or hyphal 

fragments from a soil reservoir) [13,14], and with established risk factors for infection (5,6). As a 

dimorphic fungus, P. marneffei exists as a mold in its as-yet unidentified environmental 

reservoir. If humidity does in fact facilitate fungal growth, this may indicate that the mold is 

growing on air-exposed plant and soil surfaces, whereas rainfall would be expected to influence 

fungal growth in deeper soil and animal burrows. Therefore, our findings lead us to hypothesize 

that humidity-mediated fungal growth and/or spore release from air-exposed plant and soil 
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surfaces may serve as a crucial step in the exposure and infection of immunocompromised 

human populations in endemic areas. 

Prevailing opinion suggests that dimorphic yeasts, including those common in the United 

States (Histoplasma capsulatum, Blastomyces dermatiditis, and Coccidioides immitis), present 

clinically as either primary pulmonary infections or as disseminated infections arising from 

reactivation of latent infection upon significant impairment of cellular immunity (15-17). The 

strong association of disseminated P. marneffei infections with seasonal factors in our study, 

primarily humidity, indicates that disseminated disease can result from primary infections among 

immunosuppressed patients shortly after exposure to the fungus in the environment. This 

hypothesis is predicated on the assumption that immunosuppression is not seasonal, as we did 

not observe a difference in CD4 count at admission during the rainy and dry seasons, and there 

is currently no evidence to support a link between immunosuppression and season. 

Unfortunately, longitudinal CD4 data for patients with P. marneffei were not available as most 

patients presented initially with P. marneffei. Such data could inform whether infection was 

driven primarily by environmental exposure or by a decline in host immune function and can 

guide prevention strategies. The strong seasonal signal we observed suggests that primary 

disseminated infection occurs soon after exposure; however, a background level of infection 

was consistently observed in non-humid months as well, which indicates that exposure 

continues to occur during non-humid months (albeit to a lesser degree), and/or that these cases 

are the result of reactivation of latent infection upon severe AIDS-related immunosuppression. 

Further research is necessary to determine the relative contribution of these various processes 

to the observed levels of disseminated infection at different times of the year. The high level of 

primary disseminated infection, as suggested by our strong seasonal signal, may suggest that 

P. marneffei pathophysiology differs somewhat from that of other dimorphic fungi, perhaps due 

to some fundamental difference in pathogen, transmission, or host response. For instance, P. 

marneffei may exhibit an enhanced ability to cause primary disseminated infection, relative to 
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other dimorphic fungi, due to a greater inoculum or increased virulence upon initial infection. 

Alternatively, the high levels of primary disseminated infection we observed may simply reflect 

some unique characteristics of the epidemic in Vietnam (immune status of the population at risk, 

demographics, geography, setting, environmental factors). Certainly, the fact that C. 

neoformans, a pathogen with a largely overlapping suspected epidemiology and target 

population to P. marneffei, shows no seasonal pattern suggests that P. marneffei may exhibit a 

unique pathophysiology or route of acquisition. 

 To our knowledge, our study is the first to estimate the incubation period of P. marneffei 

infection. It has thus far been impossible to generate an estimate given the paucity of 

serological data, and so we used an unconventional approach of conditioning on the association 

with humidity to generate a first estimate, which we plan to test in subsequent work. Our 

maximum likelihood estimates suggest an incubation period of between 0 and 3 weeks. If we 

consider the possibility of delay in patient presentation to the hospital following symptom onset, 

as well as a possible lag for fungal growth or spore release in the reservoir, we can reasonably 

presume that the true incubation period is shorter, with an estimated upper bound of 3 weeks. 

Our finding that the estimated date of illness onset (based on patient-reported data) was less 

associated with humidity than the date of admission was surprising, as one would expect the 

onset of symptoms to more closely approximate the time of exposure than the date of 

admission. We suspect that this finding may have been biased by the inclusion of illness time 

not directly attributable to P. marneffei infection. Most symptoms of penicilliosis, with the 

exception of umbilicated skin lesions which are present in ~70% of patients, are non-specific. In 

addition, other opportunistic infections were documented in approximately 20% of the cohort 

(mainly tuberculosis), and may have accounted for some of the reported days of illness.  

An alternative, but perhaps less plausible explanation for the association between 

humidity and P. marneffei admissions is that, rather than contributing to exposure to P. 

marneffei, humidity may trigger the development of clinical manifestations (for instance skin 
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lesions) in latently-infected individuals. This seems less probable however, as skin lesions in 

penicilliosis typically develop on relatively dry surfaces of the body (face, neck, chest, and back) 

and together with other manifestations of disseminated systemic infection that humidity would 

be unlikely to affect. Further investigation is planned to examine possible predictors of skin 

lesion development in infected patients. Assuming that humidity is indeed an indicator of 

exposure rather than onset, we can conclude that our approach of subtracting hypothetical 

incubation periods from the date of hospital admission was more accurate than subtracting the 

reported duration of illness in approximating the time of exposure, and that the estimated 

incubation period, given the limitations of this method, is ≤3 weeks. Our finding that C. 

neoformans admissions were not associated with most environmental variables was expected. 

We suspect that the association with low maximum wind speeds may be an artefactual result 

driven by multiple comparisons in the univariate analyses, as the P value is above the 

Bonferroni-corrected threshold for significance of 0.005 for 10 comparisons. 

 Our study is limited in that it did not include a metric of agricultural activity or 

construction work in Ho Chi Minh City, both of which could hypothetically contribute to exposure 

to P. marneffei and confound our results. Our study is strengthened by the inclusion of other 

potential confounders, such as HIV admissions, total admissions, and other weather variables. 

In addition, the large sample size and detailed admission and weather data over a six-year 

period enabled precise quantification of associations between weather variables and P. 

marneffei admissions, as well as maximum likelihood estimation of the incubation period. Our 

findings should help guide efforts to understand the environmental reservoir and transmission of 

P. marneffei, which may inform the design and timing of much-needed prevention strategies for 

people living with HIV/AIDS in endemic regions of Asia. Earlier HIV diagnosis and placement on 

combination antiretroviral therapy (cART), and seasonal antifungal drug prophylaxis (for patients 

with low CD4 counts in the early stages of cART), may prevent penicilliosis in patients 

presenting very late (18-21). Further investigation is planned to determine the causal and 
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temporal relationships among humidity, exposure, immunosuppression, symptom onset, and 

ultimate presentation to the hospital, with the goal of broadening our understanding of the 

transmission and pathophysiology of this emerging dimorphic yeast. 
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Table 1. Univariate and multivariate associations between monthly P. marneffei admissions, C. 

neoformans admissions, HIV/AIDS-related admissions, total admissions, and environmental 

variables, Ho Chi Minh City, Vietnam, 2004-2010. 

Variable P. marneffei C. 

neoformans 

 Univariate P β (SE) Multivariate P β (SE) Univariate P 

Mean Humidity (%) 0.0015 0.023 

(0.0072) 

0.00082* 0.023 

(0.0069) 

0.87 

Precipitation (mm) 0.0040 0.0012 

(0.00041) 

0.30** 0.00055 

(0.00053) 

0.46 

Min temp (ºC) 0.054 0.077 

(0.040) 

  0.081 

Max temp (ºC) 0.18    0.43 

Mean temp (ºC) 0.86    0.28 

Mean visibility (km) 0.25    0.92 

Mean wind speed (km/h) 0.73    0.19 

Max wind speed (km/h) 0.57    0.026 

HIV admissions 0.0023 0.0015 

(0.00040) 

0.00014** 0.0017 

(0.00052) 

0.071 
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Variable P. marneffei C. 

neoformans 

Total admissions 0.011 0.00021 

(0.000063) 

0.42** 0.000084 

(0.00010) 

0.27 

Statistically significant associations are in bold. 

* P value generated by simultaneous examination of humidity and HIV admissions with regard 

to P. marneffei admission. 

** P values generated by simultaneous examination of the variable in question and humidity with 

regard to P. marneffei admission. 
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Table 2. Odds of P. marneffei admission relative to C. neoformans admission by low (<70%), 

intermediate (70-84%), and high (≥85%) monthly humidity.   

Monthly 

Humidity (%) 

Number of Patients (2004-2009) Odds Ratio (95% 

Confidence Interval) 

 P. marneffei C. neoformans  

<70 115 330 Reference (1.0) 

70-84 436 1025 1.22 (0.96-1.55) 

≥85 126 243 1.49 (1.10-2.01) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   205	  

Figure 1. (a) Monthly P. marneffei and C. neoformans hospital admissions and mean humidity 

(%), Ho Chi Minh City, Vietnam, 2004-2010. (b) Distribution of total P. marneffei and C. 

neoformans cases and mean humidity by month, Ho Chi Minh City, Vietnam, 2004-2009.  
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Figure 2. Maximum likelihood estimation of the Penicillium marneffei incubation period. The plot 

shows negative log-likelihood values obtained from negative binomial regression of weekly 

admission data and mean humidity, incorporating different exposure-to-admission delays 

(corresponding to incubation periods of 0 to 7 weeks). The maximum likelihood value (minimum 

negative log-likelihood) is 1-week incubation (95% confidence interval: 0–3 weeks), suggesting 

an incubation period of ≤3 weeks. The dashed line corresponds to a difference of 1.92 log-

likelihood units from the optimum value; points beneath this line fall within the 95% confidence 

interval.  
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Efforts to curb or eliminate malaria incidence in areas of high HIV prevalence face many 

challenges, chief among which are inconsistent access to proven interventions and limited 

resources of prevention and control programs. These challenges are compounded by the fact 

that HIV and malaria interact synergistically, with HIV increasing the risk and severity of clinical 

malaria and malaria increasing the viral load and hence transmission of HIV [1]. Coinfection with 

malaria and HIV is of special concern for pregnant women. In Sub-Saharan Africa, where over 

three quarters of the world’s HIV-infected women reside, an estimated 25 million women are at 

risk of acquiring Plasmodium falciparum malaria every year [2]. Coinfection during pregnancy 

imperils both maternal and newborn health outcomes. HIV-infected pregnant women are at 

increased risk of parasitemia and clinical malaria throughout their pregnancy, and this increased 

risk is particularly apparent in multiparous women who in the setting of HIV infection do not 

develop the parity dependent antimalarial immunity typically observed in areas of high malaria 

transmission. Coinfected women are also at increased risk of developing severe anemia and 

placental malaria. Placental malaria and HIV coinfection has been shown to predispose to 

higher rates of neonatal mortality, preterm delivery, low birth weight, and in some settings 

increased risk of mother-to-child transmission of HIV [2, 3], highlighting the critical need for 

evaluation and delivery of effective prevention strategies.  

 

Prevention of malaria in HIV-infected pregnant women in areas of stable malaria 

transmission currently relies upon a combination of insecticide-treated bednet (ITN) use, 

intermittent preventive therapy with sulfadoxine-pyrimethamine (IPTp-SP), and prompt 

management of clinical malaria episodes and anemia. ITNs and IPTp-SP have been shown to 

be highly efficacious in preventing malaria among pregnant women, but coverage levels for both 

interventions have been inadequate, despite high attendance at antenatal care centers [4]. 

Alarmingly, IPTp coverage rates appear to be lowest in regions of high-intensity malaria 

transmission. The World Health Organization (WHO) recently released new guidelines 
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simplifying and reinforcing their recommendation to give IPTp-SP to all pregnant women not on 

cotrimoxazole (CTX) prophylaxis in an effort to improve coverage [5]. WHO currently 

recommends a daily double-strength tablet of CTX (800mg sulfamethoxazole + 160mg 

trimethoprim) for all HIV-infected pregnant women who meet adult eligibility criteria to prevent 

opportunistic infections [6, 7]. In previous studies, CTX was found to be efficacious in preventing 

clinical malaria [8, 9], leading to the hypothesis that CTX could serve as an alternative to IPTp-

SP. However, efficacy relative to standard IPTp, toxicity, and birth outcomes associated with 

CTX chemoprophylaxis for P. falciparum have not been adequately assessed in HIV-infected 

pregnant women [10]. 

 

In this issue of the Journal, Klement and colleagues report the results of a randomized 

non-inferiority trial conducted in Togo comparing the effect of daily CTX vs. IPTp-SP on the risk 

of maternal malaria, parasitemia, placental malaria, anemia, and birth outcomes among HIV-

infected pregnant women [11]. In the study, 126 women were randomly assigned to receive 

daily CTX and 124 to receive IPTp-SP in an area of high P. falciparum transmission. Over the 

course of the study, there was no significant difference in malaria incidence rate during 

pregnancy between the two groups; however CTX prophylaxis failed to reach the pre-specified 

criterion for non-inferiority to gold standard IPTp-SP. A trend toward increased asymptomatic 

parasitemia was found in the IPTp-SP group, but there was no significant difference in risk and 

severity of placental malaria or birth outcomes.   

 

This study raises challenging questions regarding the use of CTX to prevent malaria in 

HIV-infected pregnant women. Is there sufficient evidence to consider CTX as a first-choice 

malaria prophylactic in this population? Although the study could not demonstrate non-inferiority 

to IPTp-SP, it is noteworthy that the point estimate of difference in malaria rates between the 

two arms lies within the non-inferiority margin; hence a larger sample size might have allowed 
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demonstration of non-inferiority. All other outcomes appeared similar between the two study 

arms, supporting the notion that CTX effectively prevents malaria in HIV-infected pregnant 

women. It is important to note that despite randomization, there were significant baseline 

differences between the groups in CD4 cell count and proportion of women under ART. These 

discrepancies complicate the interpretation of the results, as baseline differences may have 

altered susceptibility to P. falciparum infection and risk of anemia. Nonetheless, the results 

provide a compelling argument for the consideration of CTX as a viable alternative to IPTp-SP 

for the prevention of malaria in HIV-infected pregnant women, particularly in settings where high 

IPTp-SP coverage is difficult to achieve or is infeasible. 

 

It has been known for some time that CTX, in addition to providing empiric prophylactic 

coverage for opportunistic infections in HIV patients, has antimalarial activity [10]. Both CTX and 

SP act via interference of the folate synthesis pathway: trimethoprim and pyrimethamine both 

target dihydrofolate reductase (DHFR) and sulfamethoxazole and sulfadiazine target 

dihydropteroate synthase (DHPS). The antimalarial activity of CTX raises the attractive 

possibility of repurposing the relatively accessible and inexpensive CTX for malaria prophylaxis 

in addition to opportunistic infection prevention. The WHO guidelines recommend that women 

on CTX not receive IPTp-SP due to the increased risk of toxicity seen with co-administration of 

these drugs [12]. However, if HIV and malaria programs do not communicate, it is possible that 

many women receive both CTX and IPTp-SP. How often does this occur and how can programs 

work together to ensure women do not receive both? These are important questions, and it is 

important that HIV control programs work with National Malaria Control Programs, Reproductive 

Health Programs, and Birth Defects Programs to ensure consistency across program guidelines 

and documents, particularly as these are updated in response to the new WHO policy.   
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One issue related to efficacy which was not addressed in this study, but which should be 

addressed, is the effect of high dose folic acid, which is commonly, but inappropriately, 

administered to pregnant women in place of the WHO recommended 0.4mg/ day dose [13], on 

the efficacy of CTX prophylaxis. It has been shown that high dose folic acid (5mg/day) 

diminishes the efficacy of IPTp-SP [14]. It stands to reason that the same is likely true of CTX, 

regarding prevention of malaria, although this requires investigation.   

 

Another important issue to consider is the safety of CTX use during pregnancy. In this 

study, CTX and IPTp-SP were found to have a comparable safety profile. The study did find an 

increased rate of maternal anemia and opportunistic infections in the CTX group, but this may 

have been related to lower CD4 cell counts in the CTX group at baseline. One case of 

polydactyly was found in each group, but no other congenital abnormalities were reported. 

Although trimethoprim use during the first trimester has been associated with an increased risk 

of neural tube and other defects [15, 16]; among HIV-infected women, provision of CTX during 

pregnancy has been shown to reduce preterm delivery and neonatal mortality [17]. Given the 

proven benefits, the WHO guidelines on CTX use state that when CTX is indicated for HIV-

infected women, the benefits outweigh the risks and it should be given, regardless of the stage 

of pregnancy [6]. Case-control studies within a birth defects surveillance system may be the 

best approach to assess the risk of congenital defects potentially associated with CTX; such 

surveillance systems are currently under development in Malawi and Uganda. 

 

Finally, the shared mode of action of CTX and IPTp-SP raises concerns regarding 

selection of DHFR and DHPS mutations that confer antifolate drug resistance. As rates of 

antifolate drug resistance continue to increase, will both CTX and IPTp-SP become less 

effective? Data from previous studies suggest that CTX does not commonly select for SP-

resistant parasites, and in most settings it appears that concerns regarding selection of SP 
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resistance are outweighed by the clear benefits of CTX prophylaxis [8]. Ongoing monitoring of 

this issue is crucial. Studies like the one by Klement and colleagues are critical to developing 

effective guidelines that will ensure the intelligent, safe, and cost-effective use of existing 

interventions, and should inspire further inquiry and discussion on this critical issue of how to 

best prevent the adverse consequences of malaria in HIV-infected pregnant women and their 

newborns. 
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