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Abstract  

Burkholderia pseudomallei is an environmental bacterium and the causative agent of 

melioidosis, a tropical infection highly endemic in northern Australia and Southeast Asia. 

While there is a considerable degree of genetic recombination and diversity amongst B. 

pseudomallei isolates and a robust global biogeographical structure, little is known about the 

population dynamics of the bacterium on a local scale. Expanding the current knowledge of 

B. pseudomallei distribution and population structure in the environment is important for 

future monitoring and better awareness of the disease. In this thesis, I surveyed soil and 

surface runoff from Darwin, northern Australia and Vientiane, Laos, two urban melioidosis-

endemic settings to examine the distribution and local spread of B. pseudomallei. By 

combining whole-genome sequencing (WGS) comparative phylogenetics and Bayesian 

probability analysis, my results demonstrated that some sequence types (STs) are more 

widespread and established in the urban Darwin environment, while others are highly 

spatially clustered over a small geographic area. The high rate of sequence type (ST) diversity 

in B. pseudomallei isolates from drain sites also suggested that dissemination of B. 

pseudomallei in the environment may occur via surface runoff. This was further supported 

by findings in Laos, which also demonstrated that drains likely play a role in dispersal of B. 

pseudomallei in the environment, particularly during periods of heavy rainfall. Better 

awareness of the local B. pseudomallei population structure in Darwin also enabled the 

successful investigation of two melioidosis case clusters in captive zoo animals using WGS 

comparative analysis in conjunction with detailed pathology and epidemiological data. The 

knowledge gained from this thesis will allow for better understanding of B. pseudomallei 

phylogeography and source attribution and further supports the use of high-resolution WGS 

technology to enhance investigations into cases of melioidosis, which may help to develop 

future preventative public health measures throughout endemic areas.  
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Chapter 1. 

Literature review and introduction to research question 

1.1 Introduction 

The Gram-negative bacterium Burkholderia pseudomallei is the aetiological agent of 

melioidosis, an infectious disease endemic to Southeast Asia and northern Australia (Cheng 

& Currie 2005). Melioidosis has recently been recognised as a significant source of global 

morbidity and mortality, with recent modelling predicting 165,000 human cases and 89,000 

deaths annually (Limmathurotsakul et al. 2016). Infection with this environmental 

saprophyte is normally thought to occur via percutaneous inoculation, inhalation, or 

ingestion of contaminated soil or water (Cheng & Currie 2005), though occasional instances 

of person-to-person transmission have been recorded (Pitt et al. 2000). Individuals with 

regular exposure to mud and surface water are particularly susceptible, especially if they 

have additional risk factors like diabetes mellitus, hazardous alcohol use, renal failure, 

chronic lung disease or thalassemia (Currie et al. 2008). The disease has been noted to have 

a relatively wide host range, including livestock such as, sheep, goats, pigs (Ketterer et al. 

1986; Thomas 1981) as well as other domestic, exotic and native species (Forbes-Faulkner et 

al. 1992; Ladds et al. 1981).  

 

While those infected frequently present with a septicaemic illness, pneumonia and 

disseminated hepatic and splenic abscesses, the disease can exhibit a diverse range of 

symptoms, giving rise to its nickname as the “great mimicker” (Yee et al. 1988). Notably, 

melioidosis mortality rates have been demonstrated to be as high as 20-50% even with 

appropriate antibiotic treatment (Wuthiekanun et al. 2006) and death frequently occurs 

within the first 48 hours of hospital presentation as a result of septic shock 

(Limmathurotsakul et al. 2010). Moreover, the current recommended treatment of two 

weeks intravenous ceftazidime, meropenem or imipenem, followed by twelve to twenty 
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weeks of oral co-trimoxazole (Cheng & Currie 2005) is often difficult to access and administer 

in many areas where the disease is endemic, resulting in comparatively high attrition and 

relapse rates (Desmarchelier et al. 1993). Furthering treatment difficulty, B. pseudomallei is 

known to be inherently resistant to a wide array of antimicrobial agents, including 

macrolides, polymyxins, aminoglycosides, and narrow-spectrum cephalosporins 

(Wuthiekanun et al. 2011). This, along with the lack of an effective vaccine, high mortality 

rates, its capacity to cause infection via inhalation, and previous research into weaponisation 

of B. pseudomallei and its clonal mammalian-restricted derivative B. mallei (the cause of 

glanders in solipeds) (Inglis & Merritt, AJ 2015), have led to its classification as a “tier 1” select 

agent by the United States, a category designated to agents with a potential for deliberate 

use (www.selectagents.gov). Though the disease is not widely known outside of the regions 

in which it is endemic, the potential global risk it poses means its significance should not be 

overlooked. 

 

1.2 Global distribution and epidemiology of B. pseudomallei 

As awareness of the global distribution of B. pseudomallei continues to be unmasked, 

melioidosis is no longer considered a disease solely confined to a handful of tropical regions. 

The majority of cases are diagnosed in Southeast Asia and northern Australia, with these two 

regions representing hyper-endemic areas of the world (Currie et al. 2008). With recent 

advancements in diagnostic facilities and better awareness of the disease, the B. 

pseudomallei endemic region has now been expanded to include parts of southern China, 

Taiwan, Malaysia, Indonesia, as well as a significant portion of the Indian subcontinent 

(Cheng & Currie 2005; Dance 1991). Here, recent modelling by Limmathurotsakul et al. (2016) 

projected more than 50,000 cases to occur per annum. Escalating numbers of endemic 

infections also continue to be reported from the Caribbean, Central and South America and 

Africa (Dance & Limmathurotsakul 2018). Sporadic cases from Europe and the USA are mostly 
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considered to be travel-related (Dance 2014; Inglis et al. 2006). Despite recent 

advancements, melioidosis still frequently goes undiagnosed in resource-poor settings, 

meaning that the true burden of disease is likely greater than what is currently acknowledged 

(Limmathurotsakul et al. 2016) (Figure 1.1). Uncovering additional areas of B. pseudomallei 

endemicity is necessary to ascertain the true global prevalence of this historically neglected 

disease, which requires enhanced targeted surveillance and improved regional microbiology 

facilities (Currie & Kaestli 2016). 

 

 

Figure 1.1- Evidence-based consensus for presence of B. pseudomallei and recorded 

geographic locations of melioidosis infection (Limmathurotsakul et al. 2016). 

 

1.2.1 Epidemiology of Burkholderia pseudomallei infection in northern Australia 

In the tropical “Top End” of northern Australia, there have been over 1100 culture-confirmed 

cases of melioidosis diagnosed in the last 29 years (unpublished data), with an average annual 

infection rates ranging from 5.4 cases per 100,000 persons to 260 cases per 100,000 persons 

annually in diabetics (Currie, Ward, & Cheng, 2010; McRobb et al. 2014). In the Indigenous 

Australian population, in which there is a higher prevalence of melioidosis risk factors, this 
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case rate is even higher (Parameswaran et al. 2012). Culture-confirmed human infections 

have reached close to 100 persons annually here, with 50.2 cases per 100,000 people 

recorded during the unusually heavy 2009-2010 wet season (Parameswaran et al. 2012), also 

indicative of the strong correlation between melioidosis incidence rates and tropical rains 

with high rates during La Niña wet seasons (Cheng et al. 2006). Historically, the majority of 

melioidosis deaths in the Northern Territory were credited to severe sepsis, with overall 

mortality rates exceeding 20% (Currie et al. 2000). Through improvements in early disease 

recognition, commencement of treatment, and improved intensive care management, this 

rate has been reduced to under 10% (Currie et al. 2010 and unpublished recent data).  

 

While inoculation with B. pseudomallei-positive soil is still considered to be the primary route 

of melioidosis infection in Australia, further habitats for the bacterium and potential sources 

of infection have been revealed in recent years (Currie et al. 2010). Inhalation via 

contaminated aerosols has recently been recognised as a significant source of infection 

throughout the Northern Territory (Currie et al. 2015). These cases typically follow severe 

weather events, such as cyclones and typhoons, and may be associated with increased 

disease severity (Currie & Jacups 2003; Parameswaran et al. 2012). Moreover, studies into 

seasonal disease correlates in northern Australia have demonstrated an association between 

the frequency of cases and the nature and timing of rainfall-related events (Kaestli et al. 

2016). This suggests that cases of inhalational melioidosis could increase if current 

predictions about the growing number and severity of weather-related events are realised 

(Chen et al. 2015; Liu et al. 2015). 

 

Contaminated water and B. pseudomallei’s movement within the water table have also been 

demonstrated as a potentially significant environmental reservoir and distribution tool for 

the bacterium throughout northern Australia (Baker et al. 2011; Baker & Warner 2016). 
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Specifically, a third of unchlorinated rural water bores, of which there are over 5,000 in 

Darwin alone have been shown to be B. pseudomallei positive and have been implicated in 

clusters of melioidosis infections in the past (Draper et al. 2010; Mayo et al. 2011; McRobb 

et al. 2013). High levels of viable B. pseudomallei have also recently been isolated in 

groundwater and groundwater seeps in Townsville, northern Queensland. The 

environmental isolates recovered from these sources were later linked to clinical isolates 

using molecular typing (Baker et al. 2011; Baker & Warner 2016). Since stormwater is known 

to capture and leach what is in the land, including particles, contaminants and bacteria, it is 

thought that it may provide a useful indication of catchment and B. pseudomallei 

distribution, as the bacterium is able to further disperse along drainage lines (Rochelle-

Newall et al. 2015). The identification of new environments endemic for melioidosis may 

consequently be more effectively determined by analysing surface groundwater seeps and 

storm-water than by the analysis of random soil samples (Baker & Warner 2016).  

 

Additionally, Kaestli et al. have shown a strong association between B. pseudomallei 

presence with animal paddocks and pens from anthropogenically manipulated sites, irrigated 

gardens and along riparian zones surrounding creeks (Kaestli et al. 2009; Kaestli et al. 2015). 

They have also demonstrated that B. pseudomallei can colonise the rhizosphere and aerial 

parts of various grasses in northern Australia. In particular, B. pseudomallei has been 

demonstrated to heavily colonise exotic grasses introduced for pasture, including perennial 

Brachiaria humidicola cv Tully (Tully Grass), Pennisetum pedicellatum and polystachion 

(Mission Grass) and Paspalum plicatulum (Paspalum) (Kaestli et al. 2012). From the exotic 

plant leaves screened from the Northern Territory, 42% were positive in the dry season 

(Kaestli et al. 2012). As further investigations into the environmental sources and habitats of 

B. pseudomallei are carried out, more reservoirs for the infection will undoubtedly be 

uncovered. 
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1.2.2 Epidemiology of B. pseudomallei in Asia 

Though melioidosis was first described in Myanmar in 1911, Thailand has since reported the 

greatest number of cases of any country worldwide (Hinjoy et al. 2018; Whitmore 1913). 

Recent modelling work done by Limmathurotsakul et al. (2016) projected 7572 human 

melioidosis cases may occur in Thailand annually, of which 2838 (37%) may die. The northeast 

region of Thailand is considered a particular hotspot for the infection, especially in rice 

farmers, with 20% of community-acquired septicaemia and 36% of fatal community-acquired 

pneumonia attributable to melioidosis infection (Hinjoy et al. 2018; Limmathurotsakul et al. 

2006). Seropositivity rates from the region have been described to be as high as 50% in 

teenagers (Wuthiekanun et al. 2006), compared with only 3% of healthy residents in the 

Darwin region of Australia (James et al. 2013). While the overall mortality rate in Thailand 

was upwards of 60–70% in the past, this has since decreased to 30%-35% following the 

introduction of intravenous ceftazidime during the acute phase of treatment (Hinjoy et al. 

2018; White et al. 1989).   

 

While melioidosis is acknowledged to be a considerable public health burden throughout 

Thailand, its endemicity has also been recognised throughout other countries in the region. 

It is now known to be widespread throughout Malaysia (Vadivelu et al. 1997; Yee et al. 1988), 

Singapore (Sim et al. 2018), southern China (Li et al. 1994; Yang et al. 1998), Taiwan (Hsueh 

et al. 2001), and throughout the Indian subcontinent (Gopalakrishnan et al. 2013; 

Mukhopadhyay et al. 2018). Areas adjacent to Thailand, including Cambodia, Laos, and 

Vietnam are also now considered highly endemic for the infection (Pagnarith et al. 2010; 

Phetsouvanh et al. 2001; Trinh et al. 2018). B. pseudomallei has been isolated from both 

patients and the environment from these locations (Parry et al. 1999; Wuthiekanun et al. 

2005), including rice paddy fields as well as from unchlorinated piped water supplies 
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(Limmathurotsakul et al. 2013), providing a possible rationale for the comparatively high 

rates of suppurative parotitis observed in patients from the region (Dance et al. 1989). Efforts 

are currently underway to increase public awareness of the disease and implement 

preventive measures in these endemic countries, including the improvement of 

infrastructure relating to the effective treatment of drinking water supplies as well as 

education about reducing direct contact with soil and water, particularly for susceptible 

diabetic farmers (Suntornsut et al. 2018).  

 

1.2.3 Epidemiology of B. pseudomallei in Lao Peoples Democratic Republic (Laos) 

Melioidosis was first reported in Laos in 1999, when two patients at Mahosot Hospital in 

Vientiane capital were found to be B. pseudomallei culture-positive (Phetsouvanh et al. 

2001). Since its initial diagnosis, more than 1350 human cases have been diagnosed at 

Mahosot Hospital in Vientiane (Dance et al. 2018) (Figure 1.2). While the environmental 

distribution of B. pseudomallei across the whole of Laos is still undefined, cases have 

originated in all except one northern province and it is clearly endemic throughout most of 

the country. In a soil survey conducted in 1998 from rice fields situated within a 150 km radius 

of Vientiane, 36% of samples tested were B. pseudomallei positive (Wuthiekanun et al. 2005). 

Recently B. pseudomallei has also been identified to exist far from the Mekong River, with 

one study from eastern Saravane Province in southern Laos detecting the bacterium in 94 

out of 100 soil samples and 36% of water samples collected from rivers (Rattanavong et al. 

2011; Vongphayloth et al. 2012). B. pseudomallei was also recently detected in 57% of 

samples collected during the rainy season from the Mekong river and its tributaries in the 

south and centre of Laos (Zimmermann et al. 2018). Collectively, these results indicate 

that the bacterium may exist at high levels in the environment there, particularly in the 

south of Laos, and that rivers or other water sources could be useful in further assessing 

the distribution of the bacterium throughout the country.   
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While improved molecular methods have recently been used by Knappik and colleagues to 

detect B. pseudomallei from soil and water samples from across Laos, the sequence type 

distribution throughout the seventeen provinces has not yet been characterised (Knappik et 

al. 2015). Furthermore, no sampling has yet been undertaken to link clinical isolates with 

environmental sources of B. pseudomallei within Laos. Awareness of its distribution in the 

environment and further knowledge of the diversity of molecular types present there would 

facilitate additional understanding of the disease throughout the country.  
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Figure 1.2. Residential locations of 1310 cases of melioidosis throughout Laos and hospital 

laboratories capable of melioidosis diagnosis (data available for 1310 of 1359 cases) (Dance 

et al. 2018). 

 

1.3 B. pseudomallei infection in animals 

In melioidosis-endemic areas, the disease has been identified in a wide array of species 

including livestock, domestic pets, and exotic imported animals (Limmathurotsakul et al. 

2012; Low Choy et al. 2000; Sprague & Neubauer 2004). While infection can occur in native 

wildlife, these animals are typically resistant to disease, with an underlying 
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immunosuppressive condition usually accountable for infection (Sprague & Neubauer 2004). 

Within Australian, native species that have contracted melioidosis include a tree kangaroo, 

wallabies, koala, crocodile, galah, red collared lorikeet and sulphur crested cockatoo (Asche 

1991; Low Choy et al. 2000; Egerton 1963). Recent studies have also isolated B. pseudomallei 

from several species native to the region, including faecal samples from wallabies (Hoger et 

al. 2016) and from the beaks of healthy native birds (Hampton et al. 2011), suggesting 

plausible mechanisms for geographical dissemination of the bacterium.  

 

Certain species are acknowledged to be particularly susceptible to infection and disease, 

including goats (Thomas et al. 1988; Tonpitak et al. 2014), sheep (Cottew 1950), camels 

(Forbes-Faulkner et al. 1992), alpacas (Low Choy et al. 2000), and marine mammals (Hicks et 

al. 2000). Exotic animals imported into zoos in endemic regions appear especially at risk, most 

notably non-human primates, including iconic species such as gorillas and meerkats 

(Kongmakee 2015; Sim et al. 2018). Though rare, outbreaks have also been reported in both 

endemic and non-endemic settings, including piggeries in Queensland, Australia (Ketterer et 

al. 1986) and in a European zoo (Dance et al. 1992; Mollaret 1988). Regular outbreaks 

observed in intensive livestock farms and in zoos suggest that stressful conditions may 

initiate the onset of disease, particularly in exotic non-native species.  

 

While cases of animal melioidosis are frequently described throughout northern Australia, 

cases from Southeast Asia and other endemic countries lacking contemporary diagnostic 

facilities are very rarely reported (Limmathurotsakul et al. 2012). Even in Thailand, where 

more routine clinical surveillance of the bacterium exists, melioidosis has not yet been 

incorporated into the routine animal disease surveillance program and necropsies are still 

performed on only a handful of animals (Kasantikul et al. 2016; Limmathurotsakul et al. 

2012). Despite this, retrospective studies on animal melioidosis in Thailand have 
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demonstrated a high incidence of melioidosis deaths of zoo animals throughout the country 

and have also estimated the incidence of disease in goats to parallel the number of cases 

seen in humans (Kasantikul et al. 2016; Limmathurotsakul et al. 2012). As awareness and 

screening for the disease increases throughout endemic areas more cases of animal 

melioidosis will likely be reported. 

 

1.4 Persistence in the environment 

Within endemic areas, variations in the bacterium’s environmental distribution are thought 

to be due to differences in temperature, rainfall, soil pH and composition, as well as relative 

humidity (Inglis & Sagripanti 2006). Soil temperatures between 37˚C-42˚C and moisture 

content above 10% have been shown to enhance B. pseudomallei growth and are most likely 

principal factors contributing to its predominantly 20N˚ and 20S˚ latitudinal distribution 

(Palasatien et al. 2008). Additionally, increased water turbidity, slightly acidic acrisol and 

luvisol soils, as well as clay or sandy loam, have been noted to strongly promote the presence 

of B. pseudomallei (Baker et al. 2015; Draper et al. 2010; Kaestli et al. 2015; Ribolzi et al. 

2016). Hantrakun et al. (2016) have recently reported a negative association of B. 

pseudomallei presence with soil moisture and nutrients, and no association with pH in Thai 

rice fields, though this could be due to the unimodal association of B. pseudomallei with the 

abiotic factors measured.  

 

Moreover, B. pseudomallei has been shown to be inhibited by high salt (>4% w/v) and highly 

acidic conditions (<5 pH) as well as UV light (Inglis & Sagripanti 2006). Despite this, previous 

work has demonstrated the organism is able to persist in a viable but non-culturable state 

during periods of stress (Pumpuang et al. 2011). Biofilm formation has also been described 

for the bacterium and may further increase its robustness (Ramli et al. 2012). While biofilm 

production by B. pseudomallei is not fully understood, it has been shown to be protective 
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against UV light in Pseudomonas aeruginosa, a bacterial species closely related to B. 

pseudomallei (Elasri & Miller 1999; Hall-Stoodley et al. 2004). These particular biological 

traits likely promote the ability of B. pseudomallei to persist in the environment for prolonged 

periods of time.  

 

1.5 Genome of B. pseudomallei 

Holden et al. published the first closed B. pseudomallei genome in 2004, strain K96243, 

which was isolated from a Thai patient in 1996 (Holden et al. 2004). Through this work the 

B. pseudomallei genome was demonstrated to be one of the most intricate of any bacterial 

species, comprising 7.2 million base pairs (Mbp) and extending over two chromosomes, 4.07 

and 3.17Mb on chromosome 1 and 2, respectively (Holden et al. 2004) (Figure 1.3). The larger 

of the two chromosomes has been shown to encode many of the core functions associated 

with central metabolism and cell growth, while the small chromosome contains additional 

accessory genes (Sim et al. 2008). The complexity of the B. pseudomallei genome has 

ultimately enabled the organism to survive in multiple extra and intracellular settings, as well 

as a diverse range of environmental niches (Galyov et al. 2010).  
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Figure 1.3 The two chromosomes comprising the B. pseudomallei genome. Genomic Islands 

are shaded in red; scale in Mb; Coding regions are coloured; comparison of coding regions 

with B. mallei genome; G + C content plot; (G–C)/(G + C) deviation plot (>0%, olive; <0%, 

purple) (Holden et al. 2004). 

 

In addition to its remarkable complexity, the B. pseudomallei genome has been 

demonstrated to be highly plastic, with frequent horizontal gene transfer events and a 

recombination-to-mutation rate more than two times that of Streptococcus pneumoniae 

(Pearson et al. 2009a). Holden et al. originally identified 16 Genomic Islands (GIs) in B. 

pseudomallei K96243, constituting 6.1% of its genome (Holden et al. 2004). Genomic Islands 

are clusters of genes that have been acquired by horizontal gene transfer (Dobrindt et al. 

2004). These laterally acquired genomic clusters can code for many functions, can be 

involved in pathogenesis, or may help with host adaptation (Langille et al. 2010). If a bacterial 

species has many GIs, this is an indication of high recombination rates in a previous ancestor, 

or more recently (Langille et al. 2010). When the 16 GIs in B. pseudomallei K96243 were 

screened for in additional B. pseudomallei isolates, only one was found to be ubiquitous, four 

were present in 10-70% and the remaining 11 GIs were present in <10%, or absent (Holden 
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et al. 2004). Tuanyok and colleagues later identified 71 distinct GIs amongst five sequenced 

isolates of B. pseudomallei. More than half the GIs detected were unique, demonstrating 

their importance in shaping the genetic composition and variability of individual bacterial 

strains (Tuanyok et al. 2008). Collectively, these findings indicate that recombination has 

played a significant role in shaping the B. pseudomallei genome. To more accurately examine 

the evolutionary relatedness amongst highly recombinogenic species like B. pseudomallei, 

high resolution methods of genome analysis should be implemented. 

 

1.6 Molecular typing of B. pseudomallei 

1.6.1 Early methods for B. pseudomallei genetic fingerprinting 

A number of molecular tools have been employed throughout B. pseudomallei endemic 

regions to help define genetic relatedness amongst isolates. Earlier methods focused 

primarily on banding pattern analysis to visually discern variations amongst strains and relied 

on PCR-related assays (Haase et al. 1995a). These include random amplified polymorphic 

DNA (RAPD) analysis, which utilises arbitrary sequences as PCR primers to produce genotype-

specific patterns of amplification (Senthil Kumar & Gurusubramanian 2011) and ribotyping 

(Currie et al. 1994), which detects particular polymorphisms present within the prokaryotic 

16S and 23S intergenic spacer region (Kaufmann et al. 1994). Pulsed-field gel electrophoresis 

(PFGE) has also been utilised in the past and involves the separation of large molecules of 

DNA through the application of an electric field that periodically changes directions (Cantor 

et al. 1988; Cheng et al. 2005). These methods have been applied to study B. pseudomallei 

epidemiology throughout northeast Thailand and northern Australia in the past and have 

been able to discriminate between isolates with relative success (Gal et al. 2004; Haase et al. 

1995a; Haase et al. 1995b). Despite this, ribotyping and PFGE can take several days to 

generate results, making them impractical during a potential outbreak scenario. Moreover, 

it is not possible to make valid comparisons of RAPD results between laboratories and data 
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reproducibility even within laboratories is a major problem, meaning it is now seldom used 

for B. pseudomallei strain comparison (Currie et al. 2009; Leelayuwat et al. 2000).  

 

1.6.2 Methods for rapid strain typing of B. pseudomallei 

PCR-based variable-number tandem repeat (VNTR) loci is a widely implemented tool used for 

rapid strain typing of pathogens (Currie et al. 2009; Van Belkum 2007). Multiple-locus VNTR 

analysis (MLVA) is comprised of several tandemly repeated sequences of DNA that vary in 

copy number, producing polymorphic PCR-amplicons that can be visualised on a gel. MLVA 

allows for superior discrimination between closely related isolates, a consequence of its 

multi-allelic design (Liu et al. 2006; Van Belkum 2007). Liu et al. established the first MLVA 

system for B. pseudomallei consisting of 5 VNTR loci, which they successfully used to exclude 

a large outbreak of B. pseudomallei in Singapore (Liu et al. 2006). Using a 32 VNTR system, 

U’Ren and colleagues were also able to demonstrate fine-scale diversity amongst closely 

related strains, including sequential isolates from individual patients (U'Ren et al. 2007). 

More recently, a 4-locus MLVA platform has also been developed. This rapid and highly 

discriminatory typing tool can produce results within eight hours of receiving 

B. pseudomallei isolates. It has also been implemented to distinguish between 

epidemiologically unrelated strains identical by MLST and PFGE and has been used on 

multiple occasions to identify point-source outbreaks of melioidosis (Currie et al. 2009). 

 

BOX-PCR was also conceived as a simple and rapid tool to discriminate between B. 

pseudomallei isolates. It was initially adapted from methods used to designate amongst 

Burkholderia cenocepacia isolates in cystic fibrosis patients, but has since been demonstrated 

to be equally discriminatory in B. pseudomallei (Coenye et al. 2002). Currie et al. have shown 

that BOX-PCR can perform similarly to PFGE and MLST, with the ability to distinguish between 

both unrelated and epidemiologically linked B. pseudomallei strains (Currie et al. 2007). 



17 

 

Moreover, BOX-PCR can provide results within 10 hours of receipt of bacterial isolates, 

meaning it is a valuable tool for rapidly determining the relatedness of isolates during a 

possible outbreak scenario.  Despite this, it lacks reproducibility and robustness and 

variations in results have been shown to occur between different PCR machines and band 

densities can be dependent on template DNA concentration (Currie et al. 2007). While both 

BOX-PCR and MLVA-4 have proved useful for smaller regional surveys of B. pseudomallei, a 

serious hindrance to their widespread practical application thus far has been the difficulty 

involved in data sharing, limiting inter-laboratory isolate evaluation (Cheng et al. 2005). 

Additional schemes have since been developed to enhance bacterial strain comparison. 

 

1.6.3 Multi-locus sequence typing as a tool for B. pseudomallei indexing 

MLST has been designed to provide an uncomplicated means of data sharing and inter-

laboratory strain comparison (Maiden et al. 1998). It was initially developed in 1998 for the 

investigation of clonal relationships amongst bacteria, and it has since become a widely 

popular molecular typing tool (Maiden et al. 1998; Maiden et al. 2013). Alleles, rather than 

nucleotide sequences, function as the element of comparison. Each variation within an allele 

is counted as one genetic occurrence, irrespective of the number of polymorphisms. The 

indexing of alleles has enhanced typing reproducibility and made the sequence data more 

transferable between laboratories. An online MLST database has also allowed for 

standardised nomenclature systems to become available and has conferred the ability to 

analyse evolutionary relatedness amongst isolates (Maiden et al. 2013; Price et al. 2016) 

(pubmlst.org/bpseudomallei).  

 

 Table 1.1- House-keeping alleles used in B. pseudomallei MLST. Gene functions, positions in 

the genome and an updated count of allele variations identified by MLST (as of June 15, 2019) 

are also shown (pubmlst.org/pseudomallei) (McCombie et al., 2006).  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1925088/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1925088/figure/F3/
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Locus Gene function Genome location (kb) No. of alleles 

ace Acetyl coenzyme A reductase 1,780 104 

gltB Glutamate synthase 3,761 171 

gmhD ADP glycerol-mannoheptose epimerase 3,023 137 

lepA GTP-binding elongation factor 2,938 123 

lipA Lipoic acid synthase 448 183 

narK Nitrate extrusion protein 2,784 139 

ndh NADH dehydrogenase 1,400 89 

 

The MLST scheme specific for B. pseudomallei was originally developed by Godoy et al. in 

2003 and employs seven house-keeping alleles 400bp-600bp in length (Godoy et al. 2003; 

McCombie et al. 2006) (Table 1.1). For each of these seven genes, there have now been 

between 89-183 allele variants and more than 1700 sequence types identified by MLST 

(pubmlst.org/bpseudomallei), further exemplifying the species’ high degree of genetic 

diversity (Maiden et al. 2013).  

 

Though MLST is an effective and widely applicable scheme for examining B. pseudomallei 

strain relatedness, there are limitations associated with its use. The scheme is incapable of 

resolving minor variations amongst single-clone or closely related isolates. Additionally, while 

point mutations are consistent amongst bacterial species and can accumulate over time 

(Radman 1999), high levels of horizontal gene transfer and recombination in the B. 

pseudomallei genome have been shown to disrupt evolutionary signaling (Spratt et al. 2001). 

In some instances this disruption can give rise to cases of homoplasy, when evolutionarily 

distant isolates appear closely related than they actually are, and can even be the identical 

ST type (Spratt et al. 2001). Several instances of homoplasy have now been described in 

isolates originating from Cambodia and Australia (De Smet et al. 2015) and most recently in 

two separate long-range intracontinental cases from Australia (Aziz et al. 2017). In highly 

recombinogenic pathogens like B. pseudomallei instances of homoplasy are an inevitable 
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certainty, which can significantly confound inferences about infection transmission and 

outbreak source attribution.  

 

1.6.4 Genetic fingerprinting for melioidosis outbreak source attribution  

In disease-endemic regions, individual cases of melioidosis are typically the result of infection 

by different strains of B. pseudomallei. Despite this, clonal or point-source outbreaks have 

been described on several occasions, including contamination of drinking water supplies in 

two remote Indigenous communities from northern Australia (Currie et al. 2001; Inglis et al. 

2011; Sarovich et al. 2017), contaminated hand-washing detergent (Gal et al. 2004), as well 

as two cases traced to a domestic water bore on rural Darwin property (McRobb et al. 2015). 

Aside from human cases, outbreaks are also frequently reported in non-native animal species 

in endemic regions. Case clusters have been described in slender-tailed meerkats from 

Thailand and north Australian zoos (Kongmakee 2015; Rachlin et al. unpublished), marine 

mammals from a Hong Kong Ocean Park (Hicks et al. 2000), exotic birds (Hampton et al., 

2011), as well as numerous non-human primate species (Sim et al. 2018).  

 

A handful of outbreaks have also been described in non-endemic settings. One of the most 

notorious of these outbreaks took place at a Paris zoo between 1975 and 1979. Aside from 

infecting numerous animals at the zoo, several horse and human melioidosis cases elsewhere 

in France also occurred as a result (Mollaret 1988). The outbreak was ultimately attributed 

to an infected giant panda imported from China, though it is worth noting that B. 

pseudomallei and melioidosis have never been reported in the high-altitude areas of 

southwest China where pandas exclusively inhabit (Zheng et al. 2019). A cluster of cases also 

took place over a 25-year period in southwestern western Australia in both animals and a 

farmer (Chapple et al. 2016). Such outbreaks demonstrate that long-term contamination of 
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animal pens, pastures and the environment with B. pseudomallei can occur, even in more 

temperate regions.  

 

B. pseudomallei is classified as a group B bioterrorism agent by the US Centers for Disease 

Control and Prevention (https://www.selectagents.gov/). Potential outbreak scenarios thus 

warrant rapid public health response and high throughput tools to quickly investigate source 

aetiology. Prior to the genomics era MLVA was commonly used for detecting genetic 

variation in bacterial strains (Keim et al. 2000). MLVA has been used to identify differences 

in B. pseudomallei populations in clonal outbreak clusters and even within an individual 

patient over a very short duration (Liu et al. 2006; Pearson et al. 2007; Price et al. 2010). 

Despite this, MLVA only examines a small portion of the B. pseudomallei genome, leading 

to high rates of homoplasy not being identified. This can be somewhat avoided by 

simultaneously employing another typing method, particularly one that examines more 

slowly evolving loci. Several studies have used MLST to determine whether strains involved 

in an outbreak are clonally related (Adam et al. 2016; Tonpitak et al. 2014), but low 

resolution and occasional instances of homoplasy mean an accurate conclusion is not 

always possible, particularly in highly endemic regions (Currie et al. 2009). Moreover, MLST 

can also take several days to weeks to obtain results, depending on sequencing capability, 

and is thus unable to rapidly distinguish the occurrence of a clonal outbreak (Currie et al. 

2007).  

 

Genomics is a robust, high resolution tool used to examine the origin of melioidosis case 

clusters or outbreaks, as mentioned previously. This has mostly been driven by next-

generation whole-genome sequencing (WGS) technology, which can be utilised for 

epidemiological and evolutionary investigations into highly recombinogenic pathogens like 

B. pseudomallei (Köser et al. 2012; Pearson et al. 2009a). Given that melioidosis cases are 
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almost always caused by infection acquired from the environment rather than person-to-

person transmission, the data generated from WGS can provide robust detection of 

phylogeographical signal (McRobb et al. 2015). Importantly, WGS overcomes the problems 

of insufficient resolution that plague conventional lower-resolution genotyping methods. 

The shift towards using WGS has provided a more robust tool for point-source attribution 

during melioidosis outbreaks. 

 

1.7 Whole-genome sequencing of B. pseudomallei 

The arrival of the first high-throughput, rapid next-generation sequencing (NGS) 

technology has signalled an important shift in microbial genetics research. Since then, 

sequencing platforms have become more advanced in their data quality, cost, and 

accessibility, with WGS platforms providing a comprehensive method for analysing entire 

bacterial genomes (Edwards & Holt 2013; Köser et al. 2012). In addition to providing a much 

wealthier source of genetic information, WGS now also supersedes many genotyping 

methods in pricing. For example, WGS now costs less to carry out than MLST. Moreover, 

WGS has the ability to extract MLST sequence types directly from reads, permitting a highly 

precise method of ST typing isolates of B. pseudomallei (Lam et al. 2012; Edwards and Holt, 

2013).  

 

Current WGS platforms are comparatively fast and can be generated in-house in some 

laboratories. Much of the data generated is also available through online public databases, 

including the National Center for Biotechnology Information (NCBI) GenBank 

(https://www.ncbi.nlm.nih.gov/genbank/), allowing for extensive comparative analysis 

(Edwards & Holt 2013). The high-resolution data generated from WGS can be utilised to 

investigate various aspects of microbial genetics, including the spread of drug resistance 

(Webb et al. 2017), within-host evolution (Price et al. 2010; Köser et al. 2012), as well as 
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outbreak source attribution through the examination of isolate genome-content variability 

(McRobb et al. 2015; Sarovich et al. 2017).  

 

1.7.1 Genome variant analysis 

When applying WGS to study the molecular epidemiology of bacterial pathogens, it is useful 

to examine variations in a genetic sequence, or set of sequences (Schürch et al. 2018). 

Genome variants can take several forms, including nucleotide insertions, when additional 

nucleotides are found in a sequence, nucleotide deletions within a sequence, or a single base 

change, referred to as a single nucleotide polymorphism (SNP) (Schürch et al. 2018). These 

variations can arise through point mutations, homologous recombination or discrepancies in 

genome content (Bryant et al. 2012). Most studies rely on SNP data for population and 

epidemiological analysis since variability between bacterial strains can be translated into 

measures of distance in core genome alignments, or can be indexed to assign unique allelic 

profiles (Schürch et al. 2018). Additionally, SNPs can be found even in regions of high 

homology, or regions of shared ancestry not recently affected by recombination, and thus 

can more accurately reflect evolutionary time ( Pearson et al. 2009a; Pearson et al. 2009b). 

SNPs are also more informative than other currently used molecular markers due to 

intrinsically slow mutation rates and extensive distribution across the entire genome. Large 

numbers of shared SNP loci can thus facilitate robust characterisation amongst closely 

related isolates (Pearson et al. 2009a).  

 

Identification of insertions, deletions, or SNPs begins with mapping and aligning sequence 

reads to a closely related reference genome (Li, H & Homer 2010). Variant determining 

algorithms have quality filters that then attempt to define variants, versus sequencing errors. 

Alignments are normally performed using a microbial SNP pipeline, such as Snippy, NASP, or 

SPANDx (Sahl et al. 2016; Sarovich & Price 2014; Schürch et al. 2018). This reduces the 
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chances of misalignment and increases the number of regions sequence reads can be 

mapped against. The resulting alignment can then be used for phylogenetic analysis. Strain 

typing based on homologous SNPs can also be performed via reference-based mapping of 

reads or assembled contigs (Schürch et al. 2018). To increase resolution, genomes chosen for 

the reconstructed phylogeny are normally closely related to one another. This allows for 

discrimination between isolates that differ by only a few SNPs, which is especially important 

in facilitating investigations into pathogen outbreak source attribution or within-host 

evolution (Pearson et al. 2009a). In cases where SNPs do not provide the resolution necessary 

for accurate epidemiological analysis, InDels i.e. sequence insertions, deletions or accessory 

genes may provide additional resolution (Schürch et al. 2018). 

 

1.8 Phylogenetic analysis and population structure of B. pseudomallei  

1.8.1 Phylogenetic reconstruction 

The recent development of WGS has facilitated the examination of bacterial 

population structures on a fine-scale. Using high-throughput genomics data, phylogenetic 

trees can be constructed permitting population and evolutionary inferences to be made on 

both a regional and global level. This has allowed for further examinations into pathogen 

transmission and source tracing, host adaptation, as well as phenotypic association studies 

(Croucher et al. 2013; Klemm & Dougan 2016; Price et al. 2015).  

 

While there are various approaches to phylogenetic analysis, most utilise SNP variant 

characterisation, as mentioned previously. Once SNP differences between genomes have 

been assessed, a phylogenetic tree can be constructed depicting the evolutionary 

relatedness between isolates (Pearson et al. 2009a). This can be done using a variety of 

methods, including maximum likelihood (ML), maximum parsimony (MP), neighbour-joining 

(NJ), and Bayesian inference (Huelsenbeck et al. 2001; Saitou & Imanishi 1989). NJ is 
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performed through the stepwise transformation of DNA characters into pairwise distance-

based variants and is a fast approach to phylogenetic tree building. However, the method is 

less reliable and often suffers from data loss and is usually only used to rapidly generate trees 

for more general overviews. MP and ML are employed more frequently and utilise DNA 

characters directly. MP approaches assume the minimal number of changes or evolutionary 

events in their algorithms, while ML algorithms are dependent on an explicit model of 

evolution (Swofford et al. 2001). While ML may portray taxa relationships in a more realistic 

way, they are more time consuming to produce and it is almost impossible to explore all trees 

generated (Kolaczkowski & Thornton 2004).  

 

1.8.2 Bayesian models for population inference 

Bayesian models of phylogeny utilise a likelihood model based on previously known 

probabilities, producing the most likely phylogeny for a given set of data. It has the advantage 

of being less computationally intensive than ML, while still able to incorporate complex 

models of evolution (Huelsenbeck et al. 2001). Generally, Bayesian models examine the 

molecular variation in subpopulations using a joint probability distribution over sequences or 

loci (Ronquist & Huelsenbeck 2003). Numerous models and software currently exist, some of 

which include BAPS, hierBAPS, BAYES, STRUCTURE, and TESS. While the likelihood probability 

model used in these programs is similar, model assumptions, fine details and computational 

strategies vary considerably (Safner et al. 2011).  

 

Bayesian models as implemented in Bayesian Analysis of Population Structure 

(BAPS) and hierBAPS software are capable of defining a fine-scale genetic population 

structure by examining the molecular variation present in each subpopulation. This is done 

using a separate joint probability distribution over observed sequence sites or loci (Corander 

& Marttinen 2006). The ability to detect subtle variations in hierarchical clustering means 
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they are particularly useful for examining bacterial populations with high levels of horizontal 

gene transfer (Cheng et al. 2013). BAPS has been applied to estimate the number of 

populations within a known geographic area, assign individuals to their population of origin, 

identify population structures, and infer historical genetic admixtures (Guillot & Santos 2009; 

Rosenberg et al. 2002; Trewby 2016). For B. pseudomallei, Dale et al. (2011) have successfully 

used BAPS to define the major Australian and Asian geographic populations. The software 

has also been successfully implemented to designate isolates from Queensland and northern 

Australian as being from separate populations based on MLST data (McRobb et al. 2014). 

 

HierBAPS was introduced in 2013 by Cheng et al. to simplify hierarchical clustering. The 

program can accommodate large multiple DNA sequence alignments and generates outputs 

in a hierarchically structured manner by assuming the maximum number of underlying 

populations. This allows for fast initial clustering of the data, reducing complexity and 

allowing for a simplified symmetric prior probability distribution to be used. An R-

implementation of the software (RhierBAPS) has also recently been introduced to improve 

its usability and reproducibility (Tonkin-Hill et al. 2018). Chewapreecha and colleagues have 

successfully used the program to assign 19 global sub-populations of B. pseudomallei based 

on SNP WGS data (Chewapreecha et al. 2017), but hierBAPS has not yet been used to 

examine more fine-scale Australian populations of the bacterium.  

 

1.8.3 Population structure and molecular evolution of B. pseudomallei 

Although B. pseudomallei has one of the most highly recombinogenic genomes of any 

bacteria, certain features of its biology mean reliable inferences about geographic origin 

and population structure can still be made, particularly when high-resolution WGS data is 

used (Price et al. 2017). Principally, melioidosis is not normally considered communicable, 

with nearly all cases caused by direct contact with bacteria-containing water or soil (Cheng 
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& Currie 2005). Moreover, long-range dispersal is also rarely observed, with closely 

related B. pseudomallei strains from endemic regions typically found less than 50 km apart 

from one another (Aziz et al. 2017; Chapple et al. 2016; McRobb et al. 2014). This is in spite 

of the frequent opportunities B. pseudomallei has to spread within the water table, via 

agricultural and migratory animals, or in transported soil (Chapple et al. 2016; McRobb et al. 

2014). This has substantially restricted gene flow between populations of B. pseudomallei, 

meaning phylogeographic reconstruction is considerably robust, allowing for accurate 

inferences to be made about genetic populations of the bacterium (Price et al. 2017). 

Awareness of its population structure has enabled further examination of the bacteria and, 

particularly in areas where melioidosis is not endemic, has allowed for disease source 

attribution (Chapple et al. 2016; Inglis et al. 2011; Price et al. 2016).  

 

1.8.3.1 Global population structure of B. pseudomallei 

WGS, in conjunction with MLST data, has recently revealed distinct geographical partitioning 

between Australian and Southeast Asian isolates separated by Wallace's Line. It was 

previously conjectured that B. pseudomallei may have originated in Gondwanaland and 

dispersed with its breakup, or alternatively dispersed from Australia to Southeast Asia via the 

later Miocene land bridges that partially linked those regions (Baker et al. 2013; Cheng et al. 

2004; Pearson et al. 2009a). However, the low MLST allelic diversity and existence of 

prevalent alleles shared between strains from Australia and Southeast Asia indicate that a 

founding population may have actually crossed Wallace's Line more recently than the late 

Miocene, possibly driven by anthropogenic influences (Cheng et al. 2008). In 2009, using WGS 

technologies, Pearson and colleagues were the first to hypothesise an Australian origin for B. 

pseudomallei. Using Bayesian inference and molecular clock estimates, they predicted that 

B. pseudomallei moved into Southeast Asia during the last glacial period (16-225 thousand 
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years ago), when the Sahul and Sunda land masses were in close proximity due to low sea 

levels (Pearson et al. 2009a) (Figure 1.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Map of Australasia 21,500 years ago during the last glacial maximum showing 

extent of the Sunda and Sahul continental landmasses with Wallacea in between.  The striped 

regions represent dry land during the period. Australia and PNG comprised a single continent 

(Sahul) and that most of Southeast Asia (Sunda) was linked by land bridges (Harrison et al. 

2006).  

 

This formative study was based on relatively few strains, but subsequent studies across larger 

more diverse sets of data have supported this hypothesis (Chewapreecha et al. 2017; 

Sarovich et al. 2016). In recently published work by Sarovich and colleagues, phylogenomic 
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reconstruction using isolates from Madagascar and Burkina Faso demonstrated African B. 

pseudomallei isolates grouped into a single novel clade residing within the more ancestral 

Asian population. Anthropogenic factors, such as the migration of the Austronesian peoples 

from Indonesian Borneo to Madagascar could have played a role in B. pseudomallei 

dissemination to Africa, with subsequent genetic diversity driven by mutation and 

recombination (Sarovich et al. 2016). Using WGS data from 469 B. pseudomallei isolates 

from 30 countries, Chewapreecha and colleagues also established Australia as the earliest 

reservoir of B. pseudomallei endemicity, followed by transmission to Southeast Asia and 

onward to South Asia and East Asia. Their results also supported an African origin to 

Central and South American isolates, with likely introduction to the Americas between 

1650 and 1850, providing a temporal association with the global slave trade 

(Chewapreecha et al. 2017) (Figure 1.5). 
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Figure 1.5 (a) A core SNP-based maximum likelihood phylogeny of 469 genomes with 

geographical origins highlighted. The outer ring represents population clusters based on 

BAPS hierarchical clustering (Group 1 – 19) (b) Transatlantic slave trade routes and sampling 

locations of African and American isolates. Each dot represents the geographical origin of 

isolates used for the time estimation with the size proportional to the number of isolates. (c) 

The geographical landscape and isolates used to determine sub-regional connectivity. 

Isolates representing six Southeast Asian countries demonstrating the geographical 
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proximity of the Mekong group and the Malay group. The number of isolates from each 

country are annotated (Chewapreecha et al. 2017). 

 

Variable genetic markers with known geographic associations have also been identified 

within these geographic populations of B. pseudomallei. Specifically, two distinct genetic 

clusters have been recognised, one containing a Yersinia-like fimbrial gene cluster 

corresponding but not entirely restricted to Asian isolates, and one containing a B. 

thailandensis–like flagellar gene cluster associated more with Australian isolates (Hai et al. 

2015; Tuanyok et al. 2007). This knowledge has assisted with the characterisation of 

infections from within these two population clusters. Australian genotypes are thought to be 

associated with neurological, genitourinary and prostatic infections (Cheng & Currie 2005; 

Sarovich et al. 2014), while those originating from Southeast Asia are frequently associated 

with parotitis (Cheng & Currie 2005). Recently, geographically segregated gene variants 

have also been identified amongst Asian and Australian isolates. Virulence-associated 

genes, including the polysaccharide capsule (CPS), type III secretion system (T3SS), 

filamentous haemagglutinin (fha) adhesion protein, as well as Burkholderia mallei-

like BimA (Bm-BimA), were among those over-represented, providing a potential 

explanation for clinical manifestations of melioidosis that are geographically restricted 

(Chewapreecha et al. 2017).  

 

1.8.3.2 Molecular distribution and phylogeny of Burkholderia pseudomallei in northern 

Australia 

Within recognised B. pseudomallei endemic locations, the greatest amount of genetic 

diversity seen to date has been demonstrated to exist in the Northern Territory, where more 

than 450 environmental and clinical sequence types have already been classified (Chapple et 

al. 2016) (https://pubmlst.org/bpseudomallei/). The most common of these sequence types 
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have been recovered from both clinical and environmental sources, which may indicate that 

all strains of the bacterium are capable of causing disease (Chapple, SN et al. 2016; McRobb 

et al. 2014). Despite the high degree of diversity, five ST’s have been shown to comprise 90% 

of the overall sequence type abundance in the Darwin region. Likewise, only four ST’s have 

been demonstrated to encompass 90% of the total genotypic abundance in Queensland, 

Australia (McRobb et al. 2014).  

 

 

Figure 1.6. Geographic distribution of the eight most common Burkholderia pseudomallei ST 

genotypes cultured from environmental samples in the Northern Territory (From left: ST-36, 

ST-109, ST-132, ST-144, ST-266, ST-320, ST-325, ST-326) (Chapple et al. 2016). 

 

Throughout northern Australia, the maximum geographic distance identified between 

environmental isolates of the same strain is typically less than 50 linear kilometres (Figure 
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1.6) (Chapple et al. 2016), though occasional instances of long-range dispersal have been 

described (Price et al. 2016)(Aziz et al. 2017). This again supports the idea that despite the 

high degree of diversity, populations of B. pseudomallei are ecologically established and not 

widely dispersed in the environment. Furthering this, no shared environmental STs have 

been identified amongst the adjacent Northern Territory and Queensland, Australia, with 

distinct B. pseudomallei population structures identified in the two regions using Bayesian 

MLST-based analysis (McRobb et al. 2014).  

 

Awareness of the B. pseudomallei population structure within Australia has been applied to 

recently demonstrate the clonal introduction of a geographically distinct isolate into the 

Northern Territory. The recognised Asian B. pseudomallei strain, ST-562, was first observed 

in Australia in 2005 (Hai et al. 2015; Price et al. 2015). Since then infection by ST-562 has 

gradually increased in Darwin, and it is now a common clinical isolate there (Currie et al. 

2015). WGS of ST-562 has demonstrated that it is genetically less diverse than other strains 

from the area, indicative of its recent introduction into northern Australia (Price et al. 2016) 

(Figure 1.7). Currently, Australian ST-562 appears to be geographically restricted to a single 

locale, however, further genomic and epidemiological investigations within Darwin will be 

crucial for understanding the origin and geographic distribution of this Asian clone (Price et 

al. 2016).  
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Figure 1.7- Phylogenetic analysis of 455 B. pseudomallei genomes indicate ST-562 isolates 

from Darwin cluster within the Asian population (Price et al. 2016). 
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1.9 Introduction to the research questions 

Enhanced knowledge of B. pseudomallei distribution in the environment is important in 

identifying areas that pose a greater risk to infection, while also helping to determine 

patterns evolution and population dynamics. The presence and biogeographical dispersal of 

B. pseudomallei in Darwin, Australia and Vientiane, Laos, are not well characterised despite 

being highly endemic regions for melioidosis infection. Moreover, little is known about the 

local population structure and molecular spatial distribution of B. pseudomallei isolates in 

these settings, which are imperative for improved understanding of melioidosis infection 

aetiology. This thesis aims to characterise the presence and distribution of B. pseudomallei 

in two urban endemic locales. Using high-resolution WGS technology, it additionally aims to 

examine local population structures of the bacterium for better melioidosis source 

attribution.  

 

1.9.1 Aim 1: 

Examine the distribution, genetic diversity and population dynamics of Burkholderia 

pseudomallei in soil and runoff water from under-sampled areas of urban Darwin, 

Australia. 

Previous environmental surveys of B. pseudomallei in the Northern Territory have centered 

around rural areas nearby patient properties, primarily examining its presence in soil. Very 

little is known about the presence of the bacterium in water, or B. pseudomallei’s distribution 

and spread throughout urban Darwin. For the first aim of this thesis, extensive sampling of 

soil and runoff water from urban Darwin was carried out to determine the distribution and 

local population dynamics of B. pseudomallei. I describe the high rate of B. pseudomallei 

detected throughout the Darwin urban area and the role that surface runoff may play in 

further dispersal of the bacterium. I also demonstrate that some sequence types (STs) are 

more widespread in the urban Darwin environment, while others are highly spatially 
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clustered over a small geographic scale. Lastly, I describe how genetic spatial clustering in the 

environment correlates with clustering of clinical cases for some STs, which may improve 

understanding of melioidosis source attribution. 

 

1.9.2 Aim 2: 

Assess the presence and distribution of Burkholderia pseudomallei in urban Vientiane, Lao 

People’s Democratic Republic (Laos) using drainage catchment areas. 

The presence and environmental distribution of B. pseudomallei throughout many regions of 

Laos have yet to be elucidated, though recent epidemiological surveys of the bacterium have 

indicated that B. pseudomallei is widespread throughout the environment there 

(Vongphayloth et al. 2012) and that rivers can act as carriers and potential sentinels for the 

bacterium (Zimmermann et al. 2018). The organism’s distribution within Vientiane Capital, 

from where the majority of cases diagnosed to date have originated, remains an important 

knowledge gap. For the second aim of this project, water and soil were collected from drain 

catchment areas dispersed throughout urban Vientiane to determine the presence and 

distribution of the bacterium there. B. pseudomallei was detected in water and soil from 

drainage areas throughout the capital, indicating it is well-established in the environment 

there and that exposure rates in urban Vientiane may be more frequent than previously 

thought. This is significant for public health awareness and future implementation of 

infection control measures within the country. 

 

1.9.3 Aim 3: 

Identify the environmental point-sources of infection for culture-confirmed cases of 

melioidosis diagnosed in zoological collections in Darwin, northern Australia. 

Despite the increasing global awareness of melioidosis endemicity and epidemiology, few 

studies have been able to accurately examine B. pseudomallei infection aetiology, mostly due 
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to the pathogen’s highly recombinogenic genome. Whole-genome sequencing technology 

has become more widely available in the past decade and has now been implemented in 

several human outbreaks of melioidosis to accurately determine the environmental point-

sources of infection. Animal cases and case clusters of melioidosis are frequently reported in 

northern Australia, particularly in exotic non-native species and captive animals. While lower-

resolution molecular typing tools have been used to examine cases of animal melioidosis in 

the past, few studies have implemented WGS to accurately determine the infection 

aetiology. Chapters four and five of this thesis describe the use of high-resolution WGS to 

investigate two separate, unrelated melioidosis case clusters in captive animals from a 

Wildlife Park in Darwin, northern Australia. I describe the use of high-resolution WGS to 

successfully enhance epidemiological investigations into transmission modalities and 

pathogenesis of animal melioidosis, particularly when used concurrently with detailed 

pathology data.  

 

Collectively, this thesis aimed to elucidate the presence and spatial distribution of B. 

pseudomallei in two urban settings and utilise high-resolution WGS technology to examine 

local population structures of the bacterium, allowing for improved awareness of infection 

aetiology. This thesis was the first to extensively examine the presence of B. pseudomallei in 

these highly endemic settings and examine the local spatial population dynamics of the 

organism through WGS SNP data. Knowledge of the local B. pseudomallei population 

structure also enabled the successful investigation of two melioidosis case clusters in captive 

animals through WGS-based phylogenetic reconstruction. This study will allow for increased 

public health awareness of the disease, particularly in Laos where the majority of cases still 

go undiagnosed. Moreover, the information generated on localised genetic populations of 

the bacterium will allow for better understanding of melioidosis source attribution in Darwin, 

knowledge which can be implemented in other endemic regions in the future. 
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Chapter 2. 

Whole-genome sequencing of Burkholderia pseudomallei from an urban 

melioidosis hot-spot reveals a fine-scale population structure and localised spatial 

clustering in the environment 

 

2.1 Chapter Overview 

Despite the high degree of B. pseudomallei genetic diversity found in the Northern Territory 

of Australia, a distinct genetic population structure has yet to be identified there on a local 

scale. This chapter describes the use of whole-genome sequencing and genetic spatial 

analysis to examine the distribution and local population structure of B. pseudomallei isolates 

from urban Darwin, Northern Territory, Australia. We sampled soil and land runoff 

throughout the city centre and performed whole-genome sequencing (WGS) analysis on 

cultured isolates. We combined comparative phylogenetics, Bayesian clustering and spatial 

hot spot analysis to demonstrate that some sequence types (STs) are more widespread in the 

urban Darwin environment and that highly localised spatial clustering exists over a 

remarkably small geographic scale. This also matched the spatial distribution of clinical cases 

for one ST. This chapter demonstrates how improved knowledge of B. pseudomallei 

phylogeography and population dynamics can be used for enhanced melioidosis source 

attribution. The results of this study have been presented as submitted article for publication 

in the peer-reviewed journal Nature Scientific Reports. 

 

2.2 Statement of Joint Authorship 
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2.4 Supplementary Data 

Supplementary Table S1- MLST genotypes identified amongst the 135 B. pseudomallei 

isolates and numbers detected based on sample type. Asterisks denote novel STs identified 

as part of the survey. 

ST n (soil) n (water) Total 

36 40 2 42 

109 15 7 22 

131 0 2 2 

132 2 0 2 

144 3 1 4 

279 3 0 3 

320 3 1 4 

326 3 0 3 

327 9 2 11 

335 1 0 1 

362 1 0 1 

456 0 2 2 

462 2 0 2 

464 1 0 1 

466 2 0 2 

472 0 1 1 

553 7 1 8 

561 1 0 1 

562 2 0 2 

566 2 0 2 

616 1 1 2 

639 1 0 1 
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801 2 0 2 

809 1 0 1 

813 2 0 2 

982 2 0 2 

984 1 0 1 

1654* 0 1 1 

1655* 1 0 1 

1656* 1 0 1 

1658* 1 0 1 

1659* 1 0 1 

1660* 1 0 1 

1704* 1 0 1 

1705* 1 0 1 
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Supplementary Table S2- Summary of 137 Burkholderia pseudomallei genomes used to 

construct the MP and ML phylogenetic trees. 

Sample ID Species Year 
Site 
type 

Sample 
source 

ST 
BAPS 
group 

GenBank/S
RA 

accession 
no. 

Reference 

MSHR0668 
Burkholderia 
pseudomallei 

1998 N/A Human 129 1 
NC_009074
NC_009075 

Johnson et al., 
Genome Announc 
2015 3(2):e00159-
15 

MSHR1153 
Burkholderia 
pseudomallei 

2001 N/A Human 117 1 
CP009271, 
CP009272 

Johnson et al., 
Genome Announc 
2015 3(2):e00159-
15 

MSHR9671 
Burkholderia 
pseudomallei 2016 Drain Water 456 1 

SAMN1282
4487 This study 

MSHR9675 
Burkholderia 
pseudomallei 2016 Drain Water 109 4 

SAMN1282
4488 This study 

MSHR9683 
Burkholderia 
pseudomallei 2016 Drain Water 109 4 

SAMN1282
4489 This study 

MSHR10100 
Burkholderia 
pseudomallei 2017 Drain Water 472 1 

SAMN1282
4490 This study 

MSHR10105 
Burkholderia 
pseudomallei 2017 Drain Water 616 1 

SAMN1282
4491 This study 

MSHR10107 
Burkholderia 
pseudomallei 2017 Drain Water 456 1 

SAMN1282
4492 This study 

MSHR10117 
Burkholderia 
pseudomallei 2017 Drain Water 327 2 

SAMN1282
4493 This study 

MSHR10120 
Burkholderia 
pseudomallei 2017 Drain Water 36 3 

SAMN1282
4494 This study 

MSHR10156 
Burkholderia 
pseudomallei 2017 Drain Water 109 4 

SAMN1282
4495 This study 

MSHR10166 
Burkholderia 
pseudomallei 2017 Drain Water 320 1 

SAMN1282
4496 This study 

MSHR10167 
Burkholderia 
pseudomallei 2017 Drain Water 131 1 

SAMN1282
4497 This study 

MSHR10173 
Burkholderia 
pseudomallei 2017 Drain Water 131 1 

SAMN1282
4498 This study 

MSHR10203 
Burkholderia 
pseudomallei 2017 Drain Water 109 4 

SAMN1282
4499 This study 

MSHR10208 
Burkholderia 
pseudomallei 2017 Drain Water 109 4 

SAMN1282
4500 This study 

MSHR10210 
Burkholderia 
pseudomallei 2017 Drain Water 109 4 

SAMN1282
4501 This study 

MSHR10218 
Burkholderia 
pseudomallei 2017 Drain Water 327 2 

SAMN1282
4502 This study 

MSHR10231 
Burkholderia 
pseudomallei 2017 Drain Water 36 3 

SAMN1282
4503 This study 

MSHR10246 
Burkholderia 
pseudomallei 2017 Drain Water 144 2 

SAMN1282
4504 This study 

MSHR10250 
Burkholderia 
pseudomallei 2017 Drain Water 109 4 

SAMN1282
4505 This study 

MSHR10259 
Burkholderia 
pseudomallei 2017 Drain Water 1654 1 

SAMN1282
4506 This study 

MSHR10269 
Burkholderia 
pseudomallei 2017 Drain Water 553 5 

SAMN1282
4507 This study 

MSHR10326 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4508 This study 

MSHR10339 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4509 This study 

MSHR10344 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4510 This study 

MSHR10352 
Burkholderia 
pseudomallei 2017 Park Soil 109 4 

SAMN1282
4511 This study 

MSHR10355 
Burkholderia 
pseudomallei 2017 Park Soil 1656 3 

SAMN1282
4512 This study 
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MSHR10358 
Burkholderia 
pseudomallei 2017 Park Soil 132 1 

SAMN1282
4513 This study 

MSHR10405 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4514 This study 

MSHR10408 
Burkholderia 
pseudomallei 2017 Park Soil 327 2 

SAMN1282
4515 This study 

MSHR10420 
Burkholderia 
pseudomallei 2017 Park Soil 326 2 

SAMN1282
4516 This study 

MSHR10428 
Burkholderia 
pseudomallei 2017 Park Soil 326 2 

SAMN1282
4517 This study 

MSHR10433 
Burkholderia 
pseudomallei 2017 Park Soil 144 2 

SAMN1282
4518 This study 

MSHR10446 
Burkholderia 
pseudomallei 2017 Park Soil 109 4 

SAMN1282
4519 This study 

MSHR10493 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4520 This study 

MSHR10501 
Burkholderia 
pseudomallei 2017 Park Soil 320 1 

SAMN1282
4521 This study 

MSHR10517 
Burkholderia 
pseudomallei 2017 Park Soil 109 4 

SAMN1282
4522 This study 

MSHR10522 
Burkholderia 
pseudomallei 2017 Park Soil 109 4 

SAMN1282
4523 This study 

MSHR10525 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4524 This study 

MSHR10526 
Burkholderia 
pseudomallei 2017 Park Soil 984 1 

SAMN1282
4525 This study 

MSHR10531 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4526 This study 

MSHR10533 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4527 This study 

MSHR10541 
Burkholderia 
pseudomallei 2017 Park Soil 562 1 

SAMN1282
4528 This study 

MSHR10550 
Burkholderia 
pseudomallei 2017 Park Soil 809 1 

SAMN1282
4529 This study 

MSHR10619 
Burkholderia 
pseudomallei 2017 Drain Soil 1704 1 

SAMN1282
4530 This study 

MSHR10622 
Burkholderia 
pseudomallei 2017 Drain Soil 466 1 

SAMN1282
4531 This study 

MSHR10628 
Burkholderia 
pseudomallei 2017 Drain Soil 109 4 

SAMN1282
4532 This study 

MSHR10635 
Burkholderia 
pseudomallei 2017 Drain Soil 1705 1 

SAMN1282
4533 This study 

MSHR10640 
Burkholderia 
pseudomallei 2017 Park Soil 109 4 

SAMN1282
4534 This study 

MSHR10645 
Burkholderia 
pseudomallei 2017 Park Soil 566 3 

SAMN1282
4535 This study 

MSHR10653 
Burkholderia 
pseudomallei 2017 Drain Soil 109 4 

SAMN1282
4536 This study 

MSHR10673 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4537 This study 

MSHR10686 
Burkholderia 
pseudomallei 2017 Drain Soil 36 3 

SAMN1282
4538 This study 

MSHR10688 
Burkholderia 
pseudomallei 2017 Drain Soil 36 3 

SAMN1282
4539 This study 

MSHR10690 
Burkholderia 
pseudomallei 2017 Drain Soil 335 1 

SAMN1282
4540 This study 

MSHR10693 
Burkholderia 
pseudomallei 2017 Drain Soil 813 1 

SAMN1282
4541 This study 

MSHR10697 
Burkholderia 
pseudomallei 2017 Drain Soil 616 1 

SAMN1282
4542 This study 

MSHR10703 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4543 This study 

MSHR10708 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4544 This study 

MSHR10713 
Burkholderia 
pseudomallei 2017 Park Soil 109 4 

SAMN1282
4545 This study 

MSHR10717 
Burkholderia 
pseudomallei 2017 Park Soil 553 5 

SAMN1282
4546 This study 
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MSHR10721 
Burkholderia 
pseudomallei 2017 Drain Soil 36 3 

SAMN1282
4547 This study 

MSHR10722 
Burkholderia 
pseudomallei 2017 Drain Soil 36 3 

SAMN1282
4548 This study 

MSHR10734 
Burkholderia 
pseudomallei 2017 Drain Soil 982 1 

SAMN1282
4549 This study 

MSHR10737 
Burkholderia 
pseudomallei 2017 Drain Soil 36 3 

SAMN1282
4550 This study 

MSHR10741 
Burkholderia 
pseudomallei 2017 Drain Soil 109 4 

SAMN1282
4551 This study 

MSHR10743 
Burkholderia 
pseudomallei 2017 Drain Soil 109 4 

SAMN1282
4552 This study 

MSHR10746 
Burkholderia 
pseudomallei 2017 Drain Soil 982 1 

SAMN1282
4553 This study 

MSHR10751 
Burkholderia 
pseudomallei 2017 Drain Soil 132 1 

SAMN1282
4554 This study 

MSHR10782 
Burkholderia 
pseudomallei 2017 Drain Soil 36 3 

SAMN1282
4555 This study 

MSHR10790 
Burkholderia 
pseudomallei 2017 Drain Soil 279 1 

SAMN1282
4556 This study 

MSHR10801 
Burkholderia 
pseudomallei 2017 Park Soil 813 1 

SAMN1282
4557 This study 

MSHR10804 
Burkholderia 
pseudomallei 2017 Drain Soil 144 2 

SAMN1282
4558 This study 

MSHR10819 
Burkholderia 
pseudomallei 2017 Park Soil 466 1 

SAMN1282
4559 This study 

MSHR10842 
Burkholderia 
pseudomallei 2017 Drain Soil 36 3 

SAMN1282
4560 This study 

MSHR10843 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4561 This study 

MSHR10848 
Burkholderia 
pseudomallei 2017 Drain Soil 320 1 

SAMN1282
4562 This study 

MSHR10857 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4563 This study 

MSHR10860 
Burkholderia 
pseudomallei 2017 Drain Soil 109 4 

SAMN1282
4564 This study 

MSHR10880 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4565 This study 

MSHR10888 
Burkholderia 
pseudomallei 2017 Drain Soil 326 2 

SAMN1282
4566 This study 

MSHR10901 
Burkholderia 
pseudomallei 2017 Park Soil 464 1 

SAMN1282
4567 This study 

MSHR10904 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4568 This study 

MSHR10924 
Burkholderia 
pseudomallei 2017 Drain Soil 553 5 

SAMN1282
4569 This study 

MSHR10941 
Burkholderia 
pseudomallei 2017 Park Soil 279 1 

SAMN1282
4570 This study 

MSHR10945 
Burkholderia 
pseudomallei 2017 Park Soil 327 2 

SAMN1282
4571 This study 

MSHR10962 
Burkholderia 
pseudomallei 2017 Park Soil 109 4 

SAMN1282
4572 This study 

MSHR10967 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4573 This study 

MSHR10978 
Burkholderia 
pseudomallei 2017 Park Soil 566 3 

SAMN1282
4574 This study 

MSHR10988 
Burkholderia 
pseudomallei 2017 Park Soil 327 2 

SAMN1282
4575 This study 

MSHR10995 
Burkholderia 
pseudomallei 2017 Park Soil 327 2 

SAMN1282
4576 This study 

MSHR11009 
Burkholderia 
pseudomallei 2017 Park Soil 801 1 

SAMN1282
4577 This study 

MSHR11017 
Burkholderia 
pseudomallei 2017 Park Soil 144 2 

SAMN1282
4578 This study 

MSHR11035 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4579 This study 

MSHR11042 
Burkholderia 
pseudomallei 2017 Park Soil 279 1 

SAMN1282
4580 This study 
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MSHR11046 
Burkholderia 
pseudomallei 2017 Park Soil 553 5 

SAMN1282
4581 This study 

MSHR11051 
Burkholderia 
pseudomallei 2017 Park Soil 327 2 

SAMN1282
4582 This study 

MSHR11056 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4583 This study 

MSHR11059 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4584 This study 

MSHR11062 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4585 This study 

MSHR11068 
Burkholderia 
pseudomallei 2017 Park Soil 553 5 

SAMN1282
4586 This study 

MSHR11073 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4587 This study 

MSHR11089 
Burkholderia 
pseudomallei 2017 Drain Soil 36 3 

SAMN1282
4588 This study 

MSHR11092 
Burkholderia 
pseudomallei 2017 Park Soil 1660 3 

SAMN1282
4589 This study 

MSHR11100 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4590 This study 

MSHR11105 
Burkholderia 
pseudomallei 2017 Park Soil 327 2 

SAMN1282
4591 This study 

MSHR11148 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4592 This study 

MSHR11151 
Burkholderia 
pseudomallei 2017 Park Soil 327 2 

SAMN1282
4593 This study 

MSHR11184 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4594 This study 

MSHR11190 
Burkholderia 
pseudomallei 2017 Park Soil 553 5 

SAMN1282
4595 This study 

MSHR11194 
Burkholderia 
pseudomallei 2017 Drain Soil 801 1 

SAMN1282
4596 This study 

MSHR11196 
Burkholderia 
pseudomallei 2017 Drain Soil 36 3 

SAMN1282
4597 This study 

MSHR11199 
Burkholderia 
pseudomallei 2017 Drain Soil 327 2 

SAMN1282
4598 This study 

MSHR11206 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4599 This study 

MSHR11210 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4600 This study 

MSHR11213 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4601 This study 

MSHR11225 
Burkholderia 
pseudomallei 2017 Park Soil 109 4 

SAMN1282
4602 This study 

MSHR11254 
Burkholderia 
pseudomallei 2017 Drain Soil 36 3 

SAMN1282
4603 This study 

MSHR11255 
Burkholderia 
pseudomallei 2017 Drain Soil 1659 3 

SAMN1282
4604 This study 

MSHR11259 
Burkholderia 
pseudomallei 2017 Drain Soil 462 1 

SAMN1282
4605 This study 

MSHR11266 
Burkholderia 
pseudomallei 2017 Drain Soil 1655 1 

SAMN1282
4606 This study 

MSHR11267 
Burkholderia 
pseudomallei 2017 Park Soil 639 1 

SAMN1282
4607 This study 

MSHR11270 
Burkholderia 
pseudomallei 2017 Park Soil 109 4 

SAMN1282
4608 This study 

MSHR11277 
Burkholderia 
pseudomallei 2017 Drain Soil 462 1 

SAMN1282
4609 This study 

MSHR11283 
Burkholderia 
pseudomallei 2017 Drain Soil 553 5 

SAMN1282
4610 This study 

MSHR11290 
Burkholderia 
pseudomallei 2017 Drain Soil 561 1 

SAMN1282
4611 This study 

MSHR11322 
Burkholderia 
pseudomallei 2017 Drain Soil 553 5 

SAMN1282
4612 This study 

MSHR11327 
Burkholderia 
pseudomallei 2017 Drain Soil 320 1 

SAMN1282
4613 This study 

MSHR11331 
Burkholderia 
pseudomallei 2017 Drain Soil 36 3 

SAMN1282
4614 This study 
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MSHR11335 
Burkholderia 
pseudomallei 2017 Park Soil 1658 1 

SAMN1282
4615 This study 

MSHR11348 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4616 This study 

MSHR11351 
Burkholderia 
pseudomallei 2017 Park Soil 109 4 

SAMN1282
4617 This study 

MSHR11354 
Burkholderia 
pseudomallei 2017 Drain Soil 327 2 

SAMN1282
4618 This study 

MSHR11369 
Burkholderia 
pseudomallei 2017 Park Soil 36 3 

SAMN1282
4619 This study 

MSHR11384 
Burkholderia 
pseudomallei 2017 Park Soil 362 2 

SAMN1282
4620 This study 

MSHR12106 
Burkholderia 
pseudomallei 2017 Park Soil 562 1 

SAMN1282
4621 This study 
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Supplementary Figure S1 

Maximum likelihood phylogeny of 137 B. pseudomallei genomes derived using RAxML. MLST 

strain types are coded by colour. 
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Supplementary Figure S2 

Maximum parsimony phylogeny of 137 B. pseudomallei genomes constructed using 134,032 

core-genome orthologous SNPs and InDels. BAPS level 1 primary clusters (a.) and level 2 

clusters (b.) were inferred using RhierBAPS and are colour-coded next to respective strains.  
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Supplementary Figure S3- Getis-Ord Gi* Hot Spot Analysis of Bayes cluster 3. Areas with 

significant “hot” spots are indicated by dark red circles while “cold” spots are shown in green. 
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Chapter 3. 

Using land runoff to explore the occurrence and distribution of Burkholderia 

pseudomallei in urban Vientiane, Laos 

 

3.1 Chapter Overview 

The presence and environmental distribution of B. pseudomallei throughout many regions of 

Laos have yet to be elucidated, though recent epidemiological surveys of the bacterium have 

indicated that B. pseudomallei is widespread throughout the local environment. The 

organism’s presence and distribution within Vientiane capital, from where the majority of 

melioidosis cases have been diagnosed, remains an important knowledge gap. We collected 

water and soil from drain catchment areas dispersed throughout urban Vientiane to 

determine the presence and distribution of the bacterium there. B. pseudomallei was 

detected in water and soil from drainage areas throughout the capital, indicating it is well-

established in the environment there and suggesting that infection rates in urban Vientiane 

may be greater than previously thought. The results presented in this chapter are significant 

for public health awareness of melioidosis and will help support future planning and 

implementation of infection control measures within the country. This chapter contains 

preliminary results obtained from the survey, however, more detailed conclusions from 

additional WGS and spatial analysis of Lao B. pseudomallei isolates will be discussed in a 

future manuscript.  
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3.2 Introduction  

Melioidosis was first reported in a patient in the Lao People’s Democratic Republic (Laos) in 

1999 (Phetsouvanh et al. 2006). Since then more than 1350 human melioidosis cases have 

been diagnosed at Mahosot Hospital in Vientiane Capital as of 2017 (Dance et al. 2018). While 

the infection has now been established as being highly endemic in Laos, the true burden of 

melioidosis and the environmental distribution of its causative bacterial agent, Burkholderia 

pseudomallei, remain relatively undefined. In soil, B. pseudomallei is recognised as being 

spatially heterogeneously distributed on both a broad and more localised geographical 

scale (Limmathurotsakul et al. 2010). Although earlier studies have shown that the 

bacterium is extensively and abundantly present in rice paddy soils throughout central 

and southern regions of Laos (Dance et al. 2018; Knappik et al. 2015; Manivanh et al. 2017; 

Rattanavong et al. 2011; Wuthiekanun et al. 2005), this heterogeneous distribution means 

that the use of random soil sampling to establish the bacterial presence in a region can often 

be indeterminate and imprecise (Limmathurotsakul et al. 2010; Ribolzi et al. 2016). 

 

It has been suggested that the identification of new environments endemic for melioidosis 

may be effectively determined by analysing catchment points along the water column, 

including groundwater and surface runoff areas (Baker et al. 2011; Ribolzi et al. 2016; 

Zimmermann et al. 2018). Since stormwater is known to capture and leach what is in the 

land, including particulates, contaminants and bacteria, it is thought that it may provide an 

indication of B. pseudomallei distribution within a catchment, as the bacterium is able to 

disperse along the water table and via drainage lines (Chuah et al. 2017; Rochelle-Newall et 

al. 2015). Moreover, direct sampling of the water column and surface water can also provide 

an indication of the associations between environmental physicochemical factors within a 

catchment (Ribolzi et al. 2016).  
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In Laos, recent surveys have shown that water may be a significant reservoir and transport 

vehicle for B. pseudomallei (Ribolzi et al. 2016; Vongphayloth et al. 2012; Zimmermann et 

al. 2018). In one recently published study, the bacterium was isolated in 57% of samples 

collected during the rainy season from the Mekong river and its tributaries in the south 

and centre of the country (Zimmermann et al. 2018), and it has also been detected in 

surface water and catchment areas in Salavan province in the south of the country 

(Rattanavong et al. 2011; Ribolzi et al. 2016; Vongphayloth et al. 2012).  

 

High levels of B. pseudomallei have also been isolated in groundwater and groundwater 

seeps in both Townsville (Baker et al. 2011) and Darwin, Australia (unpublished data) and 

groundwater isolates have since been linked to clinical isolates using molecular typing (Baker 

et al. 2011). However, the extent to which groundwater and seasonal runoff are 

contaminated with B. pseudomallei and might contribute to melioidosis in Laos has not yet 

been assessed. Moreover, very few environmental surveys of the bacterium have been 

undertaken in Vientiane Capital, where over 10% of the Lao population currently resides and 

where just over half (54.5%) of the more than 1350 culture-confirmed Lao melioidosis 

patients since 2017 have reported living (Dance et al. 2018). In order to gain an indication of 

B. pseudomallei presence and distribution throughout Vientiane we surveyed surface runoff 

and drainage catchment areas across the city centre.   

 

3.3 Methods 

Study sites and sample collection 

Vientiane Capital is located along the southern edge of Vientiane Plain and is situated on the 

left bank of Mekong River. The topography is generally flat, with elevation varying no more 

than 164 to 175 metres above sea level (Rafiqui & Gentile 2009). Forty drains were selected 

across five urban districts of Vientiane Capital encompassing an area of approximately 
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100km2: Chanthabuly, Sisattanak, Xaysetha, Xaythany, and Sikhottabong districts (17.9N, 

102.6S) (Figures 1,2). Sites were selected based on their accessibility, including proximity to 

the road and whether they were unfenced and uncovered. Drains varied in their patterns of 

flow, shading and lining. Informed oral consent was obtained from landowners and written 

permission was obtained from the relevant authorities before commencement of sampling.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1- Map of the 19 provinces making up Lao PDR with Vientiane Capital highlighted in 

red. Smaller insert shows Vientiane Capital comprised of its nine districts. Numbers indicate 

the five urban districts where survey sites were located (Chanthabuly:1, Sikhottabong:2, 

Xaysetha:3, Sisattanak:4, Xathany:5).  

 

Samples were collected during the Lao rainy season in late June-July 2018. Three water 

samples were collected along each drain line using sterile one litre bottles, totalling 120 

samples. Five soil samples were also collected from embankment areas immediately 
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surrounding drains (200 samples total), each spaced 10m apart. Soils were collected at a 

depth of 30cm with augers and spades cleaned with 70% ethanol between each soil 

collection.  

 

On-site physicochemical measurements were analysed for each sample collected. For water 

samples this consisted of: nitrate (Horiba LAQUAtwin NO3-11), temperature, pH, electrical 

conductivity (EC), dissolved oxygen (DO), redox potential (ORP), water turbidity and total 

dissolved solids (TDS) using a portable multiparameter field probe (Hanna Instrument 

HI9829). Post-sampling E. coli and Coliform counts were performed on all water samples at 

the Lao-Oxford-Mahosot Hospital-Wellcome Trust Research Unit (LOMWRU) laboratory in 

Vientiane Capital (3M Petrifilm). For soil samples, moisture content was also recorded on site 

(MPM160B, ICT International). Additionally, drain lining (concrete lined or unlined), degree 

of shading, and geographical coordinates (Garmin eTrex 30) were also recorded at each 

survey location.  

 

Sample processing and confirmation 

Water samples 

Water samples were processed in a Biosafety level 2 laboratory (BSL2) facility in the 

LOMWRU microbiology laboratory. 500ml of water was filtered in duplicate through 0.2 µm 

pore size, 47 mm diameter cellulose acetate filters (Merck & Co.) using an electrical pump. 

To detect B. pseudomallei on water filters and in sediment, we applied two independent 

methods: conventional culture techniques and PCR after an enrichment step.  

 

Conventional culture 

One filter was placed in 30ml Ashdown broth containing colistin (50mg/L) and incubated at 

37°C. At 48 hours and seven days post-enrichment, 10µL and 100µL of broth was plated onto 
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Ashdown's agar with gentamicin (8 mg/L) and incubated at 37°C aerobically for two days. All 

colonies resembling B. pseudomallei were sub-cultured onto Ashdown’s agar. DNA from 

suspected colonies and from sweeps of bacterial growth on all plates was extracted using 

10% Chelex-100 resin (de Lamballerie et al. 1992) and B. pseudomallei was confirmed in-

house using the well-validated TTS1 real-time PCR assay targeting a signature 115-bp 

segment within the bacterial type three secretion system 1 (TTS1) gene (Kaestli et al. 2007; 

Kaestli et al. 2012; Novak et al. 2006).  

 

Confirmed B. pseudomallei isolates were stored on Tryptone Soya Broth (TSB) agar slopes in 

2ml screwcap tubes, incubated at 37°C for 48h and stored at room temperature until being 

shipped to Menzies School of Health Research (Menzies), Darwin, Australia. 

 

Direct PCR following enrichment 

For direct extraction, one water filter per sample was placed in 30ml Ashdown broth 

containing colistin as described above and shaken at 220rpm in a 37°C shaking incubator. At 

48 hours post-enrichment, the Ashdown broth was transferred to a sterile 50ml falcon tube 

and spun at 3,400 g for 20 seconds. The supernatant was transferred to a clean 50ml falcon 

tube, spun at 4,300 g for 45 minutes. The supernatant was discarded and the pellet was 

transferred to a 2ml screwcap tube and stored at -20°C until being shipped to Menzies for 

direct extraction and PCR confirmation. Direct extraction from pellets was done using the 

Qiagen DNeasy PowerSoil DNA isolation kit (Qiagen Pty Ltd), and TTS1 qPCR confirmation 

was performed at Menzies, Darwin. 

 

Soil sample processing 

Soil samples were stored at room temperature at LOMWRU until being processed in Jan-Feb 

2019. Twenty grams of soil were added to 20ml sterile distilled water and placed in a 37C 
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shaking incubator at 220rpm for 48 hours. Soils were left to settle for one hour, the top 10ml 

of liquid was removed and added to 30ml Ashdown broth containing colistin. After 48 hours 

and seven days post-enrichment, 100L sample was spread onto Ashdown agar and 

incubated for an additional 48 hours at 37C. Bacterial growth was sub-cultured onto TSB 

agar slopes in 2ml screwcap tubes using 10L loops, placed in a 37C incubator for 48 hours, 

then removed and left at room temperature until being shipped to Menzies, Darwin, 

Australia.  

 

Culture detection of B. pseudomallei was carried out at Menzies using methods previously 

described (Currie et al. 2015; Limmathurotsakul et al. 2013; Mayo et al. 2011). DNA was 

extracted using 10% Chelex-100 resin (de Lamballerie et al. 1992) and B. pseudomallei was 

confirmed using the TTS1 qPCR assay (Novak et al. 2006). 

 

Mapping and statistical analysis  

Maps were created with ArcGIS 10.4.1 using GPS coordinates recorded at sampling sites. 

Statistical analyses were computed with Stata 14.0 (www.stata.com). A semiparametric 

generalized estimating equation (GEE) model with robust standard errors clustered for site 

(40 sites) was used to analyse associations between the occurrence of B. pseudomallei and 

different physicochemical factors by estimating population averaged parameters which are 

robust to the unknown covariance structure within sites. An exchangeable intra-site 

correlation structure was estimated (ICC=0.04) and odds ratios (ORs) for B. pseudomallei 

occurrence were calculated. Results were considered significant if P values were less than 

0.05. Multicollinearity between model predictors was assessed using the variance inflation 

factor (VIF); all VIF values were less than 1.2. Model residuals were checked for normal 

distribution and no patterns across predictors were found.  
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3.4 Results 

Detection of B. pseudomallei at drain sites 

Results of culture and direct detection of B. pseudomallei in water samples and soil sample 

culture are shown in Table 1. B. pseudomallei was detected in water collected at 65% (26/40) 

of sites by either standard culture and/or direct PCR extraction techniques; while only 2 of 

40 sites (5%) were B. pseudomallei-positive in the soil. One of the two soil-positive sites was 

also positive by water detection. At only two water-positive drain sites (7.7%, 2/26) did all 

three water samples test positive for the bacterium. B. pseudomallei was detected more 

frequently using molecular detection techniques than by conventional culture for water 

samples (Table 1).  

 

Table 1- B. pseudomallei positive sites and samples based on different detection techniques.  

 

 

Positive sites were scattered throughout the city, though some apparent clustering was seen 

around the That Luang Marsh area in Xaysetha, Xaythany and Sisattanak districts. Fewer 

positive sites were observed in west and northwest areas of the city. (Fig 2).  

 

 

Method of detection  Sites 
 Water 
samples 

Soil 
samples 

Culture positive 
22.5% 
(9/40) 

11.7% 
(14/120) 2% (4/200) 

Direct DNA extraction PCR positive 
45.0% 
(18/40) 

21.7% 
(26/120) NA 

Direct DNA extraction PCR negative, culture 
positive  10% (4/40) 5% (6/120) NA 

Both methods positive 
12.5% 
(5/40) 6.7% (8/120) NA 

Total 
67.5% 
(27/40) 

33.3% 
(40/120) 

2% 
(4/200) 



84 
 

 

 

Figure 2- Sampling site locations across urban Vientiane Capital. Sites where B. 

pseudomallei was detected by culture and/or direct detection in water or soil are denoted 

by red circles. Negative sites (green circles) are those where B. pseudomallei was not 

identified in water or soil by either detection method. The site where B. pseudomallei was 

detected in soil but not in water is indicated by a yellow star. 

 

That Luang 

Marsh 
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Physicochemical parameters 

Characteristics of physicochemical water parameters from sites (turbidity, temperature, 

total dissolved solids (TDS), nitrate, acidity (pH), salinity (EC), dissolved oxygen (DO), redox 

potential (ORP), coliform and E. coli counts, drain type, district where located) are shown 

in the Appendix (Table S1). Conductivity differed considerably between samples (49-908 

µS/cm) as did turbidity (1.1-851 FNU) and TDS (41-377 ppm). Nitrate content was also 

variable (8-28 mg/L) as were E. coli and coliform counts (both 0->250 CFU/ml) and redox 

potential (-150.8-192.1 mV). Temperature ranged between 26.3C° and 33.2C°. In contrast, 

pH only varied by approximately two units (6.36-8.45) and DO fluctuated between 0-4.4mg/L. 

In soil samples, the measured moisture content was markedly different amongst collected 

samples, ranging between 0-1022 mV, which corresponds to a volumetric soil water (VSW) 

content of 0 to 60%. The four positive soil samples had a VSW range of 5.3% to 33.4%. 

 

Physicochemical associations with B. pseudomallei occurrence in drain water 

As only four of the 200 soil samples collected tested positive for B. pseudomallei, these 

samples were excluded from further statistical analysis. For the water samples, there was 

strong evidence for an association between water temperature, turbidity, total dissolved 

solids (TDS), and unlined drain sites with the presence of B. pseudomallei in water in 

univariable GEE models (p < 0.05) (Fig 3). B. pseudomallei was also less likely to be isolated 

from Sikhottabong (p=0.049) and Chanthabuly districts (p=0.017) compared to Xanthany 

district (base) in univariable analyses. There was no association observed between B. 

pseudomallei and additional variables measured as part of the study (Supplementary 

Data- Figure S1). 
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Figure 3- Box-and-whisker plots of significant univariable physicochemical parameters 

from B. pseudomallei-negative (Neg) and positive (Pos) samples using a GEE model 

clustered by site. Box plots span the interquartile range of the data with the median 

marked by a vertical line. Outliers are denoted by solid blue circles. (3A) TDS (ppm) from 

positive and negative samples (p=0.002), (3B) turbidity (log transformed ln(FNU)) 

(p=<0.001), (3C) water temperature (C) (p=0.005).   
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A multivariable GEE model showed that B. pseudomallei was negatively associated with 

drains that were lined with cement rather than those that were sediment-laden and was 

less likely to occur in Sikhottabong than in Sisattanak, Chanthabuly, Xaythany, and 

Xaysetha districts. Water samples higher in turbidity and total dissolved solids  were also 

positively associated with increased B. pseudomallei occurrence. However, water 

temperature was not a strong predictor for the presence of B. pseudomallei in our 

multivariable GEE model (Table 2, Fig 4). 

 

 Table 2- Multivariable GEE analysis of water parameters contributing to the presence of 

B. pseudomallei in Vientiane drains clustered for sites. Asterisks denote level of 

significance: * P<0.05 and ** P<0.01. 

 

 

 

 

 

Variable 
Median value (range) Multivariable GEE Model OR 

(95% CI) P value Positive Negative 

Turbidity (FNU) (log 
transformed) 79.2 (13.1-851) 32.7 (1.1-461) 2.42 (1.31-4.5) 0.005** 

TDS (ppm) 192 (103-377) 152 (41-304) 1.01 (1.01-1.02) 0.006** 

                                                               Number of samples  

Drain lining Positive Negative  

Cement-lined 2.5% (3/120) 20% (24/120) 0.14 (0.02-0.88) 0.036*  

Unlined  30.8% (37/120) 46.7% (56/120) Reference level 

District    

Sisattanak District 15% (18/120) 15% (18/120) 0.9 (0.32-2.61) 0.87 

Xaysetha District 7.5% (9/120) 12.5% (15/120) 0.43 (0.15-1.26) 0.13  

Xaythany District  5.8% (7/120) 6.7% (8/120) Reference level 

Sikhottabong District 1.7% (2/120) 15.8% (19/120) 0.09 (0.009-0.72) 0.02* 

Chanthabuly District 3.4% (4/120) 16.7% (20/120) 0.01 (0.08-1.57) 0.17 
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Figure 4- Generalised estimated equation (GEE) margins plots of adjusted predicted 

probabilities of B. pseudomallei occurrence with all other variables in the model held 

constant. Predicted probabilities as a function of increased water TDS (A.) in each of the 

districts surveyed and (B.) turbidity, or probabilities in unlined or cement-lined drains 

based on (C.) TDS or (D.)  turbidity of water sample. Bars denote 95% confidence intervals 

(CIs). 

 

 

A. B. 
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3.5 Discussion 

Given the spatial heterogeneity of B. pseudomallei distribution in soil, unknown regions 

endemic for melioidosis may be effectively identified through the analysis of integrated 

catchment points along a water column (Limmathurotsakul et al. 2010; Ribolzi et al. 2016). 

We investigated the presence of B. pseudomallei in urban Vientiane, Laos by assessing 

surface runoff and drainage catchment points throughout the city centre. B. pseudomallei 

was detected at the majority of sites surveyed across all districts, indicating it is well-

established there and that surface runoff, particularly during periods of increased rainfall, 

might be useful for future environmental monitoring of the bacterium. 

 

During periods of heavy rainfall and increased surface discharge, B. pseudomallei is likely 

washed out of the soil and channelled into drainage areas along with other eroded 

particulate matter. Consequently, turbidity and increased suspended solids are thought to 

be important determinants for the presence of B. pseudomallei in water, since bacteria 

tend to attach to soil and sediment particles rather than exist in their free-state (Rochelle-

Newall et al. 2015). This association has been observed previously with faecal indicator 

bacteria after heavy rainfall events (Ribolzi et al. 2016; Rochelle-Newall et al. 2015; 

Zimmermann et al. 2018). Accordingly, we identified a positive association between B. 

pseudomallei and turbid, particle-rich water, as has been observed previously with B. 

pseudomallei isolated from rural domestic water supplies in Northern Australia (Draper et 

al. 2010) and in rivers and tributaries throughout southern Laos (Ribolzi et al. 2016; 

Zimmermann et al. 2018). Additionally, presence of the bacterium was found to be 

associated with sediment-laden unlined drains. This suggests sediment might act as an 

additional reservoir for the pathogen and also supports a link between bank erosion and B. 

pseudomallei particle-bound transport (Rochelle-Newall et al. 2015).  
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Land use can play an integral role in the transfer of bacteria through soils to downstream 

aquatic systems and catchment areas (Causse et al. 2015; Deiner et al. 2016; Ribolzi et al. 

2016). As Vientiane Capital continues to develop and expand, changes in land use may 

ultimately lead to increased soil erosion and runoff. This could potentially affect the 

distribution and dispersal of the bacterium there, particularly during periods of heavy 

rainfall (Chuah et al. 2017; Ribolzi et al. 2016). Thus, the potential for increased rates of B. 

pseudomallei transmission and its propagation to uncontaminated areas should be 

considered as the city continues to grow. 

 

Moreover, though we detected B. pseudomallei in all districts surveyed as part of the 

investigation, some spatial clustering of the bacterium across the city centre was also 

observed. Despite the small geographical area surveyed, B. pseudomallei was detected at 

a lower rate in west and northwest areas of Vientiane, again indicative of the 

heterogeneous nature of the bacterium in the environment. Additionally, some visual 

clustering of positive sites was also observed around That Luang Marsh, located on the 

eastern edge of the city. The marsh, which is the largest wetland area in Vientiane 

Municipality, has been designed to collect and treat runoff and drainage water from 

Vientiane and surrounding areas and also provides local irrigation to farmers (Gerrard 

2004; Kyophilavong 2008). The increased degree of runoff could indicate why we observed 

some clustering of positive sites in this region and why B. pseudomallei was detected at a 

lower rate in the western areas of the city. However, bias caused by non-random sampling 

due to accessibility and site approval from local authorities should not be discounted as 

possible study limitations. 

 

Additionally, while we detected B. pseudomallei in a third of the water samples collected 

as part of the survey, the bacterium was isolated in only 2% of soil samples. For water 
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samples, we applied two separate detection methods including direct PCR extraction post-

enrichment, which has been demonstrated to be the most sensitive technique for the 

detection of B. pseudomallei in the environment (Kaestli et al. 2007; Knappik et al. 2015). 

In contrast, soil samples were processed using less-sensitive standard culture methods and 

confirmation of B. pseudomallei was only performed on small quantities of shipped 

bacterial cultures due to constraints of project time and budget. Additionally, while water 

samples were filtered and processed promptly after collection, soils were stored for several 

months before being cultured and shipped back to Menzies, Darwin, potentially decreasing 

the viable bacterial count to below the limit of detection. 

 

Tropical soils have been demonstrated to be the natural environmental reservoir for B. 

pseudomallei detected in rivers and groundwater, with the bacterium leached out of the 

soil along with eroded particulate matter during periods of heavy rainfall (Deiner et al. 

2016; Ribolzi et al. 2016). Consequently, it is unlikely that the pathogen was not present in 

all soils we collected across water-positive survey sites. Rather, it is likely that B. 

pseudomallei was undetected by our collection and processing methods. 

 

Previous environmental surveys undertaken in Laos have shown that B. pseudomallei is 

widespread throughout central and southern regions of the country, with high 

concentrations of the bacterium identified in some rice paddies in rural Vientiane Province 

(Dance et al. 2018; Manivanh et al. 2017; Rattanavong et al. 2011; Wuthiekanun et al. 

2005). Results from this study indicate that B. pseudomallei is also widespread in the 

environment throughout urban Vientiane, where more than 10% of the Lao population 

currently resides and over half of the individuals diagnosed with melioidosis at Mahosot 

Hospital are reported to have lived (Dance et al. 2018). While B. pseudomallei infection 

aetiology is still not well characterised in Laos, our results indicate that drains and surface 
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runoff are potential sources of melioidosis within urban Vientiane. Access to this 

information may help to develop public health measures against the infection in Laos and 

elsewhere in the future.  
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3.6 Future work 

Currently there is limited knowledge about the sequence type (ST) distribution and genomic 

variation of B. pseudomallei isolates from Laos. Future work will aim to use the isolates 

collected from this survey to examine common STs found in the environment in Vientiane 

Prefecture. As most of the culture-confirmed melioidosis patients from Mahosot Hospital 

reside in Vientiane, it will be interesting to correlate these with data from a separate study 

of clinical isolate STs that is currently underway. Additionally, whole-genome sequencing 

(WGS) will be performed to examine the phylogenetic relationships and population structure 

of Lao environmental B. pseudomallei isolates. Collectively, this information will aim to 

improve knowledge of the genotype diversity and patterns of dispersal in the environment 

for this pathogenic bacterium. This has important global relevance given the substantial 

numbers of undetected melioidosis cases and deaths predicted to occur annually, including 

throughout Laos and Southeast Asia (Limmathurotsakul et al. 2016).   
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3.8 Supplementary data 

Table S1- Median physicochemical water parameters, drain descriptions and detection of 

B. pseudomallei in water samples at each of the 40 sites.   

Site 
ID 

District pH EC 
(µS
/cm

) 

Temp 
(C°) 

Nitr
ate 
(mg
/L) 

ORP 
(mV) 

TDS 
(pp
m) 

Turbid
ity 

(FNU) 

DO 
(mg
/L) 

E. coli 
(CFU/

ml) 

Colifo
rms 

(CFU/
ml) 

Cement 
lined 

Shaded B. 
pseudom

allei 
detected 
in water 

1 Sisattanak 
District 

7.3 89 29.2 11 125.5 244 121 1.2 0 0 No No Yes 

2 Sisattanak 
District 

7.3 411 29.1 14 -109.5 106 18.3 1.8 0 5 Yes No No 

3 Sisattanak 
District 

7.4 540 29 16 45.3 69 14.6 0.8 1 12 No No Yes 

4 Sisattanak 
District 

7.0
4 

431 28.3 14 -57.2 115 29.1 0 0 5 No Yes Yes 

5 Sisattanak 
District 

7 387 27 17 136.6 192 267 3.2 0 3 No Yes Yes 

6 Sisattanak 
District 

7.1 245 26.3 12 28.4 123 57.9 2.5 0 9 No No Yes 

7 Sisattanak 
District 

6.6 345 27.4 16 -5.2 173 40.5 3 0 3 No No Yes 

8 Sisattanak 
District 

6.8 338 28.6 12 36 169 25.2 2.2 0 3 No No Yes 

9 Xaysetha 
District 

7.1 406 28.2 13 10.2 203 26.3 1.2 0 60 No No Yes 

10 Sisattanak 
District 

6.8 500 26.9 11 -78.1 249 105 0.5 1 27 Yes No Yes 

11 Sisattanak 
District 

6.7 551 27.6 14 -59.6 276 80.5 0.9 0 5 No Yes Yes 

12 Chantabuly 
District 

8.1 290 27.9 11 95.1 145 9.5 0 0 1 Yes Yes No 

13 Sisattanak 
District 

7.3 412 28.9 16 -52.6 215 115.2 2.4 0 3 No Yes No 

14 Sisattanak 
District 

6.8 298 30.6 17 30.1 149 143 3.2 0 0 Yes Yes Yes 

15 Xaysetha 
District 

7 465 27.4 23 -33.3 132 69.2 0.6 0 0 No No Yes 

16 Xaysetha 
District 

7.2 397 28.1 11 -56.7 198 123 2.2 6 60 No No Yes 

17 Chanthabuly 
District 

7.4 566 29.3 16 -95.2 85 88 2.8 0 2 No No No 

18 Xaysetha 
District 

7 174 27.6 11 1.9 287 72.3 1.4 0 11 No Yes Yes 

19 Xaysetha 
District 

7.3 487 28.3 15 -58.5 249 48.6 1.3 4 24 No No Yes 

20 Xaysetha 
District 

7.1 386 27.8 11 106.6 180 13.2 3.1 0 8 No Yes Yes 

21 Xaythany 
District 

7.1 251 29.3 13 -134.9 146 34.5 3.2 1 28 No No Yes 

22 Xaysetha 
District 

6.9 276 29.8 12 -13 135 131.2 3.5 0 2 No No Yes 

23 Xaythany 
District 

6.8 297 29.8 11 -50.7 152 32.6 3 0 2 No No Yes 

24 Xaythany 
District 

6.8 171 29.7 14 -14.2 181 42.3 2.4 0 1 No Yes Yes 

25 Sikhottabon
g District 

7.2 856 29.8 16 -81.6 198 92 0.5 140 63 No No Yes 

26 Chanthabuly 
District 

7.2 566 31.6 18 -81.2 212 10 3.7 2 29 No No Yes 

27 Chanthabuly 
District 

7.1 252 31.2 15 42.5 136 39.4 3.7 0 17 No No Yes 

28 Sikhottabon
g District 

6.9 396 31.8 19 -73.4 121 59.5 4.1 9 29 No No No 

29 Sikhottabon
g District 

7.2 418 30.7 13 -77.5 209 13.8 4 8 40 Yes Yes No 

30 Sikhottabon
g District 

7.2 232 30.4 10 -34 116 31.6 2 0 0 No No No 

31 Sikhottabon
g District 

6.9 84 30.8 10 117.3 42 24.2 1.9 0 0 No No No 

32 Sikhottabon
g District 

6.6 155 29.6 8 52.1 78 33.8 2.5 0 7 Yes No No 

33 Chanthabuly 
District 

7.3 532 29.4 15 -75.3 165 34.8 2 14 57 No No Yes 

34 Sikhottabon
g District 

7.3 549 29.7 15 -67.2 274 41.8 1.7 92 180 No Yes No 

35 Chanthabuly 
District 

7 372 29.3 13 -80.7 186 13 0.7 2 73 Yes Yes No 

36 Chanthabuly 
District 

7.1 384 31 13 -64 191 100 0.9 1 5 No No No 

37 Xaythany 
District 

7.2 305 29.4 14 71.2 153 32.7 1.2 1 32 No No Yes 
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38 Chanthabuly 
District 

7.1 228 31.2 12 110 114 27.5 1.3 0 31 Yes No No 

39 Xaythany 
District 

6.8 398 30.4 14 -52.3 116 80 1.5 0 7 No Yes Yes 

40 Chanthabuly 
District 

7.3 543 31.1 15 -53.5 171 28.9 1.8 7 23 Yes Yes No 
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Figure S1- Box-and-whisker plots of non-significant (p>0.05) univariable water parameters 

from B. pseudomallei-negative (Neg) and positive (Pos) samples using a GEE model 

clustered by site. Box plots span the interquartile range of the data with the median 

marked by a vertical line. Outliers are denoted by solid blue circles . Box plots: pH (A.), EC 

(B.), Nitrate (C.), ORP (D.), DO (E.), E. coli (F.), a and coliforms (G.). 
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Chapter 4. 

A cluster of melioidosis infections in hatchling saltwater crocodiles (Crocodylus 

porosus) resolved using genome-wide comparison of a common north Australian 

strain of Burkholderia pseudomallei 

 

4.1 Chapter overview 

While lower-resolution molecular typing tools have been used to examine outbreaks of 

animal melioidosis in the past, few have implemented WGS for infection source attribution. 

In this chapter I discuss the use of high-throughput sequencing to examine a case cluster of 

ST-109 B. pseudomallei infections in two hatchling saltwater crocodiles occurring at a north 

Australian wildlife and crocodile breeding park. We examined the population structure of 

clinical and environmental ST-109 isolates collected and sequenced over the last 29 years 

from the Northern Territory. Used in conjunction with the crocodile pathology findings, our 

results allowed us to infer the most likely source of infection in the hatchlings. Results from 

this chapter demonstrate the epidemiological insights that can be gained from WGS and 

confirm its use to improve knowledge of bacterial genotype diversification, source 

attribution and patterns of dispersal in the environment. The results of this study have been 

presented as published article in the peer-reviewed journal Microbial Genomics. 

 

4.2 Statement of Joint Authorship 

The authors listed below have certified that: 

1. They meet the criteria for authorship in that they have participated in the 

conception, execution, or interpretation, or at least that part of the publication in 

their field of expertise; 
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2. They take public responsibility for their part of the publication, except for the 

responsible author who accepts overall responsibility for the publication; 

3. There are no other authors of the publication according to these criteria; 

4. Potential conflict of interest have been disclosed to (a) granting bodies, and (b) the 

editor or the publisher of Microbial Genomics, and; 

5. They agree to the use of the publication in the student’s thesis and its publication on 

the Australasian Digital Thesis database consistent with any limitations set by 

publisher requirements. 

 

Name of the article: A cluster of melioidosis infections in hatchling saltwater crocodiles 

(Crocodylus porosus) resolved using genome-wide comparison of a common north 
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4.3 Journal Article 
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4.4 Supplementary Data 
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Supplementary Table S1-  Environmental samples collected as part of the investigation 

 

 

 

 

 

 

Sample ID Sample Type Collection Date Sample Location 

CP37* Soil 12/05/2016 Grass area adjacent to crocodile hatchling holding tanks 

CPW2 Water 12/05/2016 Water collected from feed channel in holding tanks 

CPW3 Water 12/05/2016 Water collected from feed channel in holding tanks 

CPW4 Water 12/05/2016 Water collected from feed channel in holding tanks 

CPW5* Water 12/05/2016 Water collected from deceased hatchlings holding tank 

CPW6 Water 12/05/2016 Drain area adjacent to tank 

CPW7 Water 12/05/2016 Drain area hose 

CPSW1 Env swab 12/05/2016 Swab from croc resting area in holding tank 

CPSW2 Env swab 12/05/2016 Swab from feeding channel in holding tank 

CPSW3 Env swab 12/05/2016 Swab from feed area where food is placed in holding tank 

CPSW4 Env swab 12/05/2016 Swab from floating boards in holding tank 

CPSW5 Env swab 12/05/2016 Swab from floating boards in holding tank 

CPSW6 Env swab 12/05/2016 Swab from drain in holding tank 

CPSW7 Env swab 12/05/2016 Bottom of drain float swab in holding tank 

CPW8 Water 16/05/2016 Feeding channel water adjacent to deceased croc tank 

CPW9 Water 16/05/2016 Water from hatchling holding tank 

CPSW19 Env swab 16/05/2016 Bio film swab from feeding channel 

CPW10 Water 16/05/2016 Tank feeding channel water 

CPSW20* Env swab 16/05/2016 Swab from wall of incubator 

CPSW21 Env swab 16/05/2016 Swab from incubator egg racks 

CPW11 Water 16/05/2016 Water from inside hatchling incubator 

CPA3A Air 16/05/2016 Air sample from hatchling incubator 

CPSW22 Env Swab 30/05/2016 Swab from wall of incubator 

CPSW23 Env swab 30/05/2016 Swab from wall of incubator 

CPSW24 Env swab 30/05/2016 Swab from room incubator racks 

CPW12 Water 30/05/2016 Water from hatchling holding tank 

CPW13 Water 30/05/2016 Water from hatchling holding tank 

CPW14 Water 30/05/2016 Water from hatchling holding tank 

CPW15 Water 30/05/2016 Water from hatchling holding tank 

CPW16 Water 30/05/2016 Water from hatchling holding tank 

CPW17 Water 30/05/2016 Water from hatchling holding tank 

CPW18* Water 30/05/2016 Water collected from deceased hatchlings holding tank 

CPW19 Water 30/05/2016 Water from hatchling holding tank 
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Supplementary Table S2- The 140 ST-109 genomes and quality metrics used in the study for 

MP phylogenetic reconstruction. 

Sample ID Original 
species 

designation 

Source of 
sample 

Year Region of 
sample 
origin 

(NT, Aus) 

N50 score Contigs Total 
length 

GenBank/SRA 
accession no. 

Reference 

MSHR0064 Burkholderia 
pseudomallei 

Human 1991 Urban 
Darwin 

124493 92 7142432 SAMN10617318 This study 

MSHR0067 Burkholderia 
pseudomallei 

Human 1991 Urban 
Darwin 

77530 159 7137294 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR0068 Burkholderia 
pseudomallei 

Human 1991 Urban 
Darwin 

132981 82 7140942 SAMN10617319 This study 

MSHR0071 Burkholderia 
pseudomallei 

Human 1991 Urban 
Darwin 

142827 75 7137704 SAMN10617320 This study 

MSHR0082 Burkholderia 
pseudomallei 

Human 1991 Urban 
Darwin 

152504 77 7167678 SAMN10617321 This study 

MSHR0090 Burkholderia 
pseudomallei 

Human 1991 Urban 
Darwin 

147084 69 7140636 SAMN10617322 This study 

MSHR0128 Burkholderia 
pseudomallei 

Human 1991 Urban 
Darwin 

43720 316 7087625 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR0238 Burkholderia 
pseudomallei 

Human 1993 Darwin 
rural 

region 

226160 49 7135940 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR0245 Burkholderia 
pseudomallei 

Human 1994 Urban 
Darwin 

25281 430 7067328 SAMN10617323 This study 

MSHR0342 Burkholderia 
pseudomallei 

Human 1994 Darwin 
remote 
region 

51816 220 7116835 SAMN10617324 This study 

MSHR0388 Burkholderia 
pseudomallei 

Human 1995 Darwin 
remote 
region 

142814 88 7132100 SAMN10617325 This study 

MSHR0457 Burkholderia 
pseudomallei 

Human 1996 Urban 
Darwin 

299454 52 7225253 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR0517 Burkholderia 
pseudomallei 

Human 1998 Urban 
Darwin 

105247 108 7138749 SAMN10617326 This study 

MSHR0537 Burkholderia 
pseudomallei 

Human 1998 Adelaide 
River 

region 

173857 73 7168923 SAMN10617327 This study 

MSHR0538 Burkholderia 
pseudomallei 

Human 1998 Urban 
Darwin 

113648 92 7132028 SAMN10617328 This study 

MSHR0559 Burkholderia 
pseudomallei 

Human 1998 Urban 
Darwin 

64437 201 7126849 SAMN10617329 This study 

MSHR0579 Burkholderia 
pseudomallei 

Human 1998 Urban 
Darwin 

140569 91 7147514 SAMN10617330 This study 

MSHR0585 Burkholderia 
pseudomallei 

Human 1998 Urban 
Darwin 

138354 83 7149896 SAMN10617331 This study 

MSHR0605 Burkholderia 
pseudomallei 

Human 1995 Urban 
Darwin 

348030 35 7136846 SAMN10617332 This study 

MSHR0640 Burkholderia 
pseudomallei 

Human 1998 Darwin 
remote 
region 

206160 58 7131172 JQFP00000000 Johnson et al., Genome 
Announc 2015 
3(1):e01282-14 

MSHR0653 Burkholderia 
pseudomallei 

Human 1996 Urban 
Darwin 

156361 80 7135967 SAMN10617333 This study 

MSHR0719 Burkholderia 
pseudomallei 

Human 1998 Urban 
Darwin 

102184 121 7143941 SAMN10617334 This study 

MSHR0738 Burkholderia 
pseudomallei 

Human 1998 Adelaide 
River 

region 

141915 101 7121528 SAMN10617335 This study 

MSHR0741 Burkholderia 
pseudomallei 

Human 1999 Urban 
Darwin 

34355 339 7089758 SAMN10617336 This study 

MSHR0749 Burkholderia 
pseudomallei 

Human 1999 Darwin 
remote 
region 

26342 442 7060285 SAMN10617337 This study 

MSHR0811 Burkholderia 
pseudomallei 

Human 1999 Darwin 
rural 

region 

54624 226 7099599 SAMN10617338 This study 

MSHR0883 Burkholderia 
pseudomallei 

Human 1999 Urban 
Darwin 

66925 178 7119512 SAMN10617339 This study 

MSHR0910 Burkholderia 
pseudomallei 

Human 2000 Darwin 
rural 

region 

78815 162 7123709 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR0980 Burkholderia 
pseudomallei 

Human 2000 Urban 
Darwin 

33164 359 7087926 SAMN10617340 This study 

MSHR1189 Burkholderia 
pseudomallei 

Human 2001 Darwin 
remote 
region 

30814 373 7075731 SAMN10617341 This study 
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MSHR1223 Burkholderia 
pseudomallei 

Human 2001 Urban 
Darwin 

15763 697 6979682 SAMN10617342 This study 

MSHR1294 Burkholderia 
pseudomallei 

Human 2001 Urban 
Darwin 

56233 202 7112476 SAMN10617343 This study 

MSHR1349 Burkholderia 
pseudomallei 

Human 2002 Urban 
Darwin 

39911 311 7099255 SAMN10617344 This study 

MSHR1361 Burkholderia 
pseudomallei 

Human 2002 Darwin 
remote 
region 

25286 451 7068577 SAMN10617345 This study 

MSHR1401 Burkholderia 
pseudomallei 

Human 2002 Urban 
Darwin 

111464 101 7139972 SAMN10617346 This study 

MSHR1429 Burkholderia 
pseudomallei 

Human 2002 Darwin 
rural 

region 

62470 187 7120442 SAMN10617347 This study 

MSHR1531 Burkholderia 
pseudomallei 

Human 2003 Urban 
Darwin 

102375 118 7133848 SAMN10617348 This study 

MSHR1609 Burkholderia 
pseudomallei 

Human 2003 Urban 
Darwin 

148640 82 7150082 SAMN10617349 This study 

MSHR1714 Burkholderia 
pseudomallei 

Human 2003 Urban 
Darwin 

145037 78 7143346 SAMN10617350 This study 

MSHR1764 Burkholderia 
pseudomallei 

Human 2003 Darwin 
remote 
region 

119967 109 7138790 SAMN10617351 This study 

MSHR1776 Burkholderia 
pseudomallei 

Human 2003 Urban 
Darwin 

127356 92 7140340 SAMN10617352 This study 

MSHR1825 Burkholderia 
pseudomallei 

Human 2004 Urban 
Darwin 

99910 112 7139165 SAMN10617353 This study 

MSHR1952 Burkholderia 
pseudomallei 

Human 2005 Urban 
Darwin 

335802 36 7138989 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR1960 Burkholderia 
pseudomallei 

Human 2005 Urban 
Darwin 

75624 153 7155295 SAMN10617354 This study 

MSHR2016 Burkholderia 
pseudomallei 

Human 2005 Urban 
Darwin 

281863 47 7130040 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR2047 Burkholderia 
pseudomallei 

Iguana 2004 Urban 
Darwin 

93880 119 7152232 SAMN10617355 This study 

MSHR2157 Burkholderia 
pseudomallei 

Human 2005 Urban 
Darwin 

118442 109 7239824 SAMN10617356 This study 

MSHR2174 Burkholderia 
pseudomallei 

Human 2005 Darwin 
rural 

region 

105466 109 7180634 SAMN10617357 This study 

MSHR2249 Burkholderia 
pseudomallei 

Human 2006 Urban 
Darwin 

85414 145 7140933 SAMN10617358 This study 

MSHR2432 Burkholderia 
pseudomallei 

Human 2006 Urban 
Darwin 

57507 187 7120667 SAMN10617359 This study 

MSHR2436 Burkholderia 
pseudomallei 

Human 2006 Urban 
Darwin 

103322 115 7134069 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR2511 Burkholderia 
pseudomallei 

Human 2007 Urban 
Darwin 

87532 150 7124121 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR2535 Burkholderia 
pseudomallei 

Human 2007 Darwin 
rural 

region 

62835 230 7117018 SAMN10617360 This study 

MSHR2559 Burkholderia 
pseudomallei 

Human 2007 Urban 
Darwin 

140832 78 7143338 SAMN10617361 This study 

MSHR2583 Burkholderia 
pseudomallei 

Human 2007 Urban 
Darwin 

251573 46 7122082 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR2632 Burkholderia 
pseudomallei 

Human 2007 Darwin 
remote 
region 

317685 45 7124720 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR2861 Burkholderia 
pseudomallei 

Human 2007 Urban 
Darwin 

254830 48 7128480 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR2967 Burkholderia 
pseudomallei 

Human 2007 Urban 
Darwin 

125042 100 7148596 SAMN10617362 This study 

MSHR2994 Burkholderia 
pseudomallei 

Human 2008 Darwin 
remote 
region 

143220 83 7139047 SAMN10617363 This study 

MSHR3008 Burkholderia 
pseudomallei 

Human 2008 Urban 
Darwin 

154057 74 7136213 SAMN10617364 This study 

MSHR3017 Burkholderia 
pseudomallei 

Human 2008 Urban 
Darwin 

93660 131 7152818 SAMN10617365 This study 

MSHR3532 Burkholderia 
pseudomallei 

Human 2009 Urban 
Darwin 

136496 94 7140258 SAMN10617366 This study 

MSHR3601 Burkholderia 
pseudomallei 

Human 2009 Darwin 
rural 

region 

62461 205 7120185 SAMN10617367 This study 

MSHR3603 Burkholderia 
pseudomallei 

Human 2010 Urban 
Darwin 

366030 42 7149742 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 



120 
 

MSHR3638 Burkholderia 
pseudomallei 

Human 2010 Urban 
Darwin 

247540 53 7127793 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR3639 Burkholderia 
pseudomallei 

Human 2010 Urban 
Darwin 

110410 113 7125330 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR3727 Burkholderia 
pseudomallei 

Human 2010 Urban 
Darwin 

57725 207 7114825 SAMN10617368 This study 

MSHR3809 Burkholderia 
pseudomallei 

Human 2010 Urban 
Darwin 

85221 148 7121073 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR3853 Burkholderia 
pseudomallei 

Human 2009 Urban 
Darwin 

62581 211 7121652 SAMN10617369 This study 

MSHR3890 Burkholderia 
pseudomallei 

Human 2009 Darwin 
rural 

region 

66944 201 7112469 SAMN10617370 This study 

MSHR3915 Burkholderia 
pseudomallei 

Human 2010 Darwin 
rural 

region 

71470 199 7144459 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR4196 Burkholderia 
pseudomallei 

Human 2010 Darwin 
rural 

region 

56543 207 7104174 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR4222 Burkholderia 
pseudomallei 

Human 2010 Darwin 
rural 

region 

78280 157 7117063 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR4241 Burkholderia 
pseudomallei 

Human 2010 Urban 
Darwin 

317788 38 7124821 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR4396 Burkholderia 
pseudomallei 

Human 2010 Urban 
Darwin 

61621 188 7110285 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR4399 Burkholderia 
pseudomallei 

Human 2011 Darwin 
rural 

region 

72444 184 7107445 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR4411 Burkholderia 
pseudomallei 

Human 2010 Darwin 
rural 

region 

57517 238 7128607 SAMN10617371 This study 

MSHR4420 Burkholderia 
pseudomallei 

Human 2010 Urban 
Darwin 

66854 202 7114324 SAMN10617372 This study 

MSHR4434 Burkholderia 
pseudomallei 

Human 2010 Urban 
Darwin 

65704 219 7134965 SAMN10617373 This study 

MSHR4439 Burkholderia 
pseudomallei 

Human 2010 Urban 
Darwin 

56743 233 7131179 SAMN10617374 This study 

MSHR4441 Burkholderia 
pseudomallei 

Human 2010 Urban 
Darwin 

67415 191 7104055 SAMN10617375 This study 

MSHR4462 Burkholderia 
pseudomallei 

Soil 2010 Adelaide 
River 

region 

4037818 5 7282879 JPQM00000000 Johnson et al., Genome 
Announc 2015 
3(1):e01282-14 

MSHR4483 Burkholderia 
pseudomallei 

Soil 2010 Adelaide 
River 

region 

194048 62 7231247 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR4593 Burkholderia 
pseudomallei 

Human 2011 Darwin 
rural 

region 

58102 253 7111516 SAMN10617376 This study 

MSHR4708 Burkholderia 
pseudomallei 

Human 2011 Darwin 
rural 

region 

303779 47 7246201 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR6040 Burkholderia 
pseudomallei 

Human 2012 Urban 
Darwin 

67996 202 7125376 SAMN10617377 This study 

MSHR6049 Burkholderia 
pseudomallei 

Human 2012 Adelaide 
River 

region 

69287 224 7156041 SAMN10617378 This study 

MSHR6059 Burkholderia 
pseudomallei 

Human 2012 Urban 
Darwin 

75968 155 7123458 SAMN10617379 This study 

MSHR6357 Burkholderia 
pseudomallei 

Human 2012 Urban 
Darwin 

40044 358 7175928 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR6435 Burkholderia 
pseudomallei 

Human 2012 Urban 
Darwin 

63122 179 7201410 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR6437 Burkholderia 
pseudomallei 

Human 2011 Darwin 
rural 

region 

531336 38 7133517 SAMN10617380 This study 

MSHR6445 Burkholderia 
pseudomallei 

Human 2012 Urban 
Darwin 

59420 220 7132273 SAMN10617381 This study 

MSHR6452 Burkholderia 
pseudomallei 

Human 2012 Urban 
Darwin 

61720 207 7109518 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR7465 Burkholderia 
pseudomallei 

Human 2012 Urban 
Darwin 

43900 252 7050086 SAMN10617382 This study 

MSHR7626 Burkholderia 
pseudomallei 

Capuchin 2012 Urban 
Darwin 

139017 93 7149757 SAMN10617383 This study 

MSHR7720 Burkholderia 
pseudomallei 

Human 2012 Urban 
Darwin 

295059 40 7131295 SAMN10617384 This study 
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MSHR7723 Burkholderia 
pseudomallei 

Human 2012 Darwin 
rural 

region 

72502 175 7103352 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR7775 Burkholderia 
pseudomallei 

Human 2013 Urban 
Darwin 

70475 179 7123380 SAMN10617385 This study 

MSHR7797 Burkholderia 
pseudomallei 

Water 2013 Darwin 
rural 

region 

42611 305 7099211 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR7819 Burkholderia 
pseudomallei 

Human 2013 Darwin 
rural 

region 

36927 330 7142424 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR7846 Burkholderia 
pseudomallei 

Human 2013 Urban 
Darwin 

62063 213 7124721 SAMN10617386 This study 

MSHR7851 Burkholderia 
pseudomallei 

Human 2013 Urban 
Darwin 

202501 51 7136381 SAMN10617387 This study 

MSHR7900 Burkholderia 
pseudomallei 

Human 2013 Urban 
Darwin 

81258 155 7131240 SAMN10617388 This study 

MSHR8087 Burkholderia 
pseudomallei 

Human 2014 Urban 
Darwin 

74528 171 7129648 SAMN10617389 This study 

MSHR8093 Burkholderia 
pseudomallei 

Human 2014 Darwin 
rural 

region 

100790 139 7305687 SAMN10617390 This study 

MSHR8174 Burkholderia 
pseudomallei 

Human 2014 Darwin 
remote 
region 

61774 229 7121827 SAMN10617391 This study 

MSHR8208 Burkholderia 
pseudomallei 

Human 2014 Urban 
Darwin 

287573 48 7188007 SAMN10617392 This study 

MSHR8251 Burkholderia 
pseudomallei 

Water 2014 Darwin 
remote 
region 

126699 95 7129168 SAMN10617393 This study 

MSHR8269 Burkholderia 
pseudomallei 

Human 2014 Urban 
Darwin 

119186 109 7149752 SRP065595 Price EP et al. Appl 
Environ Microbiol. 
2016;82(3):954-63. 

MSHR8316 Burkholderia 
pseudomallei 

Soil 2014 Darwin 
rural 

region 

71176 220 7106868 SAMN10617394 This study 

MSHR8448 Burkholderia 
pseudomallei 

Human 2014 Urban 
Darwin 

262115 54 7311795 SAMN10617395 This study 

MSHR8562 Burkholderia 
pseudomallei 

Human 2014 Darwin 
remote 
region 

221037 57 7138678 SAMN10617396 This study 

MSHR8596 Burkholderia 
pseudomallei 

Human 2015 Urban 
Darwin 

87588 164 7147568 SAMN10617397 This study 

MSHR8721 Burkholderia 
pseudomallei 

Human 2015 Urban 
Darwin 

280814 46 7133450 SAMN10617398 This study 

MSHR8742 Burkholderia 
pseudomallei 

Human 2015 Urban 
Darwin 

88846 136 7151860 SAMN10617399 This study 

MSHR8747 Burkholderia 
pseudomallei 

Human 2015 Urban 
Darwin 

230233 49 7173117 SAMN10617400 This study 

MSHR8753 Burkholderia 
pseudomallei 

Marmoset 2015 Urban 
Darwin 

125204 105 7142416 SAMN10617401 This study 

MSHR8756 Burkholderia 
pseudomallei 

Macaque 2015 Urban 
Darwin 

138607 90 7147365 SAMN10617402 This study 

MSHR8795 Burkholderia 
pseudomallei 

Human 2015 Urban 
Darwin 

305871 43 7131250 SAMN10617403 This study 

MSHR8822 Burkholderia 
pseudomallei 

Human 2015 Urban 
Darwin 

189859 62 7124358 SAMN10617404 This study 

MSHR8969 Burkholderia 
pseudomallei 

Human 2015 Darwin 
remote 
region 

39627 380 7077910 SAMN10617405 This study 

MSHR9011 Burkholderia 
pseudomallei 

Human 2015 Urban 
Darwin 

78360 156 7149141 SAMN10617406 This study 

MSHR9037 Burkholderia 
pseudomallei 

Human 2015 Adelaide 
River 

region 

45022 317 7189088 SAMN10617407 This study 

MSHR9060 Burkholderia 
pseudomallei 

Human 2016 Urban 
Darwin 

74641 171 7144111 SAMN10617408 This study 

MSHR9070 Burkholderia 
pseudomallei 

Human 2016 Darwin 
rural 

region 

49932 292 7098142 SAMN10617409 This study 

MSHR9142 Burkholderia 
pseudomallei 

Human 2016 Darwin 
rural 

region 

64351 218 7126892 SAMN10617410 This study 

MSHR9261 Burkholderia 
pseudomallei 

Crocodile 2016 Urban 
Darwin 

128698 100 7136881 SAMN10617411 This study 

MSHR9265 Burkholderia 
pseudomallei 

Crocodile 2016 Urban 
Darwin 

118354 110 7152405 SAMN10617412 This study 

MSHR9354 Burkholderia 
pseudomallei 

Human 2016 Darwin 
remote 
region 

65556 215 7207093 SAMN10617413 This study 

MSHR9369 Burkholderia 
pseudomallei 

Incubator 
Swab 

2016 Urban 
Darwin 

110365 105 7140522 SAMN10617414 This study 

MSHR9374 Burkholderia 
pseudomallei 

Water 2016 Urban 
Darwin 

58916 210 7106339 SAMN10617415 This study 
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MSHR9403 Burkholderia 
pseudomallei 

Water 2016 Urban 
Darwin 

67833 215 7111390 SAMN10617416 This study 

MSHR9436 Burkholderia 
pseudomallei 

Human 2016 Darwin 
rural 

region 

60349 229 7117119 SAMN10617417 This study 

MSHR9443 Burkholderia 
pseudomallei 

Human 2016 Urban 
Darwin 

55687 276 7124419 SAMN10617418 This study 

MSHR9632 Burkholderia 
pseudomallei 

Human 2016 Urban 
Darwin 

152450 74 7136579 SAMN10617419 This study 

MSHR9960 Burkholderia 
pseudomallei 

Human 2016 Urban 
Darwin 

191691 68 7146422 SAMN10617420 This study 

MSHR9993 Burkholderia 
pseudomallei 

Human 2017 Urban 
Darwin 

164333 72 7135800 SAMN10617421 This study 

MSHR9996 Burkholderia 
pseudomallei 

Human 2017 Urban 
Darwin 

184206 64 7136111 SAMN10617422 This study 

MSHR9998 Burkholderia 
pseudomallei 

Human 2017 Darwin 
rural 

region 

146822 75 7137149 SAMN10617423 This study 

MSHR10404 Burkholderia 
pseudomallei 

Human 2017 Urban 
Darwin 

191943 64 7132907 SAMN10617424 This study 
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Chapter 5. 

Melioidosis fatalities in captive slender-tailed meerkats (Suricata suricatta): 

Combining epidemiology, pathology and whole-genome sequencing supports 

variable mechanisms of transmission with One Health implications 

 

5.1 Chapter Overview 

In this chapter we implemented WGS and comparative genomic analysis to examine a cluster 

of eight fatal melioidosis cases reported in imported African slender-tailed meerkats 

(Suricata suricatta) on display at a Wildlife Park in Darwin, Northern Territory (NT), Australia. 

Used in conjunction with pathology data, we established the most likely modes of infection 

and transmission responsible for the outbreak. The results presented in this study further 

support the use of high-resolution WGS to enhance epidemiological investigations into 

transmission modalities and pathogenesis of melioidosis, especially in the instance of a 

possible clonal outbreak scenario in exotic zoological collections. These findings have 

important One Health implications. The results of this study have been presented as 

submitted article for publication in the peer-reviewed journal BMC Veterinary Research. 

 

5.2 Statement of Joint Authorship 

The authors listed below have certified that: 

1. They meet the criteria for authorship in that they have participated in the 

conception, execution, or interpretation, or at least that part of the publication in 

their field of expertise; 

2. They take public responsibility for their part of the publication, except for the 

responsible author who accepts overall responsibility for the publication; 

3. There are no other authors of the publication according to these criteria; 
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4. Potential conflict of interest have been disclosed to (a) granting bodies, and (b) the 

editor or the publisher of BMC Vet Res, and; 

5. They agree to the use of the publication in the student’s thesis and its publication on 

the Australasian Digital Thesis database consistent with any limitations set by 

publisher requirements. 

 

Name of the article: Melioidosis fatalities in captive slender-tailed meerkats (Suricata 

suricatta): Combining epidemiology, pathology and whole-genome sequencing supports 

variable mechanisms of transmission with One Health implications 

 

Contributors 

Audrey Rachlin (AR, the candidate), Cathy Shilton (CS), Jessica Webb (JW), Mark Mayo (MM), 

Mirjam Kaestli (MKa), Mariana Kleinecke (MKl), Vanessa Rigas (VR), Suresh Benedict (SB), Ian 

Gurry (IG), and Bart J. Currie (BJC) 

 

Statement of Contribution 

AR, VR, MM, and BJC oversaw environmental data collection and sample processing. CS, SB 

and IG oversaw clinical pathology and microbiology sample processing from meerkats. AR, 

MM, BJC and MK conceived the study analysis. AR, MK, JW, and MK did the analyses. AR, 

MM, MK, CS and BJC contributed to the writing of the manuscript. All study authors reviewed 

and approved the final manuscript. 
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I have sighted email or other correspondence from all co-authors confirming their 

certifying authorship. 
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5.3 Journal Article 
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5.4 Supplementary Data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary data- Figure S1- Clinical microbiological detection of B. pseudomallei in 

meerkats 

B. pseudomallei growth on Sheep’s Blood Agar (A.), and growth on selective Ashdown Agar 

(B.) Gram-negative bacilli characteristic of B. pseudomallei as seen by Gram-stain (C.) (bar = 

10µm) (.jpeg file). 
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Supplementary data- Data set 1- Environmental samples collected at the Wildlife Park in 

response to the meerkat case cluster  

 

Sample 

ID 

Sample 

type 

Date of 

collection 
Sample location 

B. 

pseudomallei 

isolated 

CP23 Soil 12/05/2016 Meerkat enclosure sandy soil, near gate No 

CP24 Soil 12/05/2016 Meerkat enclosure sandy soil, opposite side to gate No 

CP25 Soil 12/05/2016 Meerkat enclosure sandy soil, furthest corner from gate No 

CP26 Soil 12/05/2016 Meerkat enclosure sandy soil, opposite corner to CP25 No 

CP27 Soil 12/05/2016 Meerkat enclosure sandy soil, in ground burrow No 

CP28 Soil 12/05/2016 Meerkat enclosure sandy soil, in ground burrow No 

CP29 Soil 12/05/2016 
Meerkat enclosure sandy soil, under table where food 

kept 
No 

CP30 Soil 12/05/2016 Soil outside of meerkat enclosure No 

CP31 Soil 12/05/2016 Soil outside of meerkat enclosure No 

CP32 Soil 12/05/2016 Soil outside of meerkat enclosure No 

CP33 Soil 12/05/2016 
Soil collected next to water runoff area in Timor pony 

enclosure 
No 

CP34 Soil 12/05/2016 Timor pony enclosure No 

CP35 Soil 12/05/2016 Garden bed in front of meerkat enclosure No 

CP36 Soil 12/05/2016 Garden bed in front of meerkat enclosure No 

CPW1 Water 12/05/2016 Water collected from Timor pony enclosure No 

CPA1 Air 12/05/2016 Air facing meerkat enclosure No 

CPA2 Air 12/05/2016 Air facing Timor pony enclosure adjacent to meerkats No 

CP38 Soil 27/09/2016 Garden bed opposite meerkat enclosure Yes 

CP39 Soil 27/09/2016 Inside meerkat enclosure front left corner No 

CP40 Soil 27/09/2016 Inside meerkat enclosure front centre No 

CP41 Soil 27/09/2016 Inside meerkat enclosure right corner No 

CP42 Soil 27/09/2016 Inside meerkat enclosure back right corner No 

CP43 Soil 27/09/2016 
Soil sample from under bamboo plant behind meerkat 

enclosure 
No 

CPW20 Water 27/09/2016 
Tap near rear of meerkat enclosure, dam water used on 

side garden 
No 

CPW21 Water 27/09/2016 
Town water tap opposite meerkat enclosure, used for 

drinking water and pen cleaning 
No 

CPA4 Air 27/09/2016 Air sampled on top of Meerkat enclosure facing north No 

CPM1 Food 27/09/2016 Mealworms, meerkat feed No 

CPM2 Food 27/09/2016 Mealworms, meerkat feed No 

CPM3 Plant 27/09/2016 Bamboo leaves at back of meerkat enclosure No 

CPM4 Plant 27/09/2016 Bamboo stems at back of meerkat enclosure No 

CPM5 Faeces 27/09/2016 Faeces from meerkat enclosure No 

CPSW25 
Env. 

swab 
30/09/2016 Water bowl swab inside enclosure No 

CPSW26 
Env. 

swab 
30/09/2016 Water bowl swab inside enclosure No 

CPSW27 
Env. 

swab 
30/09/2016 Inside den box in enclosure No 
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CPSW28 
Env. 

swab 
30/09/2016 Inside log in enclosure No 

CP44 Soil 20/10/2016 
Soil from under hole cut in plastic ground cover in middle 

of enclosure 
No 

CP45 Soil 20/10/2016 
Soil from under hole cut in plastic ground cover in the 

back of the enclosure 
No 

CP46 Soil 20/10/2016 Soil from inside burrow in middle of enclosure No 

CP47 Soil 20/10/2016 Soil from under bamboo at back of enclosure near gate No 

CP48 Soil 20/10/2016 Soil from garden bed at front of enclosure Yes 

CP49 Soil 20/10/2016 Soil under enclosure output pipe No 

CP50 Soil 20/10/2016 Soil under enclosure output pipe No 

CP51 Soil 20/10/2016 Soil from garden bed at side of enclosure No 

CPW23 Water 20/10/2016 
Tap near rear of meerkat enclosure, dam water not used 

for meerkats but used on side garden 
No 

CPW24 Water 20/10/2016 Water from runoff pond next to Timor pony enclosure No 

CPSW29 
Env. 

swab 
20/10/2016 Swab from hollow log inside enclosure No 

CPSW30 
Env. 

swab 
20/10/2016 Swab of table where sit at left side of enclosure No 

CPSW31 
Env. 

swab 
20/10/2016 Swab under log at front of enclosure No 

CPSW32 
Env. 

swab 
20/10/2016 Swab of tunnels inside burrow No 

CPSW33 
Env. 

swab 
20/10/2016 Swab from inside burrow at back of enclosure No 

CPM6 Plant 20/10/2016 Dried bamboo leaves inside enclosure No 

CPM7 Plant 20/10/2016 
Black bamboo stalk and leaves at back of enclosure near 

gate 
No 

CPM8 Plant 20/10/2016 Yellow bamboo stalk and leaves at back of enclosure No 

CPM9 Faeces 20/10/2016 Timor pony faeces No 

CPM10 Faeces 20/10/2016 Meerkat faeces No 

CPA5 Air 20/10/2016 Air from back of enclosure facing Timor ponies No 

CPA6 Air 20/10/2016 Air from front of enclosure facing garden bed No 

CPA7 Air 6/02/2017 

Air from garden on right side of parking lot as walking 

into park, approximately 100 metres from meerkat 

enclosure 

Yes 

CPA8 Air 6/02/2017 Air from along grassy bank next to park fence No 

CP52 Soil 1/03/2017 
Soil along grassy bank next to park fence, where air 

sample came positive 
No 

CP53 Soil 1/03/2017 
Soil along grassy bank next to park fence, where air 

sample came positive 
No 

CP54 Soil 1/03/2017 
Soil along grassy bank next to park fence, where air 

sample came positive 
No 

CP55 Soil 1/03/2017 
Soil along grassy bank next to park fence, where air 

sample came positive 
No 

CP56 Soil 1/03/2017 
Soil along grassy bank next to park fence, where air 

sample came positive 
No 
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Supplementary data- Data set 2- ST-36 isolates used for WGS phylogenetic comparison 

 

 

Sample ID 
Original 
species 

designation 

Source of 
sample 

Year 

Region of 
sample 

origin (NT, 
Aus) 

GenBank/SRA 
accession no. 

Reference 

MSHR0305 
Burkholderia 
pseudomallei 

Human 1994 
Rural 
Darwin 

CP006469, 
CP006470 

Stone et al., 
Genome 
Announc, 2013, 
1(4):e00656-13 

MSHR2078 
Burkholderia 
pseudomallei 

Human 2005 
Urban 
Darwin 

SAMN042262
83 

Price EP et 
al., Appl Environ 
Microbiol, 2015, 
25;82(3):954-63 

MSHR7590 Burkholderia 
pseudomallei 

Black-
capped 
capuchin 

2012 Urban 
Darwin 

SAMN113940
28 

This publication 

MSHR9253 Burkholderia 
pseudomallei 

Meerkat 2015 Urban 
Darwin 

SAMN113940
29 

This publication 

MSHR9256 Burkholderia 
pseudomallei 

Meerkat 2016 Urban 
Darwin 

SAMN113940
30 

This publication 

MSHR9460 Burkholderia 
pseudomallei 

Meerkat 2016 Urban 
Darwin 

SAMN113940
31 

This publication 

MSHR9464 Burkholderia 
pseudomallei 

Meerkat 2016 Urban 
Darwin 

SAMN113940
32 

This publication 

MSHR9644 Burkholderia 
pseudomallei 

Meerkat 2016 Urban 
Darwin 

SAMN113940
33 

This publication 

MSHR9647 Burkholderia 
pseudomallei 

Meerkat 2016 Urban 
Darwin 

SAMN113940
34 

This publication 

MSHR9650 Burkholderia 
pseudomallei 

Meerkat 2016 Urban 
Darwin 

SAMN113940
35 

This publication 

MSHR9698 Burkholderia 
pseudomallei 

Human 2016 Urban 
Darwin 

SAMN113940
36 

This publication 

MSHR10004 Burkholderia 
pseudomallei 

Environm
ental (Air) 

2017 Urban 
Darwin 

SAMN113940
37 

This publication 

MSHR10679 Burkholderia 
pseudomallei 

Human 2017 Rural 
Darwin 

SAMN113940
38 

This publication 
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Chapter 6. 

6.1 Discussion and Conclusions 

Improved understanding of the distribution of B. pseudomallei in the environment is 

important in identifying areas that pose a greater risk for melioidosis infection, while also 

enhancing current knowledge of fine-scale population dynamics and geographic origin of 

strains. Although B. pseudomallei has one of the most highly recombinogenic and diverse 

bacterial genomes identified to date, reliable inferences about its population structure can 

now be made with the implementation of high-throughput, rapid whole-genome 

sequencing (WGS) (Pearson et al. 2009; Price et al. 2017; Sarovich et al. 2017). Despite this, 

little is understood about the population structure and genetic spatial distribution of B. 

pseudomallei on a local level in the environment. In this thesis, I surveyed soil and land 

runoff in two urban, melioidosis-endemic settings to examine the distribution and local 

spatial clustering of B. pseudomallei. Using WGS and comparative genomics I demonstrated 

that distinct genetic populations and spatial clustering of B. pseudomallei exist over a 

remarkably restricted geographic area, with further evidence suggesting that dissemination 

of B. pseudomallei in the environment may occur through land and stormwater runoff and 

via drainage areas. WGS-based comparative phylogenetics and improved knowledge of the 

local B. pseudomallei population structure also enabled the successful investigation of two 

melioidosis case clusters in captive zoo animals when combined with detailed 

epidemiological and pathology and data. The knowledge gained from this thesis will allow 

for better understanding of B. pseudomallei phylogeography and melioidosis source 

attribution and further supports the use of high-resolution WGS technology to enhance 

epidemiological investigations into transmission modalities and pathogenesis of melioidosis. 

This work has important ramifications, particularly related to local source-attribution, and 

may help to develop future preventative public health measures throughout endemic areas.  
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For the first aim of this thesis, extensive sampling of soil and water runoff from urban Darwin, 

Northern Territory (NT), Australia was carried out to determine the distribution and local 

population dynamics of B. pseudomallei. I initially proposed that B. pseudomallei would be 

well-established throughout the urban Darwin environment and there would be a 

considerable amount of ST diversity amongst isolates. However, I expected that genetic 

spatial clustering of B. pseudomallei would not occur on such a localised geographic scale. 

Darwin has an exceptionally high incidence of melioidosis infection (Parameswaran et al. 

2012), with similar rates observed only in northeastern Thailand and the Torres Strait Islands, 

Australia (Hempenstall et al. 2019; Limmathurotsakul et al. 2010). While B. pseudomallei is 

frequently isolated from both patients and the environment throughout the NT, high relative 

rates of recombination-to-mutation have complicated prior attempts to discern the 

population structure of B. pseudomallei there (Cheng et al. 2004; McRobb et al. 2014; Price 

et al. 2016). In contrast, a clear separation of B. pseudomallei populations has been well-

characterised using lower resolution multi-locus sequence typing (MLST) amongst Asian and 

Australian isolates, as well as those from the NT and northern Queensland, Australia 

(McRobb et al. 2014; Pearson et al. 2009). By combining WGS technology with single 

nucleotide polymorphism (SNP)-based Bayesian clustering and spatial “hot spot” analyses, I 

demonstrated that there are distinct, highly localised genetic populations of B. pseudomallei 

that exist in Darwin. Moreover, these populations were spatially clustered in the 

environment over a remarkably small geographic area, supporting prior studies 

demonstrating that populations of the bacterium are ecologically established and not widely 

dispersed through the environment. 
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Distinct genetic populations of B. pseudomallei have been identified previously, namely 

separation between Southeast Asian and northern Australian isolates. Using high-resolution 

WGS data and phylogenetic reconstruction, subsequent studies have also identified further 

separations amongst global populations of the bacterium. African B. pseudomallei isolates 

have now been shown to group within a single novel clade residing within the more ancestral 

Asian population (Sarovich et al. 2016), and Chewapreecha et al. have recently established 

an African origin to Central and South American isolates, with subsequent introduction to 

the Americas estimated to have occurred between 1650 and 1850 linked to the global slave 

trade (Chewapreecha et al. 2017). On a smaller geographical scale, a non-uniform 

distribution of B. pseudomallei STs has also been described within Australia, between the NT 

and northern Queensland (Chapple et al. 2016; McRobb et al. 2014). My work further 

expands on the current knowledge of B. pseudomallei population dynamics. Using WGS data 

from 135 B. pseudomallei environmental isolates from urban Darwin, I detected distinct 

genetic populations of B. pseudomallei over a remarkably small geographical area. Five 

unique populations of B. pseudomallei were identified across urban Darwin using a Bayesian 

probability approach, which incorporated WGS SNP data for increased resolution. This is the 

first study to describe the occurrence of distinct genetic populations of B. pseudomallei over 

such a highly localised scale and further supports the use of high-throughput WGS data for 

future investigations into B. pseudomallei phylogeography and population dynamics.  

 

Moreover, some of the genetic populations identified in Chapter 2 were highly spatially 

clustered on a local level in the urban Darwin environment, despite there being no defined 

topographical or physical barriers separating isolates. This clustering also matched the 

spatial distribution of clinical cases for one ST, ST-553, suggesting infection may have taken 

place at their residential address. My observation of limited ST diversity within a 
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geographical area corresponding with limited ST diversity in clinical isolates from the same 

area further supports the concept of there being no distinct subset of B. pseudomallei strains 

capable of causing disease. This hypothesis that certain strains of B. pseudomallei are more 

likely to cause invasive melioidosis has been explored previously in both northern Australia 

and Southeast Asia (Chapple et al. 2016; McRobb et al. 2014; Vesaratchavest et al. 2006). In 

Australia, ST diversity and evenness studies have indicated that culturable strains in the 

environment are capable of causing disease, with a unique hyper-invasive subpopulation of 

the bacterium being unlikely (Chapple et al. 2016; McRobb et al. 2014). Despite this, 

geographically segregated virulence-associated genes have recently been described, 

including the filamentous haemagglutinin (fha) adhesion protein, lipopolysaccharide (LPS) O-

antigen, as well as Burkholderia mallei-like BimA (Bm-BimA) (Chewapreecha et al. 2017; 

Sarovich et al. 2014; Webb et al. 2019). These findings may lend some credence to there 

being a more invasive, virulent subset of B. pseudomallei strains and provide a potential 

explanation for geographically distinct clinical manifestations of the disease (Chewapreecha 

et al. 2017). Further analysis examining the geographical associations and genomic 

similarities between clinical and environmental isolates will be needed to investigate this 

phenomenon.  

 

My finding that genetic populations of B. pseudomallei are confined to a particular 

geographical area are likely a consequence of several different facets of the bacterium’s 

biology. Principally, infections are almost invariably the result of contact with contaminated 

soil or water, with direct human-to-human and zoonotic transmission being exceedingly rare 

(Cheng & Currie 2005). Moreover, long-range dispersal is seldom observed over large 

physical geographical barriers (Aziz et al. 2017; Chapple et al. 2016; McRobb et al. 2014). This 

is further reflected by genetic bottlenecks of B. pseudomallei across landmasses, with greater 
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allelic diversity and fewer shared alleles observed in Australasian populations of the 

bacterium (Pearson et al. 2009). The results from my first research chapter, which identified 

35 distinct ST’s in the narrow urban Darwin survey radius, further support the hypothesis of 

there being a highly diverse Australian B. pseudomallei population. Future work from the 

data collected as part of Chapter 3 of this thesis will aim to examine and compare the ST 

diversity of isolates collected from Vientiane, Laos. These results will help to further 

elucidate the genetic diversity and spatial clustering of B. pseudomallei isolates in another 

urban endemic setting and will provide information regarding variations in the population 

dynamics of Southeast Asian isolates within this global context.  

 

Results from Chapter 2 also demonstrated that ST diversity can vary based on factors 

supplementary to geographical area. I identified a significant association with increased ST 

diversity at park sites, with the odds of isolating more than one ST greater when park sites 

were directly adjoining a sports field complex. Previous environmental studies have shown 

that there is an increased occurrence of B. pseudomallei associated with sports fields, which 

may be a consequence of optimal year-round growth conditions and higher rates of irrigation 

in the dry season, since irrigation has been demonstrated to promote the occurrence of B. 

pseudomallei in the environment (Hill et al. 2013; Kaestli et al. 2009; Kaestli et al. 2012; 

Kaestli et al. 2015). This trend may also be related to dissemination of B. pseudomallei on 

contaminated shoes, since sports fields are visited by people from various areas of the city. 

In line with these results, my data also indicated a decrease in ST diversity in outer regions 

of Darwin compared to more urban central areas of the city.    
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Despite the high degree of ST diversity identified in Chapter 2, my results also suggest that 

genetic diversity and abundance can vary amongst different B. pseudomallei ST types and 

that there is an overrepresentation of a few STs within the Darwin region. Specifically, just 

over half of the isolates I analysed were identified as B. pseudomallei ST-36 and ST-109. This 

result was unsurprising given the high incidence of infection by these two STs in Darwin 

Prospective Melioidosis Study (DPMS) patients and the high rate of ST-36 and ST-109 

isolation in previous environmental surveys of the bacterium throughout Darwin (Chapple et 

al. 2016; Price et al. 2016). Additionally, my findings of there being a high prevalence of ST-

553 in the urban Darwin environment were also unsurprising, given the steady rise in 

recorded ST-553 DPMS cases since the heavy 2009/2010 La Niña wet season (Kaestli et al. 

2016; McRobb et al. 2014; Parameswaran et al. 2012). Unexpectedly, however, the 

environmental ST-553 clustering I detected in the north-eastern Darwin suburbs matched 

the residences of clinical cases with ST-553, suggesting infection may have taken place at 

their residential address. This information will help to improve our understanding of 

melioidosis source-attribution both in Darwin and on a more global level. It also has 

biosecurity relevance in the unlikely event that B. pseudomallei is weaponised, particularly 

given that the potential for long-range transmission and ecological establishment of B. 

pseudomallei is increasing with modern global travel and commerce (Price et al. 2016). 

 

Recently, increased awareness of local and global B. pseudomallei ST diversity and 

population dynamics has been applied to demonstrate the clonal introduction of the Asian 

B. pseudomallei strain, ST-562, into northern Australia (Hai et al. 2015; Price et al. 2016). First 

identified in Darwin in 2005, infection by ST-562 has gradually increased and it is now a 

common clinical isolate observed in urban Darwin patients (Currie et al. 2015). Despite this, 

I isolated B. pseudomallei ST-562 from only 0.25% (2/815) of the total samples collected as 
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part of this study, both of which were from soil collected at the same park survey site. It is 

unclear why the rate of ST-562 isolation in the environment was so low. However, in some 

instances as many as nine B. pseudomallei isolates were cultured from a single environment 

sample. Since I screened only one B. pseudomallei isolate from each positive survey sample, 

it is possible I missed additional ST-562 isolates in my analysis. Further environmental 

investigations and additional screening of these isolates will be crucial for understanding the 

origin, geographic distribution and anthropogenic influences that likely led to the 

establishment and dispersal of this Asian clone (Price et al. 2016) 

 

In Chapters 2 and 3 I describe how water runoff may also act as a mechanism of bacterial 

dissemination and dispersal in the environment on a more local level. Contaminated water 

and movement of B. pseudomallei within the water table have now been established as a 

significant environmental source and potential distribution tool for the bacterium in 

melioidosis endemic regions (Baker et al. 2011; Baker & Warner 2016; Ribolzi et al. 2016; 

Zimmermann et al. 2018). Accordingly, my results from this work indicate that surface runoff 

is a potential source of melioidosis both in urban Vientiane, Laos and urban Darwin, NT and 

that drains may play a significant role in urban dispersal of B. pseudomallei, particularly 

during periods of heavy rainfall (Ribolzi et al. 2016; Rochelle-Newall et al. 2015). Moreover, 

I identified a high degree of ST diversity in drain sites in Chapter 2, with Bayes Cluster 1 

containing approximately 70% of the 35 STs identified as part of the study. Since the isolates 

that grouped within this cluster were shown to occur more frequently at drain sites, it could 

indicate an increased rate of genetic recombination at drainage catchment areas, possibly 

related to the accumulation of B. pseudomallei isolates from different geographical areas. 

These findings have important implications related to future monitoring of B. pseudomallei 

and further examination of ST diversity in the environment. 
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 While the physiochemical attributes of B. pseudomallei endemicity are not fully understood, 

conflicting reports from multiple regions suggest that there are complex interactions with 

climate, soil physiochemistry, topography, and macro-flora that are important determinants 

the establishment and dispersal of B. pseudomallei in the environment (Baker et al. 2015; 

Kaestli et al. 2009; Kaestli et al. 2012). In Laos, multiple physicochemical water parameters 

were recorded at each drain site to further explore abiotic factors associated with B. 

pseudomallei occurrence. My analysis demonstrated that presence of B. pseudomallei was 

strongly linked to high levels of turbidity, total dissolved solids (TDS), and unlined, 

sediment-laden drains. This association has been observed previously with faecal indicator 

bacteria after heavy rainfall events and suggests that sediment might act as an additional 

reservoir for the pathogen (Ribolzi et al. 2016; Rochelle-Newall et al. 2015; Zimmermann et 

al. 2018). These findings also support a link between bank erosion and B. pseudomallei 

particle-bound transport, again indicative of the role drains and surface runoff may play in 

dispersal of the bacterium throughout the environment (Rochelle-Newall et al. 2015). This 

finding was further supported by the occurrence of some spatial clustering of positive sites 

around That Luang Marsh in Vientiane. The marsh, which is the largest wetland area in 

Vientiane Municipality, has been designed to collect and treat runoff and drainage water 

from the city and surrounding areas (Gerrard 2004; Kyophilavong 2008). The increased 

degree of surface runoff adjacent to the Marsh is likely related to the spatial clustering I 

observed here and the higher rate of B. pseudomallei positive sites in this region.  

 

Since only four of the 200 soil samples I collected in Laos tested positive for B. 

pseudomallei, I was unable to further examine the physicochemical associations with soil 

and B. pseudomallei occurrence at drain sites, though this could have been related to soils 
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being stored for several months before being cultured and shipped back to Menzies, 

Darwin, potentially decreasing the viable bacterial count to below the limit of detection. 

Nonetheless, Corkeron et al. (2010) have demonstrated that soil type, geomorphic 

position, and drainage are related to the distribution of melioidosis in the Townsville region 

of northern Australia and that different properties found in soil could provide a 

biogeographical boundary to dispersal of the bacterium in certain environments (Baker et al. 

2015; Corkeron et al. 2010). Thus, future work will aim to examine the physicochemical 

properties associated with soil samples collected in Darwin as part of Chapter 2, where I 

detected a higher rate of B. pseudomallei in soil. Since the abiotic parameters I recorded for 

water samples in Darwin have also not yet been analysed, additional work will focus on 

evaluating physicochemical associations with B. pseudomallei occurrence and dispersal in 

water runoff and drainage catchment areas there. 

 

While the findings from Chapter 2 and 3 demonstrate the importance of drains in B. 

pseudomallei dispersal and propagation in melioidosis endemic areas, it is likely my results 

would have been more significant had I been able to detect and culture a higher percentage 

of B. pseudomallei isolates. Given the high rate of qPCR-positive and low number of culture-

positive drain waters samples in Chapter 2, the percentage of positive water samples as well 

as the true ST diversity in drains were probably both underestimated. Additionally, in 

research Chapter 3, I detected B. pseudomallei in only 2% of soil samples despite the high 

rate of qPCR and culture-positive water samples from the same sites. My detection methods, 

which incorporated direct PCR extraction post-enrichment, have been demonstrated to be 

the most sensitive technique for the detection of B. pseudomallei in the environment (Kaestli 

et al. 2007; Knappik et al. 2015). Despite this, improved methods of detection and isolation 

of B. pseudomallei from the environment warrant further investigation. Previous studies 
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have demonstrated the utility of immunomagnetic separation of Legionella pneumophila 

from heterogenous water samples including cooling tower water (Yanez et al. 2005), as well 

as its use for improved detection of Salmonella spp. from food (Cudjoe et al. 1995). The 

potential use of soil fractionation for the isolation of various bacteria has also been 

described, since different sized soil particles can harbour distinct microbial communities that 

vary in their structure, functional potentials and sensitivity to environmental conditions. 

These associations were shown to strongly contribute to the spatial heterogeneity and 

bacterial diversity found in soil (Hemkemeyer et al. 2018). Further investigation into these 

technologies and their use for the improved detection of B. pseudomallei in the environment 

will be imperative for more accurate and precise surveys of the bacterium in the future. 

 

As improved detection techniques and awareness of the global geographical distribution of 

B. pseudomallei expands, so too has the knowledge of its population dynamics, evolution 

and phylogeography (Price et al. 2017). In Darwin, source-attribution can now be attempted 

on an increasingly fine-scale as a combined result of this information and the growing 

accessibility of high-resolution sequencing platforms. For the final aim of my thesis, I 

endeavoured to use WGS technology and knowledge of the local Darwin B. pseudomallei 

population structure to identify the point-sources of infection for two separate, unrelated 

melioidosis case clusters in captive animals from a Wildlife Park in Darwin, northern 

Australia.  

 

The first melioidosis case cluster I examined in Chapter 4 of this thesis occurred in 2016 in 

two hatchling saltwater crocodiles that were identified within five days of one another, both 

believed to be from the same incubator batch. Using an in-house SNP-based PCR designed 

for rapid strain assignment of common Darwin STs, I determined that the two crocodiles 
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were infected with B. pseudomallei ST-109 (Price et al. 2016). Subsequent environmental 

sampling of the crocodile enclosures also confirmed the presence of B. pseudomallei ST-109 

in a biofilm growth inside the hatchling incubator, as well as in two water samples from the 

same juvenile holding tank the deceased crocodiles were discovered. ST-109 is one of 

Darwin’s most prevalent and widespread molecular types and previous studies have 

suggested there is a high degree of genetic diversity amongst ST-109 strains (Chapple et al. 

2016; Price et al. 2016). In order to more accurately determine the source of the ST-109 

infections I therefore chose to analyse the phylogenetic relatedness of the clinical crocodile 

and culture-positive ST-109 environmental park isolates against an additional 135 ST-109 B. 

pseudomallei isolates from the Top End. WGS orthologous SNP-based phylogenetic 

reconstruction identified zero orthologous SNP differences between all five ST-109 clinical 

and environmental isolates related to the outbreak. While this indicated that the isolates 

were closely related to one another on the whole-genome level, it was necessary to combine 

these results with high quality pathology and epidemiological data to accurately determine 

the infection aetiology. 

 

While saltwater crocodiles are thought to be relatively resistant to melioidosis, both 

hatchlings had unabsorbed, retained yolk sacs (Limmathurotsakul et al. 2012; Low Choy et 

al. 2000). This can transpire when the yolk becomes infected prior to hatching, or if the open 

umbilicus becomes infected immediately after hatching (Benedict & Shilton 2016; 

Kommanee et al. 2012). Since the Wildlife Park kept the crocodiles inside the incubator for 

several days before transferring them to the holding ponds, this suggested the infections 

were acquired from within the incubator rather than the holding tank. I proposed that once 

in the holding tanks, the crocodiles most likely shed the infecting bacterial strain into the 

tank water. This hypothesis is consistent with previous studies that have confirmed the 
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presence of B. pseudomallei in faecal samples from other native Territory species, including 

wallabies and from the beaks of healthy native birds (Hampton et al. 2011; Hoger et al. 2016).  

 

My results from genome-wide comparison of the 140 ST-109 outbreak and Top End isolates 

also indicated that despite being Darwin’s most prevalent and widely dispersed genotype, 

variation in ST-109 is generally low. While earlier studies examining the phylogenetic 

relatedness of ST-109 isolates identified high SNP diversity (~9500 SNPs) when compared to 

other common Northern Territory STs, I identified significant levels of recombination in a 

limited number of isolates that accounted for nearly all intra-ST-109 variation (Price et al. 

2016). The majority of these outlying genomes were all from the Adelaide River region of 

rural Darwin (90 km south of Darwin). While I identified 2,760SNPs separating these isolates 

and the reference ST-109 genome, they varied by fewer than eight SNPs from one another, 

indicating a large-scale recombination event at some point in the evolutionary history of ST-

109, followed by subsequent dispersal in the Adelaide River environment. Moreover, I 

detected one isolate with >24,000 orthologous SNPs, which is a genetic separation typically 

seen in distinct B. pseudomallei ST groups and is indicative of MLST homoplasy (Aziz et al. 

2017). Other instances of ST homoplasy have been reported in isolates originating from 

Cambodia and Australia (De Smet et al. 2015) and in two separate intracontinental cases 

occurring in Australia (Aziz et al. 2017). For these specific instances of ST homoplasy, WGS 

was used to infer the genuine relatedness of isolates with matching STs. Similarly, my work 

supports the use of high-resolution tools like WGS to investigate instances of homoplasy in 

highly recombinogenic species and suggests that while MLST is a useful tool for ruling out 

unrelated strains, it can lack the resolution necessary to accurately differentiate highly 

related isolates (Aziz et al. 2017).   
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In Chapter 5 of this thesis, I applied the knowledge gained from this high-resolution approach 

to microbial source-tracing to investigate a second melioidosis case cluster in slender-tailed 

meerkats imported from a Tasmanian zoo. This particular cluster of fatal melioidosis 

infections took place over an 18-month period between 2015-2016 in eight captive 

meerkats, though seven of these cases occurred within seven months of one another. Using 

similar methods described in Chapter 4, I identified B. pseudomallei ST-36 as the strain 

responsible for infection in the seven chronologically grouped meerkat cases, while the 

earliest meerkat B. pseudomallei infection was identified as ST-562. To investigate the most 

likely source of the cluster I sampled the meerkat enclosure and the adjacent areas, though 

sampling efforts failed to reveal the specific environmental source of the meerkat infections. 

Data from my reconstructed WGS phylogeny showed that the seven ST-36 meerkat strains 

were highly related on the whole-genome level and were most likely related to a single 

infecting strain. 

 

Similar to what I demonstrated in Chapter 4 of this thesis, results of this investigation also 

confirmed the importance of having high quality epidemiological and pathology data for 

more accurate investigations into melioidosis source-attribution. Here, data from the eight 

meerkat cases indicated that even amongst clonal ST-36 strains, clinical animal pathology 

was variable. This finding likely reflected different routes of infection, with gross and 

histopathological examination suggesting cutaneous inoculation and ingestion were the two 

main routes of infection. Surprisingly, pathology data also indicated that in meerkats where 

cutaneous inoculation was the likely primary mechanism of infection, direct animal-to-

animal transmission of the infection may have also occurred through lesions and bites 

sustained during fighting, since infections were focused on sites of previous trauma. 

Moreover, in an effort to prevent future fighting and stress amongst the remaining meerkats, 
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only males were reintroduced to the enclosure after October 2016, when the final case 

fatality occurred. No further cases have been reported since then, likely related to reduction 

in intraspecific aggression and fighting amongst the remaining meerkats. This again suggests 

the role direct transmission may have played in infection, particularly since B. pseudomallei 

was never detected inside the enclosure. Cases of animal-to-animal transmission of 

melioidosis have been described previously in goats and pigs from Australia and is thought 

to occur through wound or nasal secretions, milk, faeces and urine (Low Choy et al. 2000; 

Rogers & Andersen 1970). Despite this, direct transmission is considered to be an extremely 

rare occurrence in cases of cases of human and animal melioidosis and could suggest that 

meerkats are highly susceptible to infection, particularly under stressful conditions (Cheng & 

Currie 2005; Kongmakee et al. 2015). Implementing further strategies to reduce the risk of 

infection will be vital for highly susceptible species imported into melioidosis endemic areas.  

 

My data from Chapters 4 and 5 collectively support the use of high-resolution WGS data to 

successfully enhance epidemiological investigations into the transmission and pathogenesis 

of melioidosis in animals, particularly when used concurrently with detailed pathology data. 

Animal cases and case clusters of melioidosis are frequently reported throughout northern 

Australia, particularly in exotic non-native species and captive animals (Ketterer et al. 1986; 

Low Choy et al. 2000; Sprague & Neubauer 2004). While lower-resolution molecular typing 

tools have been used to examine cases of animal melioidosis in the past, this is the first study 

to successfully implement WGS to determine the infection aetiology of outbreaks in animals.  

 

Microbial source tracking for animal cases of melioidosis has important implications for 

improved understanding of instances of human infection. My work also provides an example 
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of how a collaborative “One Health” approach to diseases of global significance in both 

humans and animals can greatly enhance understanding of infection pathogenesis and 

aetiology. While melioidosis is a sapronosis with both animals and humans acquiring 

infection from the environment, this approach is particularly relevant to emerging infectious 

diseases, particularly since more than 75% are thought to be zoonotic in origin (Jones et al. 

2008; Munyua et al. 2019). Following the recent global expansion of highly pathogenic H5N1 

Influenza virus and outbreaks of Rift Valley Fever throughout eastern Africa, the Centres for 

Disease Control and Prevention (CDC) in Kenya established a national, multi-sectoral 

Zoonotic Disease Unit, which has worked to highlight the public health importance of 

endemic and epidemic zoonoses like rabies, brucellosis, Middle East Respiratory Syndrome 

Coronavirus, and anthrax. This collaboration has ultimately led to improved outbreak 

response and has helped to inform disease control programs to enhance preparedness for 

endemic and epidemic diseases, thereby improving global health security (Mbabu et al. 

2014; Munyua et al. 2019). Similar multi-disciplinary collaborations should be considered in 

the future response and control of cases of melioidosis in humans and animals. The 

information gained from this may have particular biosecurity relevance in the unlikely event 

that this Tier 1 select agent is weaponised (www.selectagents.gov).  

 

6.2 Conclusions and future outlook 

As knowledge of the population dynamics and geographical distribution of a species 

increases, infection aetiology can be examined on an increasingly small and well-defined 

scale. For B. pseudomallei, the high relative rates of recombination to mutation have 

hindered earlier attempts to discern its local population dynamics and phylogeography. Prior 

to this work, the local population structure and phylogeography of B. pseudomallei in urban 

Darwin, Australia were not well characterised, despite Darwin being highly endemic for 
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melioidosis. For the first aim of my thesis I utilised high-resolution WGS technology to define 

the local population structure of B. pseudomallei isolates in Darwin collected as part of a 

large environmental survey. My results detected genetic populations of the bacteria on a 

localised scale. These populations were highly spatially clustered in the environment, which 

also matched the spatial distribution of clinical cases for one ST. This improved awareness of 

the local population structure in Darwin will ultimately allow for more accurate inferences 

into melioidosis source-attribution and may help to develop public health measures against 

the infection in other endemic regions in the future (Chapple et al. 2016; Inglis et al. 2011; 

Price et al. 2016). Ongoing work examining the population structure and phylogenetic 

relatedness of B. pseudomallei isolates in this region and elsewhere will ultimately improve 

our knowledge of genotype diversification and patterns of dispersal in the environment for 

this highly pathogenic bacterium. This has global biosecurity relevance given recent 

prediction mapping of melioidosis that suggests substantial numbers of undetected cases 

and deaths are occurring in many countries.   

 

Recent environmental and epidemiological surveys of B. pseudomallei have indicated that 

contaminated water and movement of B. pseudomallei within the water table are a 

significant environmental source and potential distribution tool for the bacterium in 

melioidosis endemic regions (Baker & Warner 2016; Ribolzi et al. 2016; Zimmermann et 

al. 2018). Moreover, because of the spatially heterogeneous nature of B. pseudomallei in 

soil, identification of new environments endemic for melioidosis may be more effectively 

determined by analysing catchment points along the water column (Limmathurotsakul et al. 

2010; Zimmermann et al. 2018). As part of Research Aims 1 and 2, I examined surface runoff 

for the presence of B. pseudomallei in urban Darwin, Australia and Vientiane Capital, Laos. 

B. pseudomallei was detected in runoff water from drainage areas in both regions, further 
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indicating the bacterium is well-established in these two urban endemic settings. This finding 

is particularly relevant in Vientiane, where very few environmental surveys of the bacterium 

have been undertaken and over half (54.5%) of the more than 1350 culture-confirmed Lao 

melioidosis patients since 2017 have reported residence (Dance et al. 2018). My results also 

demonstrated that there is a high degree of ST diversity at drain sites, indicative of increased 

rates of genetic recombination within runoff catchment areas. This finding again supports 

drains acting as mechanisms of bacterial dissemination and dispersal in the environment.  

 

As increasing urbanisation and the need for improved sanitation accelerate there is also an 

increase in rainfall and floods as a direct result of climate change in certain regions of the 

globe. Land use can play an integral role in the transfer of B. pseudomallei and other bacteria 

through soils to downstream aquatic systems and catchment areas (Causse et al. 2015; 

Deiner et al. 2016; Ribolzi et al. 2016). As urban Darwin and Vientiane continue to develop 

and expand, changes in land use may ultimately lead to increased soil erosion and runoff, 

which could lead to the washing out of B. pseudomallei and other pathogens into the water 

table and domestic water supplies (Chuah et al. 2017; Ribolzi et al. 2016). This is particularly 

important in developing regions, like Laos, where appropriate treatment of drinking water is 

still lacking. Thus, it will be essential to better understand the link between human activities 

and other biological and environmental processes. Their collective impacts on human health 

should be considered as both cities continue to grow.  

 

Despite the increasing global awareness of melioidosis endemicity and epidemiology, few 

studies have been able to successfully examine B. pseudomallei source-attribution on a well-

defined, high-resolution scale. Whole-genome sequencing technology has become more 
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widely available in the past decade and has now been implemented in several human 

outbreaks of melioidosis, though few studies have implemented WGS technology to examine 

the infection aetiology for animal cases of the disease. For the final aim of this thesis I utilised 

high-resolution WGS data to investigate two separate, unrelated melioidosis case clusters in 

captive animals from a Wildlife Park in Darwin, northern Australia. In both cases WGS data 

demonstrated that the infecting B. pseudomallei strains were highly similar on the whole-

genome level, but detailed epidemiological and pathology data histories were essential for 

accurate source-attribution. Collectively, knowledge gained from these studies will help to 

enhance epidemiological investigations into transmission and pathogenesis of animal 

melioidosis, especially in the instance of a possible clonal outbreak scenario in exotic 

zoological collections. Such findings from two animal outbreaks have important One Health 

implications. 
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