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ABSTRACT

This research embodies conventional and next generation genetic analysis of the
causative agent of Melioidosis, the gram-negative bacterium Burkholderia
pseudomallei. Melioidosis is a disease of public health importance for hyperendemic
areas in northern Australia and Southeast Asia, where B. pseudomallei is ubiquitous in
the environment. This disease is contracted when individuals are exposed to soil or
water containing the bacterium, which typically enters the body via abrasions in the
skin, inhalation, or ingestion. Despite 100 years of research since the discovery of this
bacterium, knowledge gaps remain; particularly surrounding B. pseudomallei strain
diversity in the environment, and as a result, what ramifications extend to human
melioidosis cases.

The Northern Territory, Australia, has the highest incidence of melioidosis globally
(50.2 cases per 100,000); in the first research chapter we aim to explore the
biogeography of B. pseudomallei in this region, i.e. the dispersal of this bacterium in
the environment. Multilocus sequence typing (MLST) was performed on a large
dataset of (n=953) B. pseudomallei isolates collected over the past two and a half
decades in the Northern Territory, and the adjacent state Queensland. These isolates
originated from both humans and environmental samples, and were assigned
geographic regions of origin from detailed collection data. We generated diversity
indices (Simpson’s index and evenness) and compared them between these regions
using MLST data. B. pseudomallei strains diversified as our geographic sampling area
increased. In addition, we found only few dominant STs in smaller sampling regions,
and the inverse in larger areas, suggesting that strains radially expand throughout the
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environment over time. Further, the environmental and clinical B. pseudomallei
isolates didn’t have any ST bias, suggesting environmental strains are all potentially
invasive.

Case clusters of melioidosis have been previously noted in the Northern Territory,
chiefly underground water systems that are used for domestic water supplies. In 2012,
two melioidosis cases over a three-month period were suspected of originating from a
water supply in the rural Darwin region. We aimed to investigate this property by
sampling soil surrounding the dwelling and the water supply. Quantitative culture of
B. pseudomallei was performed to ascertain the levels of contamination if the
bacterium was present. B. pseudomallei was isolated from both soil and the water
supply, whereas high concentrations of the bacterium were found in the water supply
(500CFU/mL). Clinical and environmental samples were subjected to MLST, which
found the two cases, and all water supply B. pseudomallei isolates were ST325. Soil
isolates were a different ST and therefore disregarded as the probable infecting
source. As a measure to protect the occupants in the household, and to inform
strategies to protect occupants in future high-risk households, a UV filter was
installed in the water supply. The UV filter was found to be effective, reducing B.
pseudomallei contamination to undetectable levels using both culture and sensitive
Real-Time PCR.

B. pseudomallei has recently been classed a Tier 1 select agent, the highest ranking
for a biological agent, and shares the category with the Ebola virus, Bacillus anthracis
(Anthrax), and Yersina pestis (Plague). There are fears that microorganisms in this
category may be used as a bioweapon. The ability to trace deliberately released
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pathogens has been facilitated by an advance in genome sequencing technology for
forensic purposes. A melioidosis case has never been linked to an environmental
source using these genomic tools. In this final research chapter we aimed to describe
an environmental B. pseudomallei strain that likely infected two occupants of the
household detailed in the previous chapter. Whole genome sequencing was applied to
B. pseudomallei strains from the two occupants and their water supply, and also
unrelated strains from human cases and water supplies in the nearby area that served
as out-groups to validate our findings. We also used a novel approach of analyzing
whole genome data; combining single nucleotide polymorphisms (SNPs) with
insertion/deletions (indels). Phylogenetic analysis of the genomes revealed a probable
infecting strain in the occupant’s water supply. SNP and indel data were concordant,
and accurately described the epidemiological events, more so than using each analysis
separately. These results are important for informing attempts to trace outbreaks of
melioidosis, and contribute to the forensic tracing tools available for tracing
organisms of biosecurity importance.

These three chapters describe the use of conventional, and next generation DNA
sequencing technology to study B. pseudomallei in the hyper-endemic region northern
Australia. We have explored the biogeography of this bacterium finding high levels of
diversity, and evidence to suggest strains radially spread in the environment over
time. In the Darwin region of the Northern Territory, we have responded to a human
case cluster, finding high concentrations of B. pseudomallei in the household water
supply. A UV filtration system was trialed and found to effectively decontaminate the
water supply, a cost effective strategy to prevent melioidosis cases in this region.
Furthermore the probable infecting environmental B. pseudomallei strain was
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identified for the first time in a human melioidosis case. A novel approach was used
combining SNP and indel data, an important addition to the genotyping tools used for
pathogens of biodefense interest. These data contribute to our knowledge of B.
pseudomallei in the environment of a hyper-endemic region, means to decontaminate
water supplies that pose a risk to human health, and guide efforts to trace strains that
may be used for nefarious purposes.
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CHAPTER ONE: INTRODUCTION

1

1.1 A description of the scientific problem to be investigated

The initial description of the Gram-negative, saprophytic bacterium Burkholderia
pseudomallei dates back to 1911, over one hundred years ago among intravenous drug
users in Rangoon, Burma [1]. Autopsies of these drug users revealed a previously
undescribed bacterium. The disease state caused by this bacterium was subsequently
coined melioidosis, a term derived from the Greek word meaning ‘distemper of the
asses’ [2] due to its resemblance to glanders, an infectious disease chiefly affecting
solipeds that is caused by the closely related species Burkholderia mallei. B.
pseudomallei chiefly invades the body via abrasions in the skin, ingestion or
inhalation, most commonly following exposure to soil or water containing the
organism in the environment [3]. B. pseudomallei is endemic in the environment in
specific tropical regions of the world, although sporadic melioidosis cases occur
elsewhere [4]. This includes areas where B. pseudomallei is unlikely to be found, such
as temperate Europe, Southern China and Taiwan [4]. Anomalies are sometimes
described, such as a melioidosis case in Arizona, United States, where a man had no
travel history to endemic regions, and where B. pseudomallei has never been isolated
from the environment [5]. The vast majority of melioidosis cases occur in two hyperendemic regions, Southeast Asia and northern Australia, where 12.7 and up to 50.2
cases/100,000 people are diagnosed in each region, respectively [6-8]. Although the
number of cases is lower in northern Australia than Southeast Asia, the population is
significantly smaller, and the Northern Territory has recorded the highest rates of
melioidosis in the world during a recent wet season [7]. Melioidosis is associated with
significant mortality, where 40-50% of cases are fatal in Southeast Asia, and 13% in
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northern Australia; untreated cases can be even higher (95% in septic shock cases)
[7,9,10].

Despite the burden of melioidosis in the tropics, there are significant knowledge gaps
regarding the distribution of B. pseudomallei in soil and water within these regions.
First, the mechanisms of dispersal that govern the spread of this bacterium in the
environment over time are poorly understood. Some authors have speculated that bird
carriage [11], flood waters [12], and long range wind dispersal [13] play a key role in
spread, however strong evidence supporting these hypotheses is yet to be found. It
remains unknown whether certain B. pseudomallei strains inhabit discrete geographic
areas or whether strains can disseminate to distant geographic regions through
environmental, animal or anthropogenic factors, and if so, how frequently this occurs.
Recent research has highlighted the potential importance of introduced grasses in
aiding the spread of this bacterium within northern Australia, with the potential to
expose a greater proportion of the population living in these areas to B. pseudomallei
[14]. Secondly, little is known about the population structure that exists in the
Australian B. pseudomallei population, and if a division exists between the adjacent
regions of Queensland and the Northern Territory, where the vast majority of human
cases in Australia are diagnosed. Lastly, it is not known whether all B. pseudomallei
strains in the environment are capable of invading the body and causing disease in
humans and animals, or whether a subset of invasive strains exist in the environment.
Better knowledge of B. pseudomallei distribution and dissemination in the natural
environment is important for identifying those geographic regions that pose a
heightened risk of infection in humans. A popular approach to elucidating these
questions, genotyping, involves collecting bacterial strains over a wide area,
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interrogating segments of DNA in each isolate, and through genetic comparisons,
inferring evolutionary and population dynamics of bacteria. Multilocus sequence
typing (MLST) is one such genotyping approach that interrogates seven genetically
unlinked housekeeping genes in the B. pseudomallei genome [15,16]. These genes are
in conserved regions and thus accrue mutations in a selectively neutral manner,
reflecting long-term evolutionary relatedness.

On a global scale, MLST analysis has identified two main B. pseudomallei
populations: those from Southeast Asia and those from northern Australia [17,18].
These studies have suggested that the ancestry of B. pseudomallei lies in Australia,
where as a whole, the strains are more diverse, and form multiple sub-populations
[18]. Conversely, the B. pseudomallei isolates characterised from Southeast Asia,
chiefly Thailand, have accumulated less diversity at MLST loci, where most new
alleles are formed by recombination, a process that occurs relatively frequently in
comparison with mutation [18]. Whole-genome analysis of these populations showed
a bottleneck introduction of Australian B. pseudomallei strains into Southeast Asia,
predicted to have been sometime during the last glacial period, when land bridges
existed between Australia and Papua New Guinea and between islands within parts of
Southeast Asia [17]. The whole-genome phylogeny also suggested B. pseudomallei
originated in Australia before disseminating into Southeast Asia, with the deepest
nodes and longest branch lengths in the Australian clades, reflecting greater genetic
dissimilarity that has accumulated over a longer evolutionary time period [17].

On a local scale, work has focused on characterising Australian B. pseudomallei
populations from Queensland (Qld; east coast) and the adjacent Northern Territory
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(NT; northern and central Australia). One seminal study showed that there were no
common MLST genotypes (referred to as sequence types; STs) between these regions
[19]; indeed, there remain no unequivocally confirmed ST overlaps between Qld and
NT to this day. This finding suggests that, much like the divide between Southeast
Asian and northern Australian B. pseudomallei populations, there may also be a
genetic divide within Australia, albeit a subtler one. However, despite the lack of
shared STs, phylogenetic reconstructions using MLST data failed to find a difference
between B. pseudomallei populations in Qld and the NT [19]. Interestingly, many of
the alleles that determine these ST profiles are in fact shared [19]. This finding can be
explained by recombination occurring at these alleles at regional levels over longer
time periods, which results in the unique regional STs being formed. The authors do
acknowledge that the sample of isolates used in their study may not be fully
representative of the Australian B. pseudomallei population due to similar genotyping
patterns among Qld isolates [19]. Therefore, to gain a better understanding of B.
pseudomallei in northern Australia, a more robust sample of B. pseudomallei isolates
is required across a wide geographic area. For the first aim of my project, I compared
the diversity and population structure of B. pseudomallei endemic regions within
northern Australia using MLST collected from a larger dataset of strains than used by
Cheng and coworkers (2008), including isolates from the environment and from
melioidosis patients (n=953).

Underground water supplies for domestic uses in B. pseudomallei endemic regions
have been implicated in case clusters of melioidosis across Australia. These clusters
have been documented in the Top End region of the NT [11,20], Western Australia
[21], and Qld [22], resulting in seven human deaths and many animal deaths. In one
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case cluster, the authors identified that a lack of chlorination coincided with
melioidosis infections [21]. However, it remains to be determined if chlorination
alone is always enough to render these water supplies safe, or if additional
precautionary steps need to be taken. A study of underground water supplies in the
rural Darwin region, NT, found that 18/55 (33%) unchlorinated bores were B.
pseudomallei culture-positive [23]. This rate of B. pseudomallei positivity is
concerning, especially because the use of chlorination is often unfavourable among
rural Darwin residents due to maintenance and taste issues [23]. Alternatives to
chlorination need to be found to prevent future melioidosis cases arising from ground
water. For the second aim of my project, I explored the effectiveness of ultraviolet
light (UV) filtration as a low-maintenance, cost-effective alternative to chlorination
for remediating groundwater that has a high likelihood of harbouring viable B.
pseudomallei. The human population is expanding at a fast rate in the Darwin region;
therefore, the need to render drinking water safe in these areas is an important yet
potentially under-appreciated public health concern in this region.

B. pseudomallei is also a pathogen of concern in non-endemic regions, as evidenced
by the listing of this bacterium as a Tier 1 select agent by the United States Centers
for Disease Control and Prevention in 2012 (USDA C.F.R 42: Public Health Section
73.4, 2012). B. pseudomallei shares this Tier 1 category with other deadly pathogens
such as the Ebola virus, Bacillus anthracis (anthrax) and Yersinia pestis (bubonic
plague). The reason for this extreme listing is that B. pseudomallei infection has a
high mortality rate, is difficult to detect using non-selective culturing methods,
particularly in non-endemic regions, is inherently multidrug resistant, can be acquired
via an inhalational route, and no vaccine is currently available [24]. These concerns

6

underpin the need to understand the biogeography of B. pseudomallei, and to assess
the ability to trace a potentially bioweaponised strain to its source. Forensically
tracking bacteria of health importance back to their origin (microbial “source
tracing”) is a difficult task, especially in microbial species that are influenced by high
rates of recombination such as B. pseudomallei. Successful source tracing has been
performed for other Tier 1 select agents, particularly B. anthracis, which became the
unwitting prototypic species for microbial source tracing following the failed Aum
Shinrikyo anthrax attack in Tokyo in 1993 [25], and subsequently the ‘Amerithrax’
letter attacks in the United States, which occurred a week after the September 11
attacks in 2011 and which killed five people [26]. In these studies, whole-genome
sequencing (WGS) was used in parallel with hypervariable repetitive genetic regions
in the B. anthracis genome, and was shown to be effective in pinpointing the origin B.
anthracis strains in both cases, partly due to very low rates of recombination and
mutation in this species [27]. In recent years, the cost of WGS has rapidly declined,
presenting an opportunity to assess the performance of this method in B.
pseudomallei. WGS shows great promise for similar investigations in B.
pseudomallei, especially given that past attempts have been hindered by high rates of
recombination in the B. pseudomallei genome. Therefore, the final aim of my project
was to use the microbial source-tracing methods pioneered in B. anthracis to
investigate an outbreak of melioidosis in northern Australia. This work is not only
important for potential future source-tracing abilities of B. pseudomallei strains
implicated in human disease, but also for future environmental population studies of
B. pseudomallei in endemic regions.
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1.2 Specific aims of the study
Aim 1. Describe the diversity and population dynamics of B. pseudomallei in northern
Australia using clinical and environmental isolates subjected to MLST (Chapter 3). In
Chapter 3, I address this aim by comprehensively analysing and describing: a) The
mechanisms of B. pseudomallei dispersal in northern Australia; b) The population
structure of B. pseudomallei in northern Australia, with a focus on comparing isolates
from Qld and the NT; c) A rigorous statistical comparison of environmental and
clinical B. pseudomallei strains to look for sub-populations that may be overrepresented in human or animal melioidosis cases.

Aim 2. Seek alternative means to chlorination for reducing the bacterial load of B.
pseudomallei in underground water supplies, which can pose a risk to human and
animal health if left unchlorinated (Chapter 4).

Aim 3. Compare current molecular typing methods with next-generation wholegenome sequencing (WGS) for forensic (microbial source-tracing) analysis of a
human melioidosis case cluster in the endemic Darwin region (Chapter 5).

1.3 An account of progress linking the scientific papers
B. pseudomallei is a cause of significant morbidity and mortality in humans and
animals in endemic regions. Despite 100 years of research, little is known about the
distribution of this organism in the environment and potential mechanisms of
dispersal (e.g. flooding, cyclonic winds, bird migration, anthropogenic factors). The
first research chapter (Chapter 3) incorporates MLST data collected on a large
(n=953), well-curated set of northern Australian B. pseudomallei isolates collected
from both patient samples and the environment over the past 25 years [9]. I aimed to
8

study the mechanisms of dispersal of B. pseudomallei in northern Australia; I
assigned sampling regions to assist in answering this question, and found that the size
of the geographic area influenced the captured diversity. For example, the relatively
small Darwin region had a restricted diversity in comparison with the Remote Top
End area, a bigger land mass where many different STs were isolated. Nevertheless,
the findings from this study suggest a radial expansion of B. pseudomallei strains
across northern Australia. This study refutes previous hypotheses that wind dispersal
and animal carriage have a major influence on dispersal of B. pseudomallei across the
landscape over time.

Next, I aimed to assess the diversity and population structure of B. pseudomallei in
northern Australia, and specifically a comparison between Qld and the NT. This
analysis revealed high indices of diversity in B. pseudomallei populations throughout
the NT and Qld, with Simpson’s D test and evenness values of >0.947 and >0.920,
respectively. When diversity measures are this high, little population structuring is
expected, because these statistics reflect respective 94.7% and 99.5% probabilities
that two randomly selected isolates will have a different ST profile. Despite this, I
found strong evidence of a separation between these adjacent regions using Bayesian
probability analysis. The BAPS software package defined two major populations that
separated the majority of isolates from Qld and the NT. Thus, there are still no
confirmed cases of ST overlap between Qld and NT, suggesting that B. pseudomallei
has evolved independently in these regions despite sharing a common ancestor.

I also tested the hypothesis that there was a subset of B. pseudomallei isolates in the
environment that were more invasive, and thus overrepresented in human and animal
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disease. Using a comprehensive dataset, I showed for the first time that there was no
pattern of ST bias between clinical and environmental B. pseudomallei samples in the
NT. Diversity and evenness measures were similar, and the same ST abundances were
found in both clinical and environmental isolate sets. The implication of my findings
is that, contrary to previous hypotheses suggesting that only a subset of B.
pseudomallei cause human disease, any culturable B. pseudomallei found in the
environment is infectious and can cause disease in humans and animals.

Accessing a large volume of patient and environmental sampling information allowed
the identification of melioidosis case clusters linked with water supplies, a previously
reported occurrence in the Top End of the NT [20]. My second research chapter
(Chapter 4) focused on examining in detail two non-fatal cases of melioidosis
occurring at a single residential property, which were suspected to be linked to a
common environmental source due to strong epidemiological and genotyping
evidence. I investigated whether these cases originated from the property’s soil or
underground water supply, the latter of which was used for domestic purposes. I
found that the ground water supply into this property consistently contained high
concentrations of B. pseudomallei, and MLST profiles were identical between the
cases and the water supply (ST325). In contrast, MLST of soil isolates from the same
property revealed different ST profiles compared with the human cases; in concert
with the epidemiological data, I was able to rule out soil from this property as the
point-source of infection. Strengthening my findings, ST325 has previously only been
found in this area of the rural Darwin region. This case cluster also provided a unique
opportunity to test the efficacy of a UV water filter as an alternative to traditional
disinfecting methods such as chlorination. Following the installation of the UV filter
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system, B. pseudomallei could no longer be cultured from the water supply, and was
undetectable using highly sensitive real-time PCR targeting a conserved gene in this
species [28]. The findings from this study are novel and have important ramifications
for preventing future melioidosis outbreaks on properties where ground water is used
for domestic water supply, particularly in the Darwin region, which has a high
proportion of B. pseudomallei positive ground water [23], and will experience an
influx of more at-risk people as the population continues to expand in the NT.

The ability to trace B. pseudomallei in the event of a deliberate release is a hot topic,
especially since its upgraded classification to a Tier 1 select agent by the US
Government in 2012 (www.selectagents.gov). In addition, more people are being
placed at risk of contracting melioidosis as populations expand and the changing
global climate is predicted to increase the current zones of B. pseudomallei
endemicity [29]. Attempts at finding the source of human melioidosis cases is very
difficult, particularly given that multiple genotypes are commonly found in a single
soil sample [30]. I aimed to assess the utility of molecular typing in parallel with
WGS to pinpoint the source of a melioidosis outbreak. In my final Results chapter,
Chapter 5, I performed a forensic-level analysis surrounding the two melioidosis cases
described in Chapter 4. I compared the ‘gold standard’ WGS data with less-resolving
genotyping methods; namely, MLST and multilocus variable-number of tandem
repeat analysis (MLVA) [31]. As suspected from the MLST findings of Chapter 4, I
found a closely related B. pseudomallei isolate originating from the water supply
using WGS. This environmental isolate differed from the two patient (P741, P811) B.
pseudomallei isolates by just one point mutation in the entire genome, which is
encoded by 7.2 million DNA base pairs. An environmental isolate linked to a human
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case of melioidosis at this fine-scale resolution is unprecedented, and confirmed that
the two patients were infected by a strain closely related to the water supply isolate.
ST325 isolates from other properties in this region were more distant on the wholegenome level, further confirming our hypothesis that the unchlorinated household
water supply was the point source for this outbreak. MLST was shown to be a reliable
predictor of whole-genome similarity, although this method lacks sufficient resolution
for fine-scale analyses. MLVA provided a high level of resolution, however this
method grouped some isolates incorrectly, which was expected given these variable
regions by definition mutate and recombined frequently, resulting in a greater chance
of homoplasy. My study represents the most accurate analysis of a melioidosis
outbreak to date by pinpointing the likely source of infection in this outbreak cluster.
In concert with the successful UV remediation I instituted on this property (Chapter
4), my project’s findings will lead to improved public health safety in the melioidosisendemic Top End region of the NT. Such findings also extend to other melioidosisendemic regions across the globe.
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CHAPTER TWO: LITERATURE REVIEW

2.1 Introduction
Melioidosis is an infectious disease, seldom known in non-endemic areas, yet coupled
with significant morbidity and mortality. This disease is caused by the soil bacterium
Burkholderia pseudomallei, a Gram-negative beta-Proteobacterium. Melioidosis cases
almost exclusively originate from environmental exposure, in other words soil and
water containing the bacterium enter the body, rather than person-person
transmission. Reported human melioidosis cases have reached annually >100 in
recent years in northern Australia, and in the order of 2000-5000 in Thailand, with
similar estimates in surrounding countries [1,2]. These two regions represent the
hyper-endemic areas of the world, although as clinical awareness increases, more
countries, particularly in Southeast Asia, fall into this category.

The Top End of the Northern Territory has the highest incidence of melioidosis in the
world with up to 50.2 cases per 100,000, exemplified by the 2009/10 wet season [2].
In addition, the rate among Indigenous Australians was 102.4 cases per 100,000
during this wet season [2]. Two years later in the same region, 97 melioidosis cases
were diagnosed during the record wet season of 2011/12, extending the previous
record by six cases (unpublished data). Strong winds coupled with periods of intense
rainfall, especially early in the wet season, are believed to correlate with an increased
number of cases. Apart from high rainfall, it remains uncertain if an influx of
Indigenous Australians into more urban areas also contributed to the case number
spikes [2]. The influx may have been an unintentional result of the federal
government’s intervention policies, which acted to restrict intoxicating substances,
such as alcohol, in rural indigenous communities [2].
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Broad differences have been noted between Australia and Southeast Asian B.
pseudomallei populations, interrogating housekeeping genes, and whole genome data
[3,4]. WGS analysis has suggested that the Australian population of B. pseudomallei
is ancestral to strains found in Southeast Asia [3]. There is currently a limited
understanding of the Australian B. pseudomallei population; more environmental
sampling is required to elucidate the diversity at finer geographic scales [5].

This disease has been noted to have a relatively broad host range, to name a few,
livestock such as cattle, sheep, goats, pigs [6,7] and other animals including camels,
horses, dogs, cats [8,9]. It seems likely the host range will expand as more
veterinarians become more familiar with this disease.
Aside from individual exposure, outbreaks of melioidosis have been documented,
where four and three human deaths were associated with domestic ground water
supplies in the Northern Territory and Western Australia respectively [10,11]. In these
instances molecular typing is used to investigate the epidemiology, namely targeting
housekeeping genes [12], and repeated regions of DNA [13]. Outbreak investigations
genotype bacterial isolates to ascertain if a single source is implicated, and if so,
alerting a public health response. Melioidosis outbreaks are difficult to study, owing
to intra-species diversity [5]. A number of high and low resolution molecular typing
approaches have been used to study melioidosis outbreaks [11,13,14], but the true
relatedness of B. pseudomallei strains implicated in melioidosis outbreaks will remain
unknown until whole genomes are analysed.

B. pseudomallei is also of concern to biodefense departments [15], where this
bacterium is now listed as a Tier 1 select agent by the Centres for Disease Control and
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Prevention (CDC) . Currently, it is known that B. pseudomallei is widespread in the
environment and highly diverse, however little is known about the biogeographic
distribution of this organism. To bridge this gap, current genotyping techniques, and
emerging technologies need to be trialed in parallel. Furthermore, this knowledge gap
needs to be filled before endeavors such as source attribution can be performed with
confidence, both in small-scale outbreaks associated with natural phenomena, or
large-scale bioterrorism threats.

2.2 B. pseudomallei in the environment

2.2.1 Global occurrence
In landmark work by Dance in 1991, the known B. pseudomallei endemic areas were
said to represent ‘the tip of the iceberg’. This idea has held true as more endemic
areas are described. After years of epidemiological study, a broad pattern of
endemicity has emerged [16]. Thailand and northern Australia are hyper-endemic
areas following much study in these regions in the past few decades. Despite these
two areas being hyper endemic, much of the landmass between Thailand and
Australia remains poorly investigated despite being declared as endemic.
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Figure 1: Global distribution of B. pseudomallei, and melioidosis cases [17].

It is likely a large number of cases are missed each year in poorer nations which are
lacking medical facilities to diagnose and treat melioidosis [1]. For example, Thailand
is known to be hyper-endemic, and the bordering country of Laos has only 483
documented clinical cases since 1996 [18], a likely conservative figure given that
environmental sampling found 36% B. pseudomallei positivity among 110 soil
samples in Laos [19], and most of Southeast Asia is now thought to be endemic [20].
It seems reasonable to suggest that B. pseudomallei will be found in these areas over
time. Sporadic autochthonous cases are increasingly being reported from areas of
Africa [21] and the Americas [17,22-24]. Two cases were reported from the state of
Oklahoma, and Georgia, United States, in the 1970s, however these isolates were later
classified as a new species (B. oklahomensis) following the advent of DNA
sequencing [25]. As time goes on the areas of B. pseudomallei endemicity are
expanding as mentioned above; ecology studies are revealing what factors drive
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persistence of this bacterium in certain environments that help to explain the current
known geographical distribution.

2.2.2 Evolutionary studies of B. pseudomallei
B. pseudomallei populations have been found to be different in the two hyperendemic regions of the world, Southeast Asia and northern Australia [3,4]. Southeast
Asian strains of B. pseudomallei appear less diverse than Australian strains, yet have a
higher
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Figure 2: Comparison of population metrics across 11 bacterial species.
Recombination:mutation ratio is represented by the Y-axis. B. pseudomallei has the
highest r/m value yet reported for bacteria. However the Nei's diversity index suggests
B. pseudomallei is less diverse than most of the other bacterial species studied [3].
This information suggests that although B. pseudomallei has a high recombination to
mutation ratio, both could occur at a lower frequency.

22

This finding supports that more evolutionary time has lapsed in the Australian B.
pseudomallei population, leading to an increase in observed diversity. Previous work
has suggested that as bacterial strains diversify, recombination becomes less frequent,
which may be the case for the Australian B. pseudomallei population [27]. These data,
in combination with phylogenetic reconstructions using whole genomes, depict
Australian B. pseudomallei strains as ancestral, compared to Southeast Asian strains.
It remains to be explored if this difference in recombination can also be in part
explained by spatial distribution, with B. pseudomallei being less abundant in the vast
geographical spaces of central and northern Australia [28], in comparison with
Southeast Asia [29]. It is also feasible that B. pseudomallei strains in Southeast Asia
may be influenced by farming practices that allow strains to recombine more
frequently, such as in rice paddy fields.

At some time point, B. pseudomallei strains migrated to Southeast Asia, possibly a
limited number of strains, causing a founder effect [3]. Molecular clocks, and other
methods to infer the evolution and spread of this bacterium are hindered by the high
rates of recombination, and estimates of this intercontinental migration range from
140 million years, down to 16 thousand years [3]. Recent estimates have suggested a
later migration during the past glacial period (16-225 thousand years ago), a time
when sea levels were low, and land bridges existed between Australia and Southeast
Asia [3,30]. A large discrepancy was observed between flora and fauna between
islands of the Malay archipelago, initially described by Alfred Wallace, with the
separation line known as Wallace’s line [31]. It remains unclear where this divide lies
between the Australian and Southeast Asian populations of B. pseudomallei. Bird or
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other animal migration may have facilitated passage of B. pseudomallei between
islands in the Malay archipelago. The geographic localization of strains on islands in
the Torres Strait, separating Australia from Papua New Guinea, lends credence to the
dispersal via land bridges hypothesis (Figure 3).

Figure 3: Past glacial period (21,500 years ago). Dry land in this time period is
represented by dark grey shading (B) Torres Strait islands, an archipelago between
Australia and Papua New Guinea. Numbers represent the amount of soil samples
collected in the survey of these islands [30].

2.2.3 Geographic clustering of B. pseudomallei
B. pseudomallei is endemic in Southeast Asia and northern Australia, and over the
years sufficient sampling has taken place to study geographic clustering. B.
pseudomallei is confined to the environment, and therefore environmental sampling
can elucidate complex evolutionary patterns. The disparity between Australian and
Southeast Asian strains of B. pseudomallei has been supported by multiple studies
[3,4,32,33]. As studies have focused on each region respectively, debate remains as to
the mechanisms of dispersal of B. pseudomallei which led to the geographic
distribution observed today, barriers which have influenced this dispersal, and the
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evolutionary time scale of this organism. It is clear that for this organism the
‘everything is everywhere’ hypothesis does not fit as previously suggested [34].
Dispersal via bird carriage has been proposed [35], flood waters [36] and long range
wind dispersal [37], however the latter has been refuted, particularly because B.
pseudomallei is a non-spore former and sensitive to UV light [32].

The stark differences between Southeast Asian and northern Australian B.
pseudomallei populations is evident [3,4], differences have also been noted between
B. pseudomallei populations in the Northern Territory, and the adjacent, yet distant
state of Queensland in Australia, where the null hypothesis of uniform distribution
was rejected [5]. It remains unclear if geographic barriers between these areas exist
that act to restrict gene flow, or if sufficient evolutionary time has lapsed to give rise
to the changes, or perhaps a combination of the two. Studies have also looked at
B. pseudomallei populations on a micro scale, on 237.5m3 of disused land, finding
dramatic differences between strain diversity over small distances. Three sampling
points 7-13 metres apart were used, where nine STs made up the diversity, two of
which varied greatly on PFGE banding patterns [38]. The authors conclude these two
different PFGE patterns likely came about via microevolution, rather than being
imported into the area recently [38]. The authors speculate that superior biological
fitness of some strains, or flooding mechanisms that mechanically move strains
around may lend a foothold to some clones [38]. Small-scale experiments such as
these are important for informing mid-large scale epidemiological studies.

Recently, B. pseudomallei was found to colonize plants, in particular introduced
grasses [39]. It remains to be seen whether this habitat is selective for a subset of
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strains and whether the current spread of introduced grasses across the landscape and
states will lead to an expansion of certain strains. Until populated datasets of B.
pseudomallei strains, coupled with robust molecular typing data are analysed, these
questions will remain unanswered.

2.2.4 Persistence in the environment
The ability of B. pseudomallei to persist in the environment requires specialised
mechanisms for rapid growth in favourable conditions, and also dormancy in stressful
periods. Such mechanisms have given this bacterium the ability to survive in acidic
environments (pH 5-8) [40], a range of temperatures (24 to 32°C) [40], and even
antiseptic detergents [41,42]. B. pseudomallei strains have been shown to be inhibited
in high salt (>4 %w/v) and highly acidic growth conditions (<5 pH), however appear
to remain viable by observing cells with flow cytometry (Figure 4).
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Figure 4: Effect of pH and salt on survival of B. pseudomallei. Panel A shows the
effects of pH on strain viability, determined using a flow cytometer, and growth
indicated by culture. Panel B shows viability, determined using a flow cytometer, and
growth indicated by culture using B. pseudomallei NCTC 13177 at various NaCl
concentrations. In both graphs unfilled squares represent culture in CFU/ml. Filled
squares show cell viability as determined by flow cytometry [43].
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These data (Figure 4) lend credence to the idea of B. pseudomallei resorting to a
viable but nonculturable state in stressful conditions, perhaps linked with this
organism’s ability to persist for long periods of time. A longitudinal experiment has
shown B. pseudomallei remains viable in distilled water for extended periods of time,
with a concentration of 3.8x107 cells/mL for 16 years [44]. These heightened survival
mechanisms are believed to incidentally assist intracellular survival in eukaryotic cells
such as amoebae, fungal spores [45,46], and alveolar macrophages [47]. On the other
hand, this bacterium is susceptible to ultraviolet light; B. pseudomallei cells were
killed in 7.75 minutes at 465 uW/cm3 [40]. Despite this UV sensitivity, B.
pseudomallei strains have additional defense mechanisms to cope, such as biofilm
formation.

Biofilm formation is observed in B. pseudomallei, and may provide additional
robustness to this organism. The protective effects of a biofilm produced by B.
pseudomallei is not fully understood for a number of the stressors previously
mentioned, partly due to difficulties accurately modeling a biofilm, a challenge in
itself [48]. Biofilm formation in Pseudomonas aeruginosa, (a genus which B.
pseudomallei used to belong to) has shown to be protective against UVA, UVB and
UVC light [49]. Furthermore, biofilm formation has been postulated to be a driving
force behind antimicrobial resistance in B. pseudomallei [50]. B. pseudomallei has
innate antimicrobial resistance, believed to stem from evolutionary “chemical
warfare” with other bacteria occupying similar environmental niches [51]. Antibiosis
has been observed between B. pseudomallei, and a closely related species,
Burkholderia ubonensis [52]. In other words, B. ubonensis secretes an arsenal of
compounds to gain a selective advantage, which results in resistance mechanisms
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emerging in B. pseudomallei. This is one of many interactions that constitute the
robust and resilient bacterium B. pseudomallei that we observe today.

2.3 Epidemiology of B. pseudomallei cases

2.3.1 Routes of infection
Traditionally, three routes of transmission were considered for melioidosis infection,
percutaneous inoculation, inhalation and ingestion [53]. Firstly, a percutaneous injury
or evidence of inoculation via the skin is frequently reported [54]. High incidence of
melioidosis is noted in rice fields of Thailand where workers are prone to skin injuries
while submersed in water [55]. Inhalation was initially recognised following
melioidosis case reports among helicopter crews in the Vietnam conflict [56], and
more recently, severity and number of melioidosis cases have been associated with
severe weather events [2,57]. Recent studies from Thailand have correlated certain
routes of transmission with disease presentation, where cutaneous inoculation was
negatively associated with B. pseudomallei bacteraemia, and the opposite for
ingestion, revealing higher rates of bacteraemia [58]. The same study also links
inhalation with higher rates of pneumonic melioidosis [58]. Infant cases of
melioidosis in the Northern Territory have been thought to originate from ingested
breast milk [59]. Four melioidosis cases have been documented with para-intestinal
abscesses, thought to originate from ingestion [60]. On the other hand, most rural
properties in the Northern Territory are supplied with unchlorinated ground water that
often contains B. pseudomallei [61]; however these water supplies are rarely
implicated in human melioidosis cases. A matched case-control study was undertaken
in North-east Thailand, outlining a number of activities that increase the likelihood of
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melioidosis infection, namely expose to rainfall and water inhalation [62]. Consuming
untreated water put occupants at increased risk of melioidosis infection, as did
drinking from a B. pseudomallei positive water source, where positive water supplies
equated to 7% of melioidosis cases within the study, and 3% of the matched controls
[62]. Steroid use was also associated with a likelihood of melioidosis infection,
highlighting a multifactorial infection paradigm [62].

2.3.2 Melioidosis case clustering and outbreaks
The natural burden of melioidosis in endemic areas, particularly northern Australia
and Southeast Asia far exceeds any known outbreak situation. Melioidosis outbreaks
have typically involved animals from a wide range of species [63]. Goat yards in
northern Australia have been implicated in goat deaths, where the soil contains a high
concentration of B. pseudomallei [64]. These goats are constantly exposed to soil,
which in ideal conditions, such as wet weather coupled with the presence of B.
pseudomallei, has provoked outbreaks. Military training exercises could pose a
similar risk for outbreaks affecting humans in B. pseudomallei endemic regions such
as the Northern Territory. The risk of infection is exacerbated when people have
lengthened environmental exposure; high melioidosis incidence in rice farm workers
in Southeast Asia is a good example [65]. Human melioidosis case clustering has been
noted surrounding a granite monolith in the city of Townsville, North Queensland
[66]. This monolith known as ‘Castle Hill’ is a popular exercise area that attracts
hundreds of people each afternoon. During the wet season, streams of water running
down Castle Hill are highly positive for B. pseudomallei and have been found to
contain 113 CFU/mL [66]. A high proportion of melioidosis cases (~25%) between
1996-2008 in Townsville were found to have residential addresses at the base of
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Castle Hill (Figure 5) [67]. Castle Hill represents a large reservoir of B. pseudomallei
where numerous human cases have been reported and study of such areas helps
elucidate the melioidosis infection paradigm.

Figure 5: Plotted residential addresses of melioidosis cases in the Townsville region
from 1996–2008. Geological properties and landscape type are overlayed on this map
[67].
Furthermore, isolates of B. pseudomallei collected from water runoff adjacent to
residential properties matched previous clinical isolates [66]. Matching B.
pseudomallei strains have also been found in gardens and back yards surrounding
properties where patients live, however how close these strains are related to
particular human cases remains unclear until studies interrogate entire bacterial
genomes.

Human melioidosis outbreaks have chiefly involved water supplies, a finite source in
which case histories can quickly lead to suspicion of B. pseudomallei contamination.
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Nine melioidosis cases and four deaths over a 28-month period were linked to a
community water supply in a remote aboriginal community in the Northern Territory,
Australia [10]. Likewise, a remote community water supply in Western Australia was
linked to five cases and three deaths in the dry season of 1997 [11]. In both instances,
chlorination was absent or at low levels during the outbreaks.

B. pseudomallei can be readily found in domestic ground water supplies where
chlorination is absent; Fifty-five un-chlorinated domestic groundwater supplies
surrounding the Darwin region, Northern Territory, Australia, were examined for the
presence of B. pseudomallei, where 33% were culture positive [68]. The majority of
bores in this area are un-chlorinated, partly due to difficulties maintaining the
chlorination. These studies suggest chlorination is effective, however alternatives to
chlorination need to be explored, especially in B. pseudomallei endemic regions with
low rates of chlorination.

2.4 B. pseudomallei contaminated water

2.4.1 Chlorination efficacy for disinfecting B. pseudomallei
There is conflicting literature regarding the efficacy of chlorine for eliminating
B. pseudomallei in a water supply. Previous work has shown no correlation between
chlorination of water supplies, and a decrease in melioidosis cases in remote
communities of the Northern Territory, however these results may be biased by low
sample numbers in rural communities [69]. The disinfecting properties of chlorinated
water contaminated with B. pseudomallei has been investigated in a laboratory
setting, finding that in most strains a 2-3 log reduction was observed, however the
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remainder B. pseudomallei population were bacteriostatic [70]. Further work, also in a
laboratory setting, demonstrated chlorine to be very effective, however mucoid strains
of B. pseudomallei, and the presence of amoebae, conferred a heightened tolerance to
chlorine [71]. The lack of outbreaks in large chlorinated water supplies in northern
Australia suggests anecdotally that guidelines for chlorination are sufficient to inhibit
B. pseudomallei infection. As mentioned above, outbreaks have occurred in the
absence of chlorination, or when equipment to chlorinate was faulty [10,11]. Some
melioidosis infections have been linked to domestic bore water supplies, where a
pump continuously fills a storage tank as water is used. This recycling of water
through the system means chlorine, even when used, is flushed out regularly, with
chlorine levels difficult to maintain. In such circumstances, alternatives such as UV
may be advantageous, and continually protect occupants from B. pseudomallei
contaminated water supplies.

2.4.2 UV disinfection of B. pseudomallei
The harmful effects of short wavelength UV radiation on microorganisms has been
known since the late 19th century [72]. Studies have reported similar doses of
radiation are required to inactivate common pathogens including Escherichia coli,
Staphylococcus aureus and Salmonella typhi [72-74]. A light wavelength of 253.7 nm
was routinely used which yielded the most bactericidal effect [73]. The practical
advantages for UV disinfection were recognized [75], and now widely used in water
treatment to eliminate bacteria, viruses and parasites. The effect of UV on
B. pseudomallei is similar to that for a number of bacterial pathogens, however spore
forming bacteria such as Bacillus anthracis were shown to have a 5-10 fold increased
tolerance [76]. Likewise, biofilm formation has been shown to increase the resistance
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of Pseudomonas aeruginosa to UV radiation, as mentioned earlier [49]. The biofilms
of B. pseudomallei have not been modeled in this way, however a heightened
resistance to UV is apparent in mucoid strains, as is the case with chlorine resistance
mentioned above [71]. UV disinfection represents a low maintenance approach;
however, the effectiveness of these filters in a B. pseudomallei contaminated water
supply has yet to be determined.

2.5 Genome of B. pseudomallei

Genomic information is becoming widely available with the cost of DNA sequencing
declining. Whole Genome Sequencing (WGS) represents a great opportunity to study
microbes, particularly those of public health interest. The first complete
B. pseudomallei genome (K96243) was published over a decade ago in 2004, isolated
from a human case of melioidosis in Thailand [77]. This B. pseudomallei genome was
relatively large with a total size of 7.25-megabase pairs (Mb) and consists of two
chromosomes, with chromosome 1 having 4.07 and chromosome 2 containing
3.17Mb [77]. This genome is considered large for a prokaryote, however bacterial
species that live in complex environments such as soil have significantly larger
genomes than those with a specific niche, for example, a host [78]. Burkholderia
mallei is a good example of this, a species which diverged from B. pseudomallei when
becoming restricted to an animal host [12]. Genomic comparisons have shown large
scale deletions (1.5Mb) that have occurred since B. mallei began culling genes that
were no longer required for environmental survival [79]. This phenomena is known as
reductive evolution [80], where different selective pressures associated with intra-host
survival cause deletion and rearrangements, particularly affecting genes no longer
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required for environmental survival. The environment that bacteria live in influence
genome composition as well; soil bacteria have an average of 61% GC content, in
comparison to bacteria in sea water averaging 34% GC content [81]. B. pseudomallei
has a high GC content of roughly 68%, a correlate of an organism with a large
genome size, living in a complex soil environment [82]. The forces that drive and
maintain high GC content in soil bacteria are unknown [83], however a higher
nitrogen content of soil has been hypothesized to have a role [84].

2.5.1 B. pseudomallei genomic plasticity
The most striking feature of the B. pseudomallei genome was a high level of
recombination and presence of 16 Genomic Islands (GIs) that constituted 6.1% of the
genome [77].

Figure 6: Schematic representations of the two chromosomes of the B. pseudomallei
genome. Rings from outside to inside: Genomic Islands shaded in red; scale in Mb;
Coding regions coloured; comparison of coding regions with B. mallei genome; G +
C content plot; (G–C)/(G + C) deviation plot (>0%, olive; <0%, purple) [77].
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Genomic Islands by definition are acquired horizontally, from other bacterial species
or bacteriophages [85]. If a bacterial species has many GIs, this is an indication of
high recombination rates in a previous ancestor, or more recently. The closely related
bacterial species Ralstonia solanacearum was found to have a similar genome to
B. pseudomallei, with 57% shared coding DNA sequence (CDS) on Chromosome 1
and 25% on chromosome 2 [77]. The high similarity is not surprising because the
bacteria share a common ancestor, however the striking feature is the level of
recombination, which has occurred frequently enough to skew any recognisable
coding sequence [77]. In other words, R. solanacearum and B. pseudomallei are
similar, however the high levels of recombination have shuffled the original genes
around so much, the pattern is unrecognisable. These findings suggest that
B. pseudomallei is diverse compared to other species, but does not give an indication
of B. pseudomallei intra-species variation. The 16 GIs found in B. pseudomallei
K96243 were screened in a diverse set of 40 B. pseudomallei isolates, where only one
GI was found to be ubiquitous, four GIs were present in 10-70%, and the remainder
were <10% or absent [77]. Subsequent studies compared 11 geographically distinct
B. pseudomallei whole genomes and found the sizes ranged from 6.9-7.3Mb, a large
within-species variation [82]. These findings suggest recombination has played a
significant role in shaping a very diverse and plastic genome.

2.5.2 B. pseudomallei transciptomics and proteomics
The next generation sequencing revolution has contributed to our knowledge of
genomic make-up, and is also shedding light on the functioning of the genome –
transcriptomics and proteomics. Although transcriptome studies generally assume that
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increased transcription correlates with increased production and function of the
corresponding proteins, this may not always hold true, given proteins are subject to
many regulatory pathways. Many of the environmental persistence mechanisms
discussed earlier have been further explored with these approaches.
2.5.3 B. pseudomallei survival and virulence genes
B. pseudomallei has two chromosomes, the first being larger and associated with core
function, and the second with accessory genes. Interestingly, this genomic partitioning
of core and accessory is consistent across the Burkholderiaceae family [77]. As
previously discussed, bacteria that live in complex environments have larger genomes
fitted with genes to survive. B. pseudomallei is capable of surviving in a number of
diverse soil environments, water, and mammalian hosts, a lifestyle that requires an
arsenal of genes to endure. Describing these survival genes has been facilitated by
comparisons with closely related bacteria, namely Burkholderia thailandensis, a nonpathogenic soil saprophyte, and B. mallei, the causative agent of glanders, and
confined to animal hosts [86]. Genes that were essential for virulence were found in
B. pseudomallei and B. mallei, namely the type III and VI secretion system clusters
[87]. Likewise, environmental survival genes were found exclusive to B.
pseudomallei and B. thailandensis (Figure 7) [82].
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Figure 7: Distribution of orthologous genes between the Bp K96243 core genome
(4908 core genes + K96243 paralogs = 5063 genes), B. mallei ATCC23344 and B.
thailandensis E264. The Venn diagram depicts the number of genes either shared or
unique between one or more Burkholderia species. Figures in brackets indicate the
total number of genes compared. [82].

There have been attempts at attributing clinical presentations and virulence to
molecular types [88] and Genomic Islands [89] of B. pseudomallei with no significant
correlations found. Recent studies have found a strong association between an actin
polymerization gene and also a filamentous haemagglutinin gene in predicting clinical
presentation of melioidosis cases [90]. As more of the B. pseudomallei genome is
analysed, it is likely that more strain specific traits will be correlated to clinical
features and outcomes.

2.6 Molecular typing B. pseudomallei

The following section will focus on the past and current techniques that are used for
evaluating bacterial evolution. Traditional typing methods employed phenotypic
analysis such as serotyping, phage typing, bacteriocin typing and antimicrobial
sensitivities [91,92]. These methods were complex, lacking in discriminatory power
and poorly reproducible given the variability associated with phenotype. These issues
have largely been addressed with the advent of genotyping approaches.
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2.6.1 DNA band pattern analysis
2.6.1.1 Ribotyping
Molecular typing began with the purpose of understanding the complexity of
microbes, in both public health and industrial purposes. A popular method of studying
pathogenic bacterium, ribotyping, was adapted to infer B. pseudomallei strain
relatedness [93]. Ribotyping targets the rrn operons that encode the rRNA [94].
Firstly, chromosomal DNA is extracted, followed by fragmentation with restriction
enzymes [95]. Probes specific for the rrn operon are then hybridised, followed by the
fragments of DNA being separated on a polyacrylamide gel for comparison.
Ribosomes and their rRNA are highly conserved within bacterial species because of
their essential role in protein synthesis [96]. In theory these fragments have a mutation
rate that is consistent with evolutionary rate of the organism, that is, they are
relatively free from recombination events and other selective pressure modifications
[96].

16S and 23S rRNA regions of the genome are useful when looking at long term
evolutionary relationships, and may be good for narrowing down an isolate to a
particular continent, however they are unable to resolve much past this point.
Ribotyping studies from Australia, Thailand, and Malaysia all find a small number of
ribotypes among diverse B. pseudomallei datasets [93,97,98]. Ribotyping was the first
method that had some success in discriminating B. pseudomallei isolates, however
lacked resolution, and more importantly, reproducability between laboratories [96].
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In the past few years Ribotyping has been revisited using high throughput PCR
analysis on a large number of B. pseudomallei isolates [99]. Instead of fragmenting
the 16S and 23S regions of ribosomes, attention has been focused on variations in the
length of the Internal transcribed spacer (ITS) region between the 16S-23S Ribosomal
DNA of B. pseudomallei strains [99]. This work found four predominant ITS types in
the northern Australian and Southeast Asian B. pseudomallei populations, C, E, GE,
and CE [99].

In some strains there were multiple ITS types, particularly strains in the Southeast
Asian B. pseudomallei population, suggested as a byproduct of recombination [99].
Other studies found another ITS type to be prevalent among Western hemisphere
isolates of B. pseudomallei [100]. Results from analysing ITS types in global B.
pseudomallei populations complements current thoughts of long term separation of
Australian and Asian strains with limited dispersal between regions.
2.6.1.2 Pulse Field Gel Electrophoresis (PFGE)
A later developed typing approach targets the whole genome, where chromosomal
DNA is cleaved using specific, infrequent cleaving restriction enzymes [101]. The
cleaved DNA is separated using a polyacrylamide gel with a multidirectional electric
field, a technique called Pulsed Field Gel Electrophoresis (PFGE) [102]. The DNA
products begin to migrate down the gel, before the electric current is switched to
another direction, and this is repeated depending on the desired resolution. This
technique was first used to study yeast [103], however has widespread use in
microbes of public health interest.
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This technique has adequate resolution to discriminate highly related bacterial strains.
This is achieved by visualising much of the genome of each strain. PFGE performed
relatively poorly when looking at long term evolutionary relationships, however, was
useful in fine scale studies, such as a melioidosis water outbreak [10]. Fragmenting
the whole genome has disadvantages, namely the sensitivity to genetic
rearrangements, where most strains will have a different PFGE profile. The diversity
of PFGE types is inappropriate for determining long term relatedness of B.
pseudomallei strains, given that most strains will have a different profile. In addition,
reproducability between laboratories remains an issue [104].

2.6.1.3 Rapid Polymorphic DNA (RAPD)
Another highly discriminatory technique utilizes PCR amplification to visualise strain
relatedness on an agarose gel. RAPD is carried out with 10bp primers that arbitrarily
amplify DNA [105]. This approach, like PFGE, targets the whole genome. Multiple
RAPD profiles were described within each B. pseudomallei Ribotype [105], however
when describing strains beyond ‘same’ or ‘different’, the level of relatedness is
unknown. RAPD suffers from the same shortcomings of PFGE, that is, poor
reproducibility, and spurious results due to certain bacterial species genomic
variability [104]. Again, like PFGE, the increased discriminatory power proved useful
to identify epidemiologically related B. pseudomallei isolates during outbreaks [97].

2.6.2 Current molecular typing technologies
In recent years, molecular typing technologies have become specific for many
organisms as the focus shifted from banding patterns to conserved, discriminatory
regions of the genome. DNA band pattern analysis is a good approach to discern,
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‘same’ or ‘different’, however the degree of similarity cannot be determined. Current
approaches can estimate relatedness with nucleotide sequence data, however these
data may not always reflect accurate evolutionary relationships. Point mutations are
consistent among bacteria, that is, polymerase copying errors [106], which
accumulate over time, a driving force behind evolution. Other mechanisms that bring
about genetic diversity have been identified that confound attempts to describe
evolutionary relationships, namely recombination (lateral gene transfer) [107].
Laterally acquired DNA can be visualized when looking at nucleotide compositions,
for example, B. pseudomallei has roughly 68% GC content [108], but also has regions
of low GC content, most likely inherited from another bacterium with a lower GC
content. High rates of lateral gene transfer hinders phylogenetic analysis [109]. In
many bacterial pathogens the rate of lateral gene transfer is much higher than the
mutation rate [3], and this shuffling of genes has been shown to disrupt phylogenetic
signals in these species [109].

Lateral gene transfer can give rise to homoplasy, the phenomenon where two
evolutionarily distant isolates have acquired the same mutation, and appear more
closely related than they actually are [109]. Focusing on housekeeping genes that are
highly conserved is a good approach to infer longer-term evolutionary relatedness,
and has been effective for studies of B. pseudomallei [3-5],

2.6.2.1 Multilocus sequence typing (MLST)
MLST is a widely used genotyping approach to infer relatedness for many bacterial
species, namely pathogens of public health interest [110]. A Multilocus typing
scheme was developed for B. pseudomallei in 2003 [111]. This system targets seven
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housekeeping genes in the B. pseudomallei genome (Table 1). Each of the seven
genes are sequenced, and for each unique sequence, a new allele number is recorded.
Each unique profile of seven alleles corresponds to a Sequence Type (ST). All ST
numbers are arbitrarily assigned as new types are sequenced, therefore the nucleotide
sequences themselves can be compared, or alternatively, the allelic profiles. The
concatenated length of seven B. pseudomallei MLST loci is 3,399bp, a relatively short
snippet of the ~7.2Mb genome. These housekeeping genes are a small segment of the
genome, however the utility of using a large amount of MLST data is a powerful tool
for looking at large population scale relatedness [3,4].

Table 1: Seven B. pseudomallei loci used in MLST typing scheme [111].
Locus
ace
gltB
gmhD
lepA
lipA
narK
ndh

Gene function
Acetyl coenzyme A reductase
Glutamate synthase
ADP glycerol-mannoheptose
epimerase
GTP-binding elongation factor
Lipoic acid synthetase
Nitrite extrusion protein
NADH dehydrogenase

Genome location (kb)
1,780
3,761
3,023
2,938
448
2,784
1,400

MLST loci are relatively conserved compared to highly variable regions of the
genome. Utilizing a small segment of the B. pseudomallei genome can be vulnerable
to spurious results if recombination events have occurred. Nevertheless, although B.
pseudomallei has the highest recombination to mutation ratio observed for a bacterial
species, the frequency of recombination and mutation are relatively low [3]. A big
advantage of MLST over traditional DNA banding analysis is the portability of data,
and non-ambiguous interpretation, where nucleotide sequences are directly
comparable between laboratories. A publically available global database of B.
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pseudomallei MLST results is available, allowing the comparison of thousands of
isolates,

mainly

from

Southeast

Asia

and

northern

Australia.

(http://pubmlst.org/bpseudomallei).

2.6.2.2 Multilocus VNTR analysis (MLVA)
Each molecular typing approach used for inferring bacterium relatedness relies on a
segment of genome that has polymorphisms, where the frequency of mutation will
dictate the achieved resolution. Eukaryotic and prokaryotic genomes contain Shortsequence DNA repeats (SSR) that are dispersed throughout the genome. These SSRs
can consist of one or more nucleotides, (Figure 8), and greatly vary on the number of
copies of the repeat sequence [112]. A sub-type of SSR termed Variable Number of
Tandem Repeats (VNTR), occur at specific loci that lose or gain nucleotide repeats,
primarily due to DNA polymerase slip strand mispairing (SSM) [112]. SSM can occur
when nucleotide repeats are mismatched with neighbouring repeats, and can lead to
an insertion or deletion of a repeat, depending on the orientations of the DNA
fragments [112]. Recombination events can also modify VNTR loci, however this
occurrence is far less frequent. The VNTR loci in B. pseudomallei have a high in vitro
mutation rate of >10-5 per locus, per generation, which is consistent with other less
diverse bacteria [113].
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Figure 8: Example of short sequence repeats [114]

Multiple VNTR loci can be interrogated to provide increased resolution in a typing
scheme and has been devised for bacteria, an approach called Multilocus VNTR
analysis (MLVA) [114]. A PCR with MLVA-loci specific primers is run, followed by
analyzing the fragment size on a capillary sequencer. To speed up this process, the
products can be separated on an agarose gel immediately following the PCR. This
approach was applied to B. pseudomallei, where 23 highly evolving VNTR loci were
selected [113]. MLVA has been applied to four acute melioidosis cases to observe
within-host evolution of B. pseudomallei strains [115]. Interestingly, this study
observed much higher VNTR loci mutation rates in vivo for certain B. pseudomallei
strains than first postulated.

A simplified B. pseudomallei MLVA-4 scheme was developed that interrogates four
highly discriminatory VNTR loci [116]. This approach was congruent with MLST
and PFGE types, and successfully identified outbreak clusters of melioidosis. The
main advantage to the MLVA-4 system was time, where a melioidosis outbreak can
be identified or refuted within eight hours [116]. MLVA data are also portable, like
MLST, and can be readily compared between laboratories, a pre-requisite of modern
molecular typing schemes.

2.7 Whole Genome Sequencing
2.7.1 Sanger Sequencing
The era of gene sequencing began with the advent of Sanger sequencing, Nobel prize
winning work that revealed the sequence of nucleotides, or genetic instructions for
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organisms [117]. This method begins with denaturing the DNA double helix into a
single strand. Four reactions are set up, each containing regular dNTPs, and one of the
four dideoxyribonucleotides (ddATP, ddTTP, ddGTP, ddCTP). Each time the DNA
polymerase arrives at a new base, one of the four reactions will incorporate a ddNTP,
leading to chain termination. Each reaction will have different sized fragments of
DNA, which correspond to the nucleotide sequence. A polyacrylamide gel separates
the fragments from smallest to largest, allowing the DNA sequence to be read. A gel
based separation is suitable for short nucleotide sequences, however a whole genome
would be logistically too challenging and time consuming. The development of
automated Sanger sequencing [118] allowed the drafting of the first human genome
[119], and the first bacterial genome of Haemophilus influenzae [120]. Despite having
automation of Sanger sequencing, this technique remained costly and laborious.

2.7.2 Next Generation Sequencing
Genome sequencing data became much more accessible with the availability of highthroughput gene sequencing technologies since 2004 [121]; rather than a chain
termination step, the DNA is sequenced while being synthesized, facilitating high
throughput. A few sequencing technologies have dominated the research market,
namely, Roche 454, Illumina, Pacific biosciences and Ion torrent (Table 2). When
considering a sequencing technology, one must consider the cost, data throughput,
length of sequence reads, and error rates.

46

Table 2. Next generation gene sequencing platforms, and performance. [122]

Roche

Life
Technologies

Illumina/ solexa

Pacific
biosciences

Sequencing
platforms
454 GS FLX
Titanium XL +

Detection

Run types
Single end

Run
time
23 h

Read length
(bp)
700

Output
per run
700 Mb

Pyrophosphate
detection

GS
System

Pyrophosphate
detection

Single end

10 h

400

40 Mb

Ion torrent

Proton release

Single end

4h

200-400

1.5-2 Gb

Proton

Proton release

Single end

4h

125

8-10 Gb

HiSeq2000/
2500
MiSeq

Fluorescence

Single & pairedend
Single & pairedend

12 days

2 x 100

600 Gb

65 h

2 x 300

15 Gb

RSII

Fluorescence

Single end

2 days

50% of reads
> 10 kb

5 Gb

Junior

Fluorescence

Cost and data throughput can be weighed up, for instance, if ten 7Mb bacterial
genomes were run at once on the Illumina HiSeq platform, in theory those ten
genomes will have an average of 85x coverage each, the largest throughput for a
platform yet. Alternatively, if we use the same ten genomes for the Roche GS FLX
instrument, the genomes would have 10x coverage, which depending on the
biological question, may suffice. The read length is also important, where longer
reads are desirable to reduce incorrect read mapping, which is much more common
with shorter sequence reads. The current platform leading this area is Pacific
biosciences, where 50% of reads are >10Kb (Table 2). Another consideration is error
rates, the Roche 454 instrument struggles with homopolymer regions, or a number of
nucleotides that are the same base [123]. The pyro-sequencing chemistry cannot
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easily differentiate between seven and eight T nucleotides in succession, for example
[123].

2.7.3 Next generation sequence assembly
The cost of high-throughput sequencing technology has been declining rapidly, and is
greatly outpacing Moore’s law, which states that as computing power doubles, cost
halves every two years [124]. The bottleneck of genome sequencing is now at the
analysis end, with overwhelming amounts of DNA sequence data being generated.
The sequencing reads are first assembled using algorithms that either pieces the data
together without prior knowledge (De novo), or using a reference genome. This
decision should be based on the quality of the existing reference genome, where B.
pseudomallei currently has a number of high quality reference genomes publically
available [125,126]. Genome assembly should be performed with appropriate
software for the sequencing platform used. The Velvet software package works well
with B. pseudomallei data generated with the Illumina platform [127]. Another
method of achieving high accuracy is the combination of Roche 454 and Illumina data
in a hybrid assembly, where read data from two platforms is used. Illumina provides
high quality short reads (35-150bp), which are mapped using the longer Roche 454
reads (700-1000bp) as a scaffold [128]. Hybrid assemblies have been performed with
B. pseudomallei genomes with the MIRA software package [129].

2.7.4 Coverage
Sequence coverage, or the amount of times a nucleotide is read on average from a
genome, can be adjusted to balance coverage depth and number of samples. For
example, you can chose to sequence ten genomes at 100x coverage, or 100 genomes
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at 10x coverage, the decision will be based on the biological research question. In
some cases, 10x coverage will be sufficient to identify the same variants as 100x,
hence the decision would be to sequence more genomes, and yield the same variant
information [123].

2.7.5 Variant discovery
Genomic studies typically investigate variation in a sequence, or set of sequences that
may correlate to a disease state in the human genome, or a variant that is present in a
particular population of bacteria in an environment for example. These variants can be
in the form of an insertion, where one or more nucleotides are found in a sequence, a
deletion to a sequence, or a single base change, referred to as a single nucleotide
polymorphism (SNP) [130]. SNPs tend to be relied on for bacterial phylogenetic
analysis and epidemiological work [131]. This is because SNPs tend to occur with
DNA polymerase errors, which are predictable and can be estimated, which is very
useful in calculating relatedness in the population. SNPs can be found in areas of
homology, in other words, genomic regions that are shared by all the strains being
examined. It is likely that these areas have not been recently affected by
recombination events, therefore more accurately reflecting evolutionary time [3].

Variant calling of insertions, deletions, or SNPs begins with mapping the large
amount of reads in the putative order [132]. Following the alignment, variant calling
algorithms have quality filters that attempt to define probable variants, versus
sequencing errors. For example, if a SNP is called from a region with only 2x
coverage, it is likely that this is erroneous, whereas if the SNP occurred in a region of
100x coverage, this variation would more likely be accepted. Apart from coverage,
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the filters assess what percentage of reads are the new variant, where a variant of
below 80% may be discarded for example. Furthermore, transition to transversion
ratios (Ts/Tv) are normally biased towards transitions in bacteria, that is, base changes
from cysteine to guanine, or adenosine to thymine [133], unless the region is under
heavy selection pressure. If this is not the case, the data should be quality checked for
sequencing or algorithmic errors. Bacterial genomes are haploid, and therefore should
not have allelic variation that is commonly observed in diploid genomes. This
phenomenon could also arise from a copied paralogous gene, duplicated in the
genome, where one copy accumulated a mutation. GATK software has been used with
B. pseudomallei genomes, and generates quality metrics that help the software decide
if the variant is ‘real’ or not [134].

2.8 Phylogenetic analysis and population structure
2.8.1 Phylogenetic analysis
Molecular typing or whole genome sequence data is commonly visualised using a
phylogeny, i.e. an evolutionary tree depicting the relatedness between organisms.
There are two main approaches that are used: firstly, constructing many phylogenies
from the data and select the most suitable based on criteria, termed an ‘exhaustive
search’. Alternatively, a stepwise approach can be used which as the name suggests,
interrogates the topology step by step [135]. Three main methodologies are used in
biology; Maximum parsimony (MP), and maximum likelihood (ML) represent an
exhaustive search, whereas Neighbour joining (NJ) is performed stepwise, a process
that involves transforming DNA characters to pairwise differences, therefore NJ
forfeits some information in the process. MP and ML utilise DNA characters and
differ from NJ in this respect. These three methods can be further subdivided into the
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types of algorithms used to achieve a topology, for example, ML phylogenies can be
constructed using a Jukes-Cantor or Hasegawa-Kishino-Yano algorithm assuming
equal or different rates of nucleotide substitutions, which depending on the dataset
may yield the same result [136]. The underlying algorithms will not be discussed,
rather the methodology they achieve.

Firstly, NJ is a method that attempts to find similarities between Operational
taxonomic units (OTUs), or bacterial strains, as a way to minimise branch lengths in
the phylogeny [137]. MP predicts phylogenies that have a minimal number of steps,
or genetic changes that lead to a congruent topology, hence parsimonious [138]. The
ML approach dates back to 1922 [139], however computing power has often been a
limiting factor until recently. ML calculates the most probable distribution(s) that the
dataset fits [140]. The probability distributions are used to find the maximum
likelihood, i.e. the most fitting phylogeny [140]. The ML approach is also a starting
point for other algorithms, such as Bayesian based probabilities [141]. Studies have
been published that claim one method superior to another, for example, MP being far
superior to ML [142], and other studies retaliate, claiming the opposite [143]. A
preferred approach is to analyse data in all tree formats, and compare the differences
with the limitations of each approach in mind.

2.8.1 Population structure
Population structure has been widely studied for organisms that have phenotypic traits
such as beaks, migration patterns, and social behaviours, however before the advent
of nucleotide sequencing technologies, microorganisms could not be studied in the
same way [144]. MLST has been a popular method to investigate population
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structure, where databases are freely available online for many bacterial pathogens
(mlst.net). A starting point for population analysis is to examine the relationship
between the alleles at the MLST loci. The variation of alleles at different loci gives an
indication of recombination rates, and to an extent, population structuring [145].
When these alleles are assorted randomly, and are independent of each other, this is
termed ‘linkage equilibrium’ [144]. Alternatively, when alleles are inherited together,
and not heavily influenced by recombination, the alleles are said to be in ‘linkage
disequilibrium’, a tell-tale of population structuring, as opposed to random sharing of
alleles [144]. This has been performed for a large dataset of B. pseudomallei strains
from northern Australia, where the null hypothesis that alleles were uniformly
distributed was rejected for six out of seven MSLT alleles [5] (Table 3).
Table 3: Diversity of alleles at B. pseudomallei MLST loci in populations from the
Northern Territory and Queensland.

Although there is linkage disequilibrium, the classification index is still low, which
approaches zero in a randomly mixing population sharing alleles (Table 3). This
finding is supported by other studies, attributing high rates of recombination, linked
with variable presence of a repertoire of genomic islands that act to shuffle alleles,
forming new sequence types [3,89].

Aside from molecular typing data, whole genome sequencing has also shed light on
population structure. As mentioned previously, stark differences between the
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Australian and Southeast Asian population of B. pseudomallei has been demonstrated
[3]. At the present time, molecular typing data is readily available, however will be
replaced, as whole genomes are more readily available. In northern Australia and
Southeast Asia increased sample sizes are required to further elucidate population
structuring.
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CHAPTER SIX: GENERAL DISCUSSION
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My work in this thesis has provided new insights into the bacterium B. pseudomallei
in northern Australia, a pathogen of public health importance that remains a
significant cause of morbidity and mortality [1]. In the first research chapter, a large
dataset (n=953) of B. pseudomallei strains were analysed using multilocus sequence
typing (MLST) [2]. Diversity and evenness measures were carried out using
Simpson’s and Pielou’s indices, and were used to compare B. pseudomallei strains in
each geographic area, and between clinical and environmental datasets. MLST data
provide a limited snapshot of the genome in comparison to whole-genome sequencing
(WGS), and interpretation can sometimes suffer due to high rates of recombination
[3,4,5]. Recombination among MLST loci may lead to alleles appearing in genetically
distinct B. pseudomallei strains, leading to confounding topologies [3,4,5]. The
strength of this analysis, however, is the large and detailed B. pseudomallei isolate
collection. I have found evidence that suggests this bacterium spreads in a radial
manner over evolutionary time across northern Australia, with the exact mechanisms
of spread yet to be agreed upon [6,7]. With regards to wind dispersal, inhalational
melioidosis has been speculated to have a larger role in transmission than previously
thought [8], where viable B. pseudomallei cells are aerosolised during severe weather
events and can infect humans and animals, despite being sensitive to UV light [9].
The evidence suggests that B. pseudomallei may easily spread over short distances to
colonise a host, however my research highlights that aerosolised B. pseudomallei is
not likely to effectively colonise new areas across large distances in this manner.
Further, my observation of increasing B. pseudomallei diversity with land size (radial
expansion), may complement the idea of dispersal via plant movement; in other
words, as certain species of plant spread across the landscape, the soil bacteria
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associated with the plant may also spread. B. pseudomallei has been documented in
the Northern Territory (NT) as having a strong association with certain species of
grasses, with the organism being found endophytically in both roots and aerial parts of
the plant [10]. Interestingly, tully and mission grasses are exotic species introduced in
the 20th century into Australia, being native to Africa and the Americas [10]. These
species have been shown to move quickly, and mission grass is now classified as a
weed [11,12]. This rapid spreading phenomenon was observed chiefly in undisturbed
environments with native vegetation that parallel the sampling areas in my work in
the NT.

My finding of radial expansion could also reflect ongoing genetic bottlenecks across
the landscape, such as the bottleneck that occurred when Australian strains of B.
pseudomallei migrated to Southeast Asia, resulting in a reduction in diversity
observed today [3]. I noted that strains seemed to be geographically confined to a
particular region in the NT, probably due to a combination of geographical barriers,
ecological factors such as soil moisture, pH, or other microorganisms that allow only
certain B. pseudomallei strains to survive in new environments [13]. Geographical
restriction of B. pseudomallei strain types has been noted in two other regions: the
Sarawak region of Malaysian Borneo, and the Balimo region of Papua New Guinea.
In Sarawak, thirty-seven (84%) of B. pseudomallei strains found in human cases were
ST881, an ST that has been only reported once outside this region in a Chinese
traveller returning from Malayian Borneo [14]. In Balimo, all clinical and
environmental B. pseudomallei isolates were found to be ST267 [15]. The authors
speculate that selection pressure resulting from carriage of certain strains in singlecelled eukaryotes, or plants, may have a role in maintaining this clonal population of
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B. pseudomallei strains in Balimo [15]. Recent studies from Kaestli et al. have
demonstrated symbiotic relationships between B. pseudomallei and species of grasses
as discussed above, which gives weight to this argument [10].

Widespread flooding may play a role in facilitating the dispersal and introduce new
strains of B. pseudomallei into neighbouring areas. The Northern Territory
experiences a seasonal wet season that results in large scale flooding, and tied with a
long evolutionary history of B. pseudomallei in Australia, may augment the sampled
diversity. The narrow observed diversity of Sarawak and Balimo may reflect less
environmental disturbance from flooding, or inadequate soil sampling to capture more
diverse STs. Also a possibility, sampling in a small geographic area results in less
captured B. pseudomallei diversity (few dominant STs) in northern Australia, as
observed in this work. It is unclear if Sarawak and Balimo have unique environments
that select for few STs i.e. lacking flood waters that connect distant geographic areas
such as those in the Northern Territory, or if not enough evolutionary time has passed
in these regions since B. pseudomallei was introduced, which mirrors B. pseudomallei
diversity seen in Australia.

The point in time where B. pseudomallei strains were introduced to Malaysian Borneo
and Papua New Guinea remains to be elucidated. Molecular clocks and evolutionary
studies are a complex research area, and only well documented in some bacterial
species, particularly those that have genomes that are less variable [16]. Molecular
clock analysis of highly recombining species such as B. pseudomallei are non-trivial
and prone to very large range estimates, and are unlikely to fully resolve such
questions. A lack of sampling also hinders accurate molecular clocks in B.
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pseudomallei populations [17]. In the Sarawak region of Borneo, some of the STs
identified from this region have been found in other areas of Southeast Asia, notably,
China, Laos, Thailand and Vietnam, and also areas in and surrounding India [14].
These data lean towards an ancient dispersal of B. pseudomallei into this region,
possibly through a genetic bottleneck [14]. The geographically restricted B.
pseudomallei strains found in Balimo have not been described elsewhere, however do
cluster with Australian strains when analysed on a neighbour joining tree using MLST
data [6]. The authors conclude that if anthropological movement contributes to spread
of this bacterium, regions where this movement is limited should also have a limited
diversity of B. pseudomallei strains [6]. It remains unclear to what extent these factors
play in dispersal, however, an ancient dispersal from Australia to these regions is
most supported, most likely via long-term radial expansion across land bridges
connecting Australia to Southeast Asia [18].

Studies in the Balimo region have suggested that B. pseudomallei strains are reseeded into the environment from human and animal hosts. A proposed mechanism
was via faeces, where 25% of human cases had viable B. pseudomallei in excrement
[6]. Antibiotic resistance was used to bolster this argument, where a cluster of strains
was found to be chloramphenicol resistant, and 7.1% of patients recorded high in vivo
resistance to this antibiotic [19]. This recycling of B. pseudomallei stains into an
environment via faeces seems feasible in a confined area; however, more weight has
been placed on symbiotic relationships with plant and amoebae than anthropologic
influence in maintaining B. pseudomallei strain diversity in a particular area [10,20].
Further, the proposed radial expansion in this work may have resulted in a bottleneck
of B. pseudomallei diversity in this area rather than a lack of anthropogenic
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movement. Likewise, soil communities of Actinobacteria have been studied which
focus on dispersal limitation and geographic barriers, specifically, if communities are
most affected by environmental heterogeneity, or distance from last glacial retreat
[21]. The authors concluded that distance (a surrogate for time) correlated strongly
with the soil bacterial community composition, which lends credence to our radial
expansion of B. pseudomallei strain hypothesis. Our findings have described vast
diversity as a whole in northern Australia, and our radial expansion hypothesis refutes
the idea of heavy anthropological influence of B. pseudomallei spread. Rather, it
seems more probable that genetic bottlenecks establish strains, which undergo a
founder effect, and are subsequently maintained by selective forces in those areas.

Recently, divisions have been made between global populations of B. pseudomallei,
namely, between Southeast Asia and northern Australia, using both MLST and WGS
[3,22]. To a lesser extent, a non-uniform distribution of B. pseudomallei MLST STs
have been observed within Australia, between the NT and Queensland (Qld) [23]. My
work further describes this finding using MLST with a more extensive dataset of B.
pseudomallei isolates than has been previously published. I found further evidence of
sub-populations of B. pseudomallei between the adjacent state of Queensland, and the
Northern Territory, Australia. As mentioned above, MLST data can at times have
shortcomings due to a relatively small segment of the genome being interrogated,
which can be readily confounded by recombination. I attempted a network algorithm
[24] that is purportedly helpful for species with high recombination rates. In this
instance, no structuring was observed between Qld and NT isolates, and all nodes
received low bootstrap support. In another attempt, I took a Bayesian probability
approach; across 20 repeated analyses consisting of ten iterations, two populations of
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B. pseudomallei were consistently found. The first population was mainly NT isolates
(66%), where only isolates with >90% probabilities of belonging to Population 1 were
counted (Fig 4. Chapter 3). The majority of Qld isolates clustered together more
clearly than NT isolates, with 93% of isolates being assigned to Population 2 (Fig 4.
Chapter 3). My results suggest that, as more evolutionary time lapses, this division
will become more apparent, and more region-specific STs will be formed in these
areas. This is also true of MLST alleles, where many alleles are shared between the
Qld and NT B. pseudomallei population [23], but as they continue to mutate and
recombine over the coming tens and thousands of years, they will no longer share the
degree of similarity we observe today.

The hypothesis that certain strains of B. pseudomallei are more likely to cause
invasive disease has been explored in both Australia and Thailand, the two epicentres
of melioidosis worldwide [25,26]. Australian studies have reported no difference
between clinical and environmental strains of B. pseudomallei using both PFGE and
MLST [26,27], although relatively few samples were examined in these studies. I
further addressed this question by focusing on the intensely sampled Darwin region in
this study. B. pseudomallei isolates collected in this study date back 25 years, and are
therefore not likely to be biased by temporal factors; For example, in one particular
year many cases may present from a particular area due to recreational activities,
extensive flooding from severe tropical storms or even a new housing area being
developed. I analysed the MLST data from 649 B. pseudomallei isolates from the
Darwin region, comprising 475 clinical and 174 environmental, respectively. I found
the clinical and environmental datasets were highly similar in terms of ST diversity
(0.947 and 0.936, respectively), evenness (0.776 and 0.827, respectively), and

95

abundance.

This

finding

suggests

that

hyper-invasive

sub-populations

of

environmental B. pseudomallei are very unlikely to exist; rather, my findings indicate
that all culturable strains in the environment can potentially cause disease, thereby
confirming Cheng’s findings [26,27]. Vesaratchavest et al. described differences
between environmental and clinical samples cultured from soil and patients in northeast Thailand using MLST analysis [25]. Thailand has been shown to harbour a
unique B. pseudomallei population in comparison with Australia, which may account
for their observation. Also possible is that the Vesaratchavest study may have suffered
from a lower sample number (83 soil and 183 clinical isolates). It is noteworthy that
of the ten most represented B. pseudomallei STs in northeast Thailand, all but three
were described in both clinical and environmental samples [25]. In addition, a large
number of cases are reported from rice paddy fields, which would bias the clinical
isolates by over-representing B. pseudomallei STs found in a particular rice patty
field. The Thailand study also compared the number of unique STs found per number
of samples in clinical and environmental population, finding 0.71 STs per isolate, and
0.48 STs per isolate in environmental and clinical populations, respectively. This
result may be particularly prone to bias from occupational exposure in rice paddies as
previously mentioned.

In the second research chapter, I identified a melioidosis case cluster at a rural
property in the Darwin region, Northern Territory, supplied with ground water. The
two patients lived on the rural block of land, and presented within three months of
each other in early 2012, thereby constituting a potential outbreak. In the same region,
a number of other groundwater supplies have been found to harbour B. pseudomallei
from previous work [28], however none has been definitively connected to human
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cases. This rate of positivity is concerning, particularly given chlorination of water in
this region is sometimes unpopular due to taste, or is inappropriately maintained,
which can lead to contamination and subsequent human infection. Chlorination has
been shown to effectively inhibit B. pseudomallei [29], although regular maintenance
is required to maintain safe levels of chlorine. UV filters are a cost-effective, lowmaintenance alternative to chlorination, but it was not known prior to my study
whether they would be effective for remediating household water containing viable B.
pseudomallei. I aimed to detect B. pseudomallei in the underground water supply and
in soil surrounding the property to narrow down possible contaminating sources. All
points were positive for B. pseudomallei (Garden Tap, Shower, Laundry) using realtime PCR targeting the Type Three Secretion System-1 (TTS-1) locus, a sensitive
genetic marker for B. pseudomallei [30]. Following installation of the UV filter, I was
unable to culture, or detect via real-time PCR, any viable B. pseudomallei cells from
points downstream of the UV filter. My investigation is the first report of successful
decontamination of a B. pseudomallei contaminated water supply using a UV filter,
and has public health ramifications for all melioidosis-endemic regions.

I found B. pseudomallei isolates in both soil surrounding the dwelling, and water from
the underground supply. MLST revealed that the clinical isolates found in the two
patients (ST325) matched all isolates found in the water supply (ST325). The soil
isolates were found to be unrelated STs (ST109, ST333), and thus disregarded as
possible causes of the infections. A very high concentration (475 CFU/mL) of B.
pseudomallei was cultured from water samples taken at the origin of the supply i.e. at
the top of the bore where the water pump is located. The next point along the water
supply was the storage tank, which yielded a lesser concentration of B. pseudomallei
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(20 CFU/mL), and even less in the house itself with no growth using spread plating
methods. The highest concentrations of B. pseudomallei found being pumped directly
from underground suggests the surface layers, or underlying aquifer is the source.
More studies are required to determine if and where biofilms play a key role in
persistence in such household water supplies, or whether the positive household
supply is simply reflecting a continuous infecting stream from underground.

There have been recent reports of ten melioidosis cases associated with tap water in
the Ubon Ratchathani region of Thailand [31]. Two of these cases resulted in death,
and in these cases a matching ST was found in the associated water supply [31]. My
study has shown that UV filtration can be a low-maintenance alternative to
chlorination. The average household in developing world areas such as Ubon
Ratchathani are unlikely to have access to a UV filter; however, industrial-scale UV
filtration would be arguably feasible if funded by governments to protect high-risk
areas. In addition to the prevention of melioidosis cases, UV filtration would likely
benefit the population from other waterborne pathogens such as Cryptosporidium and
Giardia [32].

The recent Thai water supply outbreak [31] reported a number of unique STs in water
samples, whereas my work reports an exclusive ST (ST325), which may reflect a
confined underground environment with a stable bacterial population in the aquifer
supplying the study site. There are three possible explanations for a persistent clonal
population of B. pseudomallei strains in the study water supply. First, continual
seepage from surrounding soil into the bore water supply may contain a narrow
diversity of strains. Second, the strain may persist deep within the aquifer itself and
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display a founder effect from surface inoculation, which has stabilised over time.
Studies showing the ability of B. pseudomallei to survive in distilled water without
nutrients for over 16 years lends credence to this suggestion [33]. Last, the persistence
of B. pseudomallei in the water supply may be driven by biofilm formation in the bore
casing or other components of the reticulation pathway. In support of this explanation,
swabs taken from the storage tank in the current study were found to have high
concentrations of B. pseudomallei. Although I did not have time to examine further in
my study, extensive sampling of each point of the water supply would be helpful in
determining the main source of contamination. Future work should focus on more
intensive sampling of similar sites affected by B. pseudomallei contamination.

In my final research chapter (Chapter 5), I was interested in using a forensic
‘microbial source-tracing’ approach to rigorously identify the infecting strain in the
water supply of the two patients in the previous research chapter. I compared the
utility of molecular typing methods (MLST and MLVA) and WGS in parallel, the
first time these tools have been used together to investigate a melioidosis outbreak.
This knowledge is of particular importance to biosecurity, in the unlikely event B.
pseudomallei is weaponised, a concern given this organism is now considered a Tier 1
select agent in the United States (www.selectagents.gov). In addition, identifying the
source of a melioidosis outbreak can prevent ongoing cases, particularly in water
supplies where people are potentially exposed on a daily basis.

My analysis identified a B. pseudomallei strain, MSHR6137, in the water supply
detailed in Chapter 4 that was only one single nucleotide polymorphism (SNP)
different from the two infected patients across the entire genome. This analysis
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represents the most accurate account of linking an environmental source to human
melioidosis infection to date. There was a discrepancy noted between MLVA data:
one patient, P811, had a different MLVA profile (MLVA type 422) to all other
isolates in the study, with a single repeat change at one MLVA locus. In unrelated B.
pseudomallei isolates, high variability can be expected in these loci [34], whereas a
single repeat change at one locus is not believed to reflect long term separation, but
rather a recent event. The most likely explanation is mutations brought about by
passage in the laboratory, or in-vivo evolution, both of which have been documented
in previous work [34,35]. As confirmation, I performed a whole-genome phylogenetic
analysis of small insertions and deletions (indels), an approach not previously
attempted on B. pseudomallei. The genome of B. pseudomallei is plastic in nature
[17], and approaches that interrogate variable regions have been avoided for this
reason. Interestingly, the indel phylogeny was very similar to the orthologous SNP
phylogeny, and therefore we combined both the SNP and indel data from our outbreak
study into a single phylogeny in the final publication of this thesis. Somewhat
surprisingly, this novel approach showed the best concordance with the
epidemiological data, and challenges the long-held dogma that the most accurate
bacterial phylogenies are obtained from SNP-only phylogenies. Combining indels
and SNPs prior to phylogenetic reconstruction makes sense for two reasons: firstly,
the data are concordant and value-add to the analysis due to a greater number of
genetic variants; and secondly, SNPs are a more stable evolutionary marker, which
help to localise the indels into their respective nodes of the phylogeny. SNPs
accumulate much less frequently than indels at variable repeat regions, and therefore
have strength being used as long-term evolutionary markers. However, despite the
repeat regions being prone to homoplasy due to the increased frequency of indels, the
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data is high resolution. This work incorporates both, and in conjunction we show that
it gives a very accurate topology of B. pseudomallei strain relatedness, at least as
shown in this work.

As the population in the Darwin region expands, so to will the need for source tracing
of melioidosis infections, namely to prevent further infections from taking place if a
reservoir is identified, for example a water supply, or an particular area of a property.
Recent studies in the Darwin region have explored the role of wildlife and livestock in
transmitting B. pseudomallei, where the bacterium was detected in faecal droppings
from wallabies and a chicken [36]. A large number of dwellings in the Darwin region
straddle fragmented natural bushland, where humans, livestock and wildlife interact.
The role of animal carriage in B. pseudomallei dispersal in these regions warrants
further investigation, and needs to be considered in melioidosis source tracing
attempts.

The dynamics of each pathogen’s genome will ultimately make a particular approach
more or less effective when attempting to trace strains. The approach I used for
tracing B. pseudomallei in this work was similar to previous work tracing Bacillus
anthracis, an approach that targets unstable regions that offer high resolution, and
SNPs that offer deeper phylogenetic relationships [37]. To validate my methods,
additional B. pseudomallei outgroups were added to the analysis: five isolates of the
same ST 325 from unrelated patients diagnosed in previous years who resided on
properties near the study site, and two environmental ST 325 strains from the water
supplies of nearby properties, but not linked to any human cases. While MLST had
been shown to be appropriate for ruling out unrelated strains, i.e. the soil isolates
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surrounding the cases’ property, WGS was required to differentiate within the same
ST, separating the seven outgroup ST 325 B. pseudomallei isolates from the
epidemiologically linked water and human case ST 325 B. pseudomallei. The results
also suggest that although the five previous cases of ST 325 melioidosis had not been
specifically linked to underground water, their B. pseudomallei infections may well
have originated from a water supply in this region. Interestingly, two of the outgroup
strains (MSHR1539 and MSHR6354) were closely related on a whole-genome level,
and clustered tightly on the whole-genome phylogeny, however they had discrepant
MLVA types (MLVA type 244, 430). These MLVA inconsistencies are in most cases
caused by a single repeat change at one locus, and therefore MLVA is still useful to
narrow down potentially related strains. Nevertheless due to their exceptionally high
mutation rates (calculated to be between 10-4 and 10-6 in B. pseudomallei VNTRs
[34]), the use of such loci for predicting phylogenetic relatedness should be
interpreted with caution.

This investigation presents novel approaches to point-source tracing of melioidosis
cases, and represents the most accurate account identifying an infecting strain to date.
The strengths and weaknesses of traditional molecular typing methods have been
explored, and a novel, combined SNP and indel approach for phylogenetic
reconstruction has been proposed. These data contribute to ecological and
epidemiological knowledge about this bacterium, and will contribute to informing
future public health initiatives aimed at prevention of melioidosis.
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6.1 Conclusions and further directions
My study has addressed several key knowledge gaps regarding the biogeography of B.
pseudomallei in northern Australia. Firstly, my work has proposed that spread of this
bacterium over time is gradual, frequent widespread distribution occurs rarely, and the
bacterium is ecologically established in the environment. This refutes previous
suggestions that anthropological movement and wind dispersal plays a key role in the
spread of B. pseudomallei. In support of these conclusions, I found an increase in B.
pseudomallei MLST diversity in large areas, and less so in a smaller sampled area, a
pattern that supports my hypothesis. Bayesian population analysis described two
separate B. pseudomallei populations in northern Australia, in the Northern Territory
and Queensland, respectively, as suggested by previous work [23]. Further, statistical
rarefaction indicated that a large untapped diversity of B. pseudomallei strains exist in
these areas using ST diversity and evenness measures, further supporting an ancient
dispersal of this organism across northern Australia. Another debated topic is the
invasive potential of B. pseudomallei strains in the environment. I observed no ST
bias between the clinical and environmental B. pseudomallei collection, suggesting
that any strain has the potential to cause disease.

Untreated underground (bore) water supplies have been implicated in human
melioidosis cases in both northern Australia and Southeast Asia, and have been
responsible for a number of human deaths. My work has shown for the first time that
UV filtration works effectively to remove B. pseudomallei contamination from bore
water supplies, as demonstrated by a household study (where two human melioidosis
cases had previously occurred) in which the groundwater supplying this household
was successfully remediated with UV such that B. pseudomallei fell to undetectable
levels. UV-filters should be installed in high-risk households, or those that report
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melioidosis cases to prevent further infection. Advocacy for preventative measures in
high risk areas is needed to prevent mortality due to melioidosis infection in both
northern Australia and Southeast Asia, especially people who have risk factors for
melioidosis, or have compromised immunity.

Lastly, my final publication of this thesis involved a forensic whole-genome analysis
of the household melioidosis outbreak outlined in the second research chapter, which
revealed a highly related B. pseudomallei strain in the water supply that differed from
the two human cases by one SNP. This work represents the most rigorous, in-depth
study to match an environmental source to human melioidosis cases to date. Further, I
explored the use of indel data retrieved from whole-genome analysis, which is viewed
as problematic data in bacterial species with high rates of mutation and
recombination. In this study, indel data added value to the investigation, and provided
increased resolution when combined with a whole-genome SNP phylogeny. This
observation may be skewed by our investigation methods, which only examined
highly similar strains of B. pseudomallei. Nevertheless, this method challenges the
current dogma that phylogenetic reconstruction of bacterial populations should use
only SNPs, and warrants further investigation in e.g. other outbreak scenarios that
also have robust supporting epidemiological data.
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