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ABSTRACT Since 2000, cases of the neglected tropical disease Buruli ulcer, caused
by infection with Mycobacterium ulcerans, have increased 100-fold around Mel-
bourne (population 4.4 million), the capital of Victoria, in temperate southeastern
Australia. The reasons for this increase are unclear. Here, we used whole-genome se-
quence comparisons of 178 M. ulcerans isolates obtained primarily from human clini-
cal specimens, spanning 70 years, to model the population dynamics of this patho-
gen from this region. Using phylogeographic and advanced Bayesian phylogenetic
approaches, we found that there has been a migration of the pathogen from the
east end of the state, beginning in the 1980s, 300 km west to the major human
population center around Melbourne. This move was then followed by a signifi-
cant increase in M. ulcerans population size. These analyses inform our thinking
around Buruli ulcer transmission and control, indicating that M. ulcerans is intro-
duced to a new environment and then expands, rather than it being from the
awakening of a quiescent pathogen reservoir.

IMPORTANCE Buruli ulcer is a destructive skin and soft tissue infection caused by
Mycobacterium ulcerans and is characterized by progressive skin ulceration, which
can lead to permanent disfigurement and long-term disability. Despite the majority
of disease burden occurring in regions of West and central Africa, Buruli ulcer is also
becoming increasingly common in southeastern Australia. Major impediments to
controlling disease spread are incomplete understandings of the environmental res-
ervoirs and modes of transmission of M. ulcerans. The significance of our research is
that we used genomics to assess the population structure of this pathogen at the
Australian continental scale. We have then reconstructed a historical bacterial spread
and modeled demographic dynamics to reveal bacterial population expansion across
southeastern Australia. These findings provide explanations for the observed epide-
miological trends with Buruli ulcer and suggest possible management to control dis-
ease spread.
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Buruli ulcer (BU) is a recently emerged disease, first described by Australian scientists
in 1948, when it appeared in six patients in the Gippsland region of Victoria,

southeastern Australia (1). BU is caused by Mycobacterium ulcerans (1), an atypical
mycobacterial pathogen that has evolved from a Mycobacterium marinum progenitor
(2, 3). The evolution of this pathogen is characterized by the acquisition of the
pMUM001 virulence plasmid (4, 5), allowing production of the polyketide lipid toxin
mycolactone (6) and the expansion of two distinct insertion sequence elements (IS2404
and IS2606) (7). These evolutionary events have facilitated genome plasticity and size
reduction, likely indicating an adaptive response toward a more stable protected niche
environment (7). Mycolactone is largely responsible for the debilitating pathology of BU
(6). Although typically presenting as a deeply undermined skin ulcer, there are also
preulcerative stages, such as plaques, papules, nodules, and edema (8), which can
progress to ulcers. Buruli ulcer may result in extensive damage to skin, soft tissue, and
in some cases, bone (9). When left untreated, the disease can result in scarring,
contractures, and associated functional deformities (6, 10, 11).

BU has been reported in more than 30 countries (12) across Asia, the Western Pacific,
and the Americas, with the main burden of disease situated in regions of West and
central Africa (13). In Australia, the occurrence of BU has been recorded in the Northern
Territory (NT) (14), Queensland (QLD) (15–17), and Victoria (18) (Fig. 1A). In Victoria, BU
disease foci include Gippsland (19), Phillip Island (20), Frankston/Langwarrin (18), and
the Mornington (18) and Bellarine (21–23) Peninsulas (Fig. 1B). In Victoria, the disease
has been intensively studied and was made notifiable in 2004, allowing access to
detailed patient demographics (24); thus, this region presents as an attractive option for
delineating the ecology of M. ulcerans.

Commencing in the Gippsland region of Victoria, where BU first caused disease in
Australia in 1939 (18, 25), there has been a westward trend of BU case reporting into
Western Port and Port Phillip regions beginning in the 1980s (18). Given that M. ulcerans
has been detected in Africa (26) and Victoria (27) both in areas where the disease is
endemic and in areas where it is not endemic, the question arises as to whether M.
ulcerans was already dispersed as a quiescent pathogen reservoir in the Western Port
and Port Phillip environments or has been introduced westward from Gippsland,
causing ulcerative disease along its migratory front. Furthermore, following the emer-
gence of cases west of Gippsland, there has been a substantial increase in cases
reported over time, with a 100-fold increase in the number of notified cases per year
since the year 2000. This may be related to increased human population density in
areas in which the disease is endemic or, alternatively, that the bacterial population
is growing and humans are exposed more frequently.

Due to the rarity of interhuman transmission and frequent onset of disease follow-
ing environmental contact, it is widely held that the source of M. ulcerans is of
environmental origin (28–32). In southeastern Australia, native marsupials, in particular
common ringtail (Pseudocheirus peregrinus) and brushtail (Trichosurus vulpecula) pos-
sums, and mosquitos have been identified as playing roles in the ecology and trans-
mission of M. ulcerans (23, 27, 33–35). However, despite intense research efforts aimed
at delineating the ecology of M. ulcerans, both its mode of transmission and exact
environmental reservoir(s) remain elusive, representing a major research priority for this
disease. One avenue to further investigate the ecology of M. ulcerans is to trace the
spatial and temporal history of isolates cultured from human and animal cases using
genotyping with sufficient resolution to differentiate closely related isolates. Past
attempts to examine the ecology of M. ulcerans in Victoria have used conventional
genotyping technologies (36–45); however, these methods provided inadequate reso-
lution for M. ulcerans, as they are unable to distinguish between closely related strains.
The low resolution afforded by these techniques can be explained in that they sample
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relatively small genomic regions and that M. ulcerans populations exhibit very limited
genetic diversity (46).

Genotyping methods based upon whole-genome-derived single nucleotide poly-
morphisms (SNPs) have enabled major breakthroughs in M. ulcerans strain disambig-
uation. The first of its kind, Röltgen et al. (47) developed a limited SNP genotyping assay
that provided high-resolution rendering of the pathogen population structure in
Ghana; however, this method was susceptible to phylogenetic discovery bias, as its

FIG 1 Map of Australia and Victorian areas of endemicity for BU. (A) Map of Australia and Papua New Guinea. Australian states and
territories endemic for BU are labeled. (B) Map of Victorian areas of endemicity for BU, represented by colors as indicated in the key. (Maps
adapted from reference 81.)
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canonical SNP panel was based upon whole-genome comparisons of only seven M.
ulcerans strains (47). One approach to utilize the high genotyping resolution offered by
SNP markers while reducing the complications associated with biased discovery is to
undertake whole-genome sequencing of all isolates in a study population (48). This
approach involves the sequencing of entire genomes and aligning sequence reads to
a high-quality reference genome, allowing for in silico identification of SNP variants (49,
50). Owing to the nature of this approach, microbial genomics examines variation at
virtually all positions across a bacterial genome, hence offering the greatest state of
discriminatory power achievable.

The potential of microbial genomics to study M. ulcerans populations was first
examined using a relatively small collection of Ghanaian disease isolates (3). Several
studies have since made use of genomics to conduct high-resolution molecular epi-
demiological investigations (51, 52), discerning between relapse and reinfections (53)
and revealing deep insights into reconstructed historical evolutionary trajectories (54).
In this study, we have sequenced and compared the genomes of 178 M. ulcerans
isolates to reveal more detail about the evolutionary history and consequent popula-
tion structure of M. ulcerans in Australia. Here, we place a special focus on disease
incidence in southeastern Australia, a region that claims both the highest disease
incidence in the Southern Hemisphere and the place of longest-standing enquiry aimed
to understand this enigmatic pathogen, with initial investigations dating back to the
1930s (1).

RESULTS
Australian M. ulcerans ML phylogeny. In order to understand the evolutionary

dynamics of M. ulcerans in Australia, we sequenced and analyzed the genomes of 176
M. ulcerans isolates from several major Australian locations in which the disease is
endemic, as well as two isolates from Papua New Guinea (PNG). Comparisons of 6,206
core-genome SNPs allowed for high-resolution insights into the population structure at
the continental scale. Comparisons of core SNP diversity both within and between
Australian states revealed fewer within-state differences than between-state differ-
ences, indicating strong geographical structure (Fig. 2A). A maximum likelihood (ML)
phylogeny inferred using the same polymorphisms also revealed the separation of
isolates into strongly supported clades linked to broad geographic origins (Fig. 2B).
Interestingly, the two isolates from PNG were phylogenetically closest to the M. ulcerans
most recent common ancestor (MRCA), followed by QLD and then Victorian isolates,
suggesting that M. ulcerans arrived in Australia from the north and moved progressively
south, indicating that PNG might be the ancestral origin of Australian M. ulcerans (Fig.
2B). Victoria reports substantially more BU cases than other Australian states and was
thus represented by more M. ulcerans isolates. Within-state SNP diversity was higher in
QLD (median, 35 SNPs) than in Victoria (median, 11 SNPs). The Victorian M. ulcerans
population was separated from all other Australian and PNG isolates by a median of
2,180 SNPs.

Assessing the temporal and spatial history of M. ulcerans in Victoria. Compar-
isons among the 165 Victorian isolate genomes revealed a total of 417 core-genome
SNPs. Included in our isolate panel were two replicate isolates of historical cultures, “RS”
and “RT,” from the first clinical description of BU (1). Despite being isolates derived from
the same patient, there were 19 and 23 core SNP differences between the RT and RS
duplicates, respectively. Using both the diversity detected in the core genome and the
year of isolation of the disease isolates, a rooted time-measured phylogeny was
reconstructed using the BEAST 2 software (Fig. 3). As was observed at the continental
scale, M. ulcerans genomes were found to associate with the originating geography at
the regional scale. Given the geographical locations of clusters of disease endemicity
depicted on the phylogenomic time tree, it was apparent that M. ulcerans has spread
from east to west in Victoria. The branching order of the rooted Victorian time-
measured phylogeny indicated that M. ulcerans in western regions, such as the Western
Port Bay and the Port Phillip Bay, has evolved from a common progenitor originating
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from an ancestral Gippsland M. ulcerans population. The historical RT isolate genomes
originating from Gippsland displayed substantial divergence from all other Victorian
isolates, separated by a median of 123 SNPs.

To further examine the relationship between tree topology and the geography of
isolate origins, the time tree was laid out on an approximately east-west cline along the
Victorian coastline, with connecting lines drawn between leaf nodes and isolate origin
locations (Fig. 3). This graphical representation showed that the order in which
the Gippsland, Phillip Island, Frankston/Langwarrin, and Bellarine Peninsula MRCAs
emerged from the Victorian MRCA was the same order in which these areas of
endemicity are geographically situated from east to west (Fig. 1 and 3), suggesting that
M. ulcerans had evolved along the east-to-west cline. After 1,000 random rearrange-
ments of connecting lines, it was found that the tree topology produced significantly
fewer crossings than that which would be probable by chance alone, indicating that the
relationship between tree topology and geography was statistically significant (P �

0.05) (Fig. S1). A single isolate (DMG1701364) was obtained from a patient living in
Redan, located near Ballarat, which is approximately 100 km west of Melbourne. Patient
interviews reported no exposure to areas in which the disease is likely endemic;
however, the isolate’s genotype strongly suggested that it had originated from either
the Bellarine Peninsula or Mornington Peninsula region (Fig. 3).

As BEAST 2 can associate sampling dates directly to the sequences representing the
tips (terminal nodes) of the tree, the resulting tip-calibrated timed phylogeny can allow
for the inference of emergence times for key ancestral nodes. The MRCA for M. ulcerans
in Victoria was estimated to have existed in 1766 (95% highest posterior density [HPD],
1646 to 1877), indicating that M. ulcerans has been extant in Victoria for at least 250
years, likely originating in the Gippsland region. This time period coincides with the first

FIG 2 Genome comparisons of Australian isolate genomes. (A) Pairwise SNP comparisons of isolates from Australian states and territories and from PNG. VIC,
Victoria; QLD, Queensland; WA, Western Australia; NT, Northern Territory. (B) Phylogeography of Australian and PNG isolates. Note that the M. marinum
outgroup is not depicted in the ML tree. Australian states and territories and PNG country boundaries are indicated on the map and the colors specified in the
key. The map was obtained from The Oak Ridge National Laboratory Distributed Active Archive Center (81).
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arrival of Europeans in the area, with the first European settlement of Victoria occurring
in 1803 (55, 56).

The time tree indicates that since the existence of the Victorian MRCA, descendants
continued to exclusively occupy the Gippsland region until a Gippsland-like ancestral
progenitor, estimated to have emerged in 1985 (95% HPD, 1978 to 1991), migrated
westward, giving rise to an outbreak on Phillip Island (Fig. 1 and 3). The emergence of
this ancestor is estimated to have occurred 8 years before the first BU case was reported
from Phillip Island in 1993 (20). A sister ancestor of the Phillip Island ancestral progen-
itor migrated further west into the Port Phillip Bay region (Fig. 3). This ancestor is
estimated to have emerged in 1983 (95% HPD, 1971 to 1988), which is 7 years before
the first BU case was reported in that region within the Frankston/Langwarrin area (Fig.
1 and 3) in 1990 (18). The lineage that migrated west out of Gippsland into the Western
Port and Port Phillip regions is referred to here as the G1 genotype (Fig. 3).

The phylogeny also illustrates that there has been a more recent reintroduction of
M. ulcerans into the Port Phillip Bay region, here referred to as the G2 genotype (Fig. 3).

FIG 3 Victorian phylogeographic time tree. Tree tips are aligned with a map of southeastern Australia. Population
density is depicted in red on the map. The horizontal lines and scale depict time in the past, starting from 2016.
Branches are colored according to the rate of nucleotide substitutions, as indicated in the key. The ancestors of the
first and second introductions into the Port Phillip Bay region and Phillip Island are highlighted, and the G1 and
G2 genotypes are labeled. The colors of regions of endemicity in Victoria are specified in the key. The map was
obtained from The Oak Ridge National Laboratory Distributed Active Archive Center (81), and state population
mesh data were downloaded from the Australia Bureau of Statistics (82).
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This second introduction was observed in the South Mornington Peninsula region
among clinical isolates from Rye in 2012 (Fig. 1 and 3). The ancestor of the G2 genotype
in the South Mornington Peninsula region is estimated to have emerged in 2003 (95%
HPD, 1996 to 2007), which is 9 years before the second introduction was observed
among clinical isolates from Rye BU patients on the Mornington Peninsula.

Direct detection of the G2 genotype from environmental specimens. In order to
further validate the existence of the Gippsland genotype in the Rye environment, a
specific PCR-based genotyping assay was developed and used to interrogate the
genotypes of M. ulcerans directly from DNA extracted from environmental specimens.
Genomic DNA purified from three possum fecal samples positive for M. ulcerans, as
verified by low cycle threshold (CT) values with the IS2404 quantitative PCR (qPCR)
assay, was used as the template for a nested PCR genotyping assay (refer to Materials
and Methods). Sanger sequencing and alignment of the sequenced amplicons back to
a reference sequence confirmed the presence of the Gippsland-associated genotype (C
at position 1385112 and A at position 5597161) in the Rye environment (Fig. 4).

Assessing the demographic history of M. ulcerans in Victoria. Through the use
of an Extended Bayesian Skyline Plot (EBSP) coalescent tree prior, we reconstructed
the estimated demographic history of M. ulcerans in Victoria. An examination of the
historical mycobacterial population size suggested that the Victorian M. ulcerans pop-
ulation had remained stable until approximately 2007, after which it increased dramat-
ically (Fig. 5). This profile of a stable population size followed with rapid population
expansion at approximately 2007 aligns with the increasing number of Victorian BU
cases across the same timespan (Fig. 5).

Nucleotide substitution rate. Using a relaxed molecular clock model, we were able
to assess branch-specific rates of nucleotide substitution (57) (Fig. 3). This approach
allowed us to estimate a mean genome-wide substitution rate of 7.50E�8 per site per
year (95% HPD, 5.44E�8 to 9.77E�8), corresponding to the accumulation of 0.39 SNPs
per chromosome per year (excluding insertion sequence elements). To test the legiti-
macy of the estimated temporal signal in the data, we undertook 40 permutation tests
by generating a set of 40 substitution rate distributions of reshuffled “null sets” of tip
date and sequence associations. Assessment of the random and clustered sets depicted

FIG 4 Direct detection of clade-specific SNPs from environmental specimens. Alignment of sequenced PCR amplicons for two canonical genomic positions
revealed the presence of the G2 genotype in three environmental specimens and the G1 genotype in one clinical sample from Rye. The reference, forward, and
reverse amplicon electropherograms are labeled for both genomic markers and all three samples. Major Port Phillip region areas of BU endemicity are labeled.
(Map adapted from reference 81.)
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that the results achieved using the actual tip dates were significantly different from
those expected by random chance (see Fig. S2).

DISCUSSION
Australian phylogeny. We describe the use of microbial comparative genomics to

gain a better understanding of the emergence of BU in Australia. Our use of population-
based analyses allowed us to explore the evolutionary dynamics of M. ulcerans in
southeastern Australia through the study of genome changes. Comparisons of core-
genome diversity between Victorian isolates against isolates from other Australian
states and territories and PNG revealed evolutionary insights at the continental scale.
The clear geographical clustering indicates that M. ulcerans has likely had single
introduction events into each of the major Australian areas of endemicity. Since these
introductions, the founding populations have accumulated location-specific SNPs that
cluster them according to originating geography. This broad-scale phylogeographic
clustering has been observed in studies focusing on BU disease in regions of Africa (54).
The basal position of the PNG isolates to that of the Australian isolates suggests that
Australian M. ulcerans may have evolved from a PNG-like ancestral progenitor. PNG
isolates were also found to be ancestral to M. ulcerans isolates from Africa, with all
isolates belonging to the more virulent “classical lineage” (54, 58). The greater genetic
variation observed among QLD isolates suggests that M. ulcerans may have been extant
in QLD for longer than it has been in Victoria. Such a scenario accords with the

FIG 5 EBSP of the Victorian M. ulcerans demographic history combined with a histogram of BU cases in Victoria over the same time period. The central red
line represents the median mycobacterial population size, with its 95% central posterior density (CPD) interval represented by the upper and lower black lines.
Note that the y axis of the EBSP does not represent the absolute population size but a scaled one.
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pathogen progressively moving south from PNG, reaching QLD before progressing
further south to Victoria.

East-to-west migration. The Victorian time-measured phylogeny depicted a close
agreement between phylogenetic tree topology and the originating geography. The
relationship between population structure and geography was less clear-cut than that
observed at the broader continental scale, with several phylogeographic incongruences
observed. This breakdown of geographic structure at more local scales has been
reported in studies employing whole-genome sequencing to assess M. ulcerans pop-
ulation structure in regions of Africa (51). Nonetheless, the geographical structure in the
Victorian population was quantitatively assessed and found to be significantly different
from what is expected by random chance alone.

Assessment of the topology also revealed that M. ulcerans has evolved from east to
west in Victoria, leaving Gippsland and migrating into the Western Port and Port Phillip
regions. Such an east-to-west migration is fitting with a well-documented epidemio-
logical trend in which cases were detected out of the Gippsland region and through
time emerged in the Western Port and then Port Phillip regions. This finding suggests
that both the Western Port and Port Phillip regions were not previously colonized with
quiescent M. ulcerans but rather became colonized as part of the east-to-west migration
out of Gippsland. In this way, our findings suggest that the epidemiological trend of
case reporting is likely due to bacterial spread. Implicit in this conclusion is the notion
that if we had knowledge of the reservoir moving the pathogen, biosecurity interven-
tions could have prevented the westward pathogen migration out of Gippsland and
averted the rise of endemicity in both the Western Port and Port Phillip regions.
Infected humans have recently been implicated as a possible infectious reservoir (K.
Vandelannoote, D. M. Phanzu, K. Kibadi, M. Eddyani, C. J. Meehan, K. Jordaens, H. Leirs,
F. Portaels, T. P. Stinear, S. R. Harris, and B. C. de Jong, unpublished data); however,
given the prompt treatment and adequate wound management in Australia, humans
with active infection are unlikely to play a major role in the ecology of M. ulcerans in
southeastern Australia.

Fitting with the findings of a recent study that used modern population genomics
to explore the evolution of M. ulcerans in Africa (54), spread events in southeastern
Australia appear to have recently occurred in the late 19th and the early 20th centuries.
The exact means by which M. ulcerans was introduced into the Port Phillip region
remains unknown. Given the abundance of M. ulcerans DNA detected in possum
excreta (27), the translocation of an infected possum or contaminated fecal material
from Gippsland into the Rye area provides a plausible means for the spread of M.
ulcerans into a new environment.

The likely scenario in which M. ulcerans spread west, rather than the awakening of
quiescent populations, is also consistent with genomic insights into the pathogen’s
biology. Genomic analyses have indicated that M. ulcerans has evolved through a
process of reductive evolution toward a privileged niche and away from the generalist
environmental lifestyle of its ancestral progenitor (3, 7). In this way, it would be unlikely
that M. ulcerans would exist in an unprotected environment without a host reservoir,
which is thought to be marsupials in southeastern Australia (27). Furthermore, the
concentration of bacteria in positive environmental samples is almost always low,
suggesting that M. ulcerans is unlikely to be multiplying in the environment (59, 60).

Second introduction from Gippsland. There was a striking exception to the
congruency between phylogeny and geography, where we observed M. ulcerans
isolates with the Gippsland genotype (G2 genotype) cocirculating with the Port Phillip
Bay region isolates (G1 genotype), particularly in the Rye area. This incongruence
strongly suggests that there has been a second introduction of M. ulcerans into the Rye
region from Gippsland. Given that disease acquisition origins are conditional upon
accurate patient recollection, and the mean incubation time is 4.5 months (61), accurate
source attribution is not always ensured. In this way, there is the possibility that the
patients thought to have acquired M. ulcerans in Rye may have actually been infected
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in Gippsland, explaining the apparent incongruence between the phylogeny and the
epidemiology.

To eliminate this possibility and provide more ensured source attribution, M.
ulcerans genotyping directly from environmental specimens was undertaken. Given the
difficulties of culturing M. ulcerans from the environment (62), a PCR-based SNP typing
assay that could directly assess environmental specimens was developed. Possum
excreta is a spatially trustworthy analyte for environmental SNP genotyping. This is
because both common ringtail and brushtail possums do not generally range further
than a few kilometers (63, 64). Here, the Gippsland region is over 300 km away from
Rye, well beyond the natural range of an individual possum. Possum excreta positive for
M. ulcerans from the Rye environment were screened for specific M. ulcerans genetic
signatures and were found to contain SNPs associated with the G2 genotype, confirm-
ing that M. ulcerans of the Gippsland clade indeed was circulating in the Rye environ-
ment on the Mornington Peninsula.

Introductions of a second genotype into environments already colonized with M.
ulcerans have been reported in two previous studies in Africa (51, 54). In one study, the
estimate of the temporal emergence of the second introduction is thought to have
coincided with a major human activity: the start of colonial rule in Africa (54). Our
temporal estimates of the ancestor of the second introduction of M. ulcerans into the
Port Phillip Bay region in the 1980s did not align with any particular movement of
people or social upheaval. However, given that marsupials native to southeastern
Australia have been found to excrete M. ulcerans in fecal material (27), an infected
possum translocated from Gippsland to the Mornington Peninsula area in Melbourne
may have provided a source for subsequent pathogen dissemination. An alternative
explanation would be a low-probability introduction from a long-range migratory bird
or bat into a receptive population, such as colonies of ringtail possums. In this regard,
individual gray-headed flying foxes (Pteropus poliocephalus) undertake long journeys of
hundreds of kilometers (65, 66). Although there is so far no direct evidence linking birds
or bats to the movement of M. ulcerans across long distances, this possibility has been
proposed since the first description of M. ulcerans (67).

Our timing estimates for the temporal emergence of the Phillip Island, Port Phillip
region, and second introduction from Gippsland ancestral progenitors were eight
(Phillip Island MRCA, 1985; first case, 1993), seven (Port Phillip region MRCA, 1983; first
case, 1990), and nine (Gippsland second introduction MRCA, 2003; first case, 2012) years
prior to when cases were initially reported in those areas. Given this, it might be that
M. ulcerans requires an approximately 7- to 9-year period to establish to sufficient levels
in a new environment before it can cause disease in humans. Given the slow growth of
this bacterium (68), during this establishment period, the mycobacterial population
may be growing toward a critical threshold in population size that permits a spillover
effect to humans.

The estimated time to the Victorian ancestor in 1766 coincides with the first arrival
of Europeans in southeastern Australia, with the first European settlement in Victorian
occurring in 1803 (55, 56). This temporal association suggests that the activity of
nonindigenous Australians, around the time of Victorian European settlement, might
have facilitated the introduction of M. ulcerans into southeastern Australia at Gippsland.
In this way, maritime transport may have facilitated the movement of M. ulcerans along
the east coast of Australia to Victoria, possibly south from northern Australia.

RS and RT isolates. Included in our isolate panel were two replicate isolates of two
cultures derived from patients originally described in the original medical report by
MacCallum et al. in 1948 (1). Interestingly, SNP differences existed between these
duplicate isolate genomes from the same patients. These SNP differences are
thought to have arisen due to differential sequential lab passaging of the isolates.
Most interesting was the substantial genetic variation between the RT isolates and
that of all other Victorian isolate genomes, separated by a median of 123 SNPs and
the Victorian MRCA.
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The existence of a substantially distinct genotype from the Gippsland region sug-
gests that perhaps the westbound lineage had a survival advantage over the more
ancestral RT lineage. This hypothesis would explain why only a single ancestral lineage
isolate was detected and why M. ulcerans rose to become a prolific pathogen so late in
its occupation of southeastern Australia. This hypothesis could be tested by assessing
phenotypic differences between the lineages that are linked to pathogenesis, such as
ability to colonize and produce mycolactone. Distinct lineages with different abilities to
cause disease have been previously reported (58).

Demographic history. We identified a striking relationship between the demo-

graphic history inferred from the genomic data and the number of Victorian BU cases
over time. Given that humans are likely a spillover host in southeastern Australia, the
amount of BU cases is likely to be influenced by the abundance of the pathogen. In this
way, the observed relationship might be linked through cause and effect, in that the
increase in bacterial population size may be causing more BU cases, providing an
explanation for the apparent recent rise in cases. The drivers behind the rise in bacterial
population density in Victoria remain unknown. Further studies could investigate
environmental factors that display a similar pattern of increase that temporally align
with the rise in cases and profile of population size growth.

Nucleotide substitution rate. Our uncorrelated relaxed molecular modeling al-

lowed us to estimate a genome-wide rate of nucleotide substitutions per chromosome
per year. The Victorian genome-wide rate of nucleotide substitution is 6.18E�2 SNPs
per chromosome per year, or 1.18E�8 more than that estimated for the African M.
ulcerans population (54). Potential explanations for the higher substitution rate in
the Victorian population may be ecological differences, possibly the presence of
marsupial reservoirs (27). The rate variation observed among branches in the
Victorian time tree is likely to be a function of variation in bacterial replication
cycles per unit time, changes in selection pressures through time, or a combination
of these factors (54).

Limitations. One potential limitation of this study is that only a subset of BU cases

yielded cultured isolates, a further subset of which was then forwarded for whole-
genome sequencing. Despite this, we had carefully selected isolates based on their
epidemiology to maximize both temporal and spatial coverage, reducing the likelihood
of basing our analyses on a biased isolate panel.

Conclusion. In this study, we have demonstrated the power of microbial genomics

to reveal the evolutionary dynamics underpinning the emergence of M. ulcerans in
Australia. On a continental scale, Australian M. ulcerans has evolved from a PNG-like
ancestral progenitor and since established disease foci around Australia, developing
region-specific SNP patterns. Our data depict that the westward progression of cases
out of Gippsland and into both the Western Port and Port Phillip regions is likely due
to pathogen migration. Our observation on the likely causation of new areas of BU
endemicity suggests that interventions to prevent pathogen spread will prevent the
rise of future endemicity and the associated public health burden. Through our
Bayesian coalescence approach, we were able to estimate historical bacterial popula-
tion sizes, revealing a pattern of population expansion that aligns with a temporally
matched escalation in Victorian BU cases. Through this genomic insight, we postulate
that the rise in Victorian BU cases in humans is a response to a growing pathogen
mycobacterial population in the environment. Furthermore, our use of genomics has
revealed a second and more recent westward spread of M. ulcerans out of Gippsland
and into the Port Phillip Bay region. The development of a novel PCR-based SNP typing
assay allowed us to explore the validity for a second pathogen introduction by
detecting Gippsland-associated genomic markers directly from environmental speci-
mens. Overall, our findings shine light on the evolutionary history of M. ulcerans in
Australia and provide testable hypotheses aimed at preventing the rise of future areas
of endemicity.
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MATERIALS AND METHODS
Study area. Australia is a country and continent delimited by both the Pacific and Indian oceans (Fig.

1A). The majority of Australian BU cases are from the states of QLD and Victoria, located in the north and
southeastern corner of Australia, respectively. Geographically speaking, Victoria is bordered by New
South Wales to the north, South Australia to the west, the Tasman Sea to the east, and the Bass Strait
and Tasmania to the south (Fig. 1A). In this study, the Victorian areas of Gippsland, Phillip Island,
Frankston/Langwarrin, Mornington Peninsula, and Bellarine Peninsula were considered areas of ende-
micity, as the majority of Victorian BU cases have originated from these regions (Fig. 1B).

Mycobacterium ulcerans strains and sequencing. One hundred seventy-eight disease-causing M.
ulcerans isolates, for which detailed information was available, were chosen for comparative genomic
analyses. One hundred sixty-five isolates were from Victoria, while 11 and two isolates were from other
Australian states/territories and Papua New Guinea (PNG), respectively. The mycobacterial disease
isolates were selected to boost temporal and spatial diversity, were derived from both animal and human
BU infections, and are described in Table S1. Isolates were cultivated on Brown and Buckle slopes as
described by MacCallum et al. (1). Long-term storage of isolates consisted of preservation in 20% (vol/vol)
glycerol in LB broth at �80°C, with the exception of isolates collected prior to 1950, as these were
preserved by freeze-drying and storage in glass ampoules. Genomic DNA was prepared as previously
described (69) from at least 50 mg (wet weight) of mycobacterial biomass, and paired-end DNA libraries
were created using the Nextera XT DNA preparation kit (Illumina, San Diego, CA). Sequencing was
undertaken using an Illumina NextSeq 500 (Illumina), Illumina MiSeq, or Illumina GAIIx DNA sequencing
platform. The quality of raw reads was assessed using the fq tool of the nullarbor package (https://
github.com/tseemann/nullarbor). All M. ulcerans isolates and their respective sequencing reactions are
described in Table S1.

Variant detection and maximum likelihood phylogenetics. Repetitive regions of the Agy99
reference genome (GenBank accession no. CP000325), including IS2404 and IS2606 genomic elements,
were hard masked and consequently excluded from the analyses to eliminate the possibility of calling
false-positive variants and unreliable mapping (70). The snippy version 3.1 program (https://github.com/
tseemann/snippy) was used to align reads against the reference and call single nucleotide polymor-
phisms (SNPs). An alignment of core-genome SNPs was used to generate a maximum likelihood (ML)
phylogenetic tree using PhyML version 3.3.20170830 (71) under the general time-reversible model of
nucleotide substitution. Bootstrapping was performed with 1,000 replicates to assess the reliability of the
phylogeny, collapsing nodes with less than 70% support using TreeCollapseCL version 4 (http://
emmahodcroft.com/TreeCollapseCL.html). All phylogenies were rooted using M. marinum (GenBank
accession no. GCA_000018345.1) as an outgroup to determine the direction of evolution.

Bayesian phylogenetic analysis. BEAST version 2.4.4 was employed to determine the substitution
rate, date evolutionary events, estimate the demographic history, and generate a time tree of the 165
Victorian M. ulcerans isolates. BEAUti xml files were modified manually to specify the number of invariant
sites in the genome. An uncorrelated log-normal relaxed molecular clock (57) was used with the
Extended Bayesian Skyline Plot (EBSP) demographic method (72) and bModelTest (73) to infer a genome
scale Victorian M. ulcerans time tree, with a tip date defined as the year of isolation (Table S1). Analysis
was performed in BEAST 2 using a total of 5 independent chains of 900 million Markov chain Monte Carlo
(MCMC) generations, with samples taken every 90,000 generations. Log files were inspected in Tracer
version 1.6 (http://tree.bio.ed.ac.uk/software/tracer/) for convergence and proper mixing, as well as to
see whether the chain length produced an effective sample size (ESS) for all parameters larger than 300,
indicating sufficient sampling. LogCombiner version 2.4.4 (74) was then used to combine log and tree
files of the 5 independent runs, with a 30% burn-in for each run. TreeAnnotator version 2.4.4 (74) was
used to summarize the posterior sample of time trees in order to produce a maximum clade credibility
tree with the posterior estimates of node heights visualized on it.

In order to assess the legitimacy of the temporal signal in the data, a permutation assessment was
undertaken by performing 40 additional BEAST 2 runs (of 900 million MCMC generations each), with
substitution, clock, and demographic models identical to those detailed before, but with tip dates
reshuffled to sequences. The reshuffling was done both randomly (75) and using clusters (76) to check
for potential confounding between temporal and genetic structures (this can occur when closely related
isolates are more likely to have been sampled during similar times). These two reshuffled “null sets” of
tip date and sequence correlations were then compared with the substitution rate estimate achieved
using the actual tip dates (75, 76). All temporal estimates reported in this study are parameter medians
and 95% highest posterior density (HPD) intervals.

Phylogeographic analysis. The open-source software GenGIS version 2.4.1 (77) was used to
complement phylogenies with geography. A geographical axis running approximately east to west along
the Victorian coastline was drawn to provide the layout for a geographically oriented phylogeny. To
assess whether the fit between ordered leaf nodes and geographic points was significantly better than
that expected by chance alone, a Monte Carlo permutation test with 1,000 replicates was performed (78),
with a probability value of less than or equal to 0.05 considered significant.

Direct genotyping of environmental specimens. Two SNPs associated with the Gippsland clade
(Agy99 chromosome positions 1385112 and 5597161) were used as targets for the development of a
PCR-based SNP genotyping assay. Site 1385112 is located in an oxidoreductase gene (MUL_1288), and
site 5597161 is within a conserved hypothetical transmembrane protein gene (MUL_5043). Primers
specific to genomic regions flanking the Gippsland SNP positions were designed so that the amplicons
contained the bases of interest (Table 1). In order to eliminate nonspecific binding, a fully nested PCR
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approach was undertaken, in which a second reaction was performed using amplicons from the first
reaction as the template. PCR primers were designed using the Primer3 software version 2.3.4 (79).

For PCR, 50-�l reaction mixtures were prepared with 1-�l samples of purified genomic DNA, 32 �l of
H2O, 10 �l of 5� Phire buffer, 1 �l of 10 mM dinucleoside triphosphates (dNTPs), 2.5 �l of 0.5 �M primer
F, 2.5 �l of 0.5 �M primer R, and 1 �l of Phire Hot Start DNA polymerase (Thermo Fisher). The reactions
were performed in an automated thermal cycler (Applied Biosystems Veriti thermal cycler). After an initial
denaturation at 98°C for 30 s, DNA was amplified by 35 cycles of 1-min steps at 98°C, 60°C, and 72°C.
Amplicons were cleaned in a buffer of 0.5 �l of Pellet Paint, 12.5 �l of 100% ethyl alcohol (EtOH), and
0.5 �l of 3 M NaOAC, incubated at room temperature for 5 min, and spun at top speed in a benchtop
centrifuge for 5 min. Pellets were then washed with 500 �l of 70% EtOH, spun for 5 min, and air-dried
for 10 min. Amplicons were Sanger sequenced using the BigDye sequencing kit on an ABI instrument
(Applied Biosystems 3130xl genetic analyzer), and the identity of the base of interest was undertaken by
aligning the amplicon sequence against a reference in Geneious version 8.1.8. The assay was validated
using pure genomic DNA from known Gippsland and non-Gippsland isolates to serve as positive and
negative controls, respectively. Nested PCR was then performed on genomic DNA extracted from
possum fecal material with a high abundance of M. ulcerans genomic units, as inferred from low cycle
threshold (CT) values with the IS2404 qPCR assay (80).

Accession number(s). Short-read data generated through this study have been deposited in the
NCBI Sequence Read Archive (SRA) under BioProject accession number PRJNA421048.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.02612-17.
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