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Synopsis	

This	thesis	investigated	the	utility	of	genomics	in	Australian	public	health	microbiology	through	

case	studies	of	three	bacterial	pathogens	of	public	health	importance:	Enterococcus	faecium,	

for	 genomic	 characterization	 of	 an	 emerging,	 health	 care-associated	 bacterial	 pathogen;	

Legionella	pneumophila	 for	developing	high	resolution	genomic-based	source	tracking	tools	

for	public	health	investigations;	and	Mycobacterium	ulcerans,	for	explaining	epidemiological	

trends	 and	assessing	 transmission	pathways	 through	genomic	 insights.	Outcomes	 from	 this	

research	 reinforce	 the	 emergence	 of	 microbial	 genomics	 as	 the	 cornerstone	 technology	 of	

public	health	microbiology.	
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Abstract	

The	advent	of	affordable	whole	genome	sequencing	has	been	a	disruptive	force	that	is	changing	

the	 biological	 sciences,	 with	 public	 health	 microbiology	 being	 no	 exception.	 As	 microbial	

genomics	is	a	new	frontier	for	public	health	microbiology,	a	substantial	amount	of	development	

and	 validation	 research	 is	 required.	 Genomic-based	 investigations	 in	 response	 to	 bacterial	

public	health	problems	are	gaining	traction,	but	optimal	approaches	to	bioinformatics	and	data	

analysis	are	still	being	developed.	In	order	to	help	address	these	needs,	this	thesis	investigated	

the	utility	of	microbial	genomics	for	Australian	public	health	microbiology	through	three	case	

studies	of	three	distinct	bacterial	pathogens.	

	

Hospital	 adapted	pathogens	pose	 a	 significant	 health	 threat	 through	 their	 ability	 to	 rapidly	

emerge	with	adaptive	phenotypes	that	permit	them	to	circumvent	infection	control	practices.	

In	the	first	results	chapter,	comparative	bacterial	population	genomics	was	used	to	characterise	

and	better	understand	the	genomic	changes	that	have	accompanied	and	driven	the	emergence	

of	a	novel	and	highly	hospital	associated	lineage	of	Enterococcus	faecium	called	ST796.	These	

analyses	revealed	that	the	novel	strain	belonged	to	a	highly	hospital	adapted	lineage	and	shared	

a	 close	 evolutionary	 origin	 with	 another	 newly	 emerged	 hospital	 associated	 lineage	 of	 E.	

faecium.	Complete	assembly	and	analysis	of	a	representative	ST796	genome	identified	several	

key	genomic	events	that	were	distinctive	in	the	newly	emerged	lineage.		

	

Investigations	 of	 bacterial	 disease	 outbreaks	 caused	 by	 environmental	 pathogens	 have	

traditionally	 relied	 upon	 insights	 delivered	 through	 epidemiology	 supported	 by	 pathogen	

genotyping	methods.	Genotyping	can	be	critical	for	identifying	the	source	of	an	outbreak,	but	

methods	vary	in	their	resolving	power	and	genotyping	data	can	be	difficult	to	compare	between	

investigations.	In	the	second	results	chapter,	a	genomics-based	machine	learning	approach	was	
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developed	 and	 used	 to	 predict	 the	 source	 of	 clinical	 Legionella	 pneumophila	 isolates	 using	

genomic	patterns	obtained	prospectively	through	environmental	sampling	of	bacteria.	A	proof-

of-concept	method	was	developed	for	assigning	outbreak	sources	without	using	phylogenetic	

trees.	Notably	too,	this	study	demonstrated	phylogenetics	can	be	misleading	when	assessing	L.	

pneumophila	environmental	origins.	The	predictive	statistical	genomic	method	presented	here	

has	utility	as	a	powerful	tool	for	use	alongside	conventional	L.	pneumophila	disease	outbreak	

epidemiological	investigations.		

	

Understanding	a	pathogen’s	mode	of	transmission	and	infectious	reservoir	is	a	key	goal	in	order	

to	 control	 the	 spread	of	disease,	 as	 such	knowledge	permits	deployment	of	 evidence-based	

strategies	to	manage	outbreaks	and	prevent	future	occurrences.	In	the	third	results	chapter,	

genomics	was	 used	 to	 conduct	 high-resolution,	micro-epidemiology	 population	 analyses	 on	

clinical	 isolates	 of	 another	 environmental	 bacterial	 pathogen,	Mycobacterium	 ulcerans,	 the	

cause	of	Buruli	ulcer.	Bacterial	population	genomics	and	phylogeographic	modeling	suggested	

a	westward	migration	of	the	pathogen	across	south	east	Australia	that	aligned	well	with	the	

disease	 epidemiology.	 In	 addition,	 demographic	 models	 inferred	 from	 the	 genomic	 data	

provided	a	plausible	explanation	for	a	recent	increase	in	cases	of	Buruli	ulcer	in	south-eastern	

Australia.	These	insights	demonstrate	that	M.	ulcerans	can	be	introduced	to	a	new	environment	

and	 then	 expands,	 rather	 than	 the	 awakening	 of	 a	 quiescent	 pathogen	 reservoir.	 Such	

discoveries	inform	our	understanding	of	Buruli	ulcer	transmission	and	control.	

	

Collectively,	these	studies	further	demonstrate	that	microbial	genomics	significantly	improves	

our	understanding	of	the	transmission	dynamics	behind	clinically	important	pathogens	over	

standard	 epidemiological	 investigations.	 This	 research	 demonstrates	 the	 advantages	 of	 the	

implementation	of	microbial	genomics	in	public	health	microbiology.	
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Preface	

Chapter	overview	

This	PhD	thesis	presents	three	published	studies	with	the	overarching	theme	of	investigating	

the	utility	of	microbial	genomics	in	public	health	microbiology.	Provided	below	is	a	summary	

of	the	chapters	that	are	included	in	this	thesis.	Each	summary	indicates	the	contributions	of	

collaborators	for	each	of	the	chapters.	

	

Chapter	1:	Literature	review	

An	outline	of	the	relevant	background	literature,	fundamental	concepts	and	aims	of	the	project.	
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faecium.	

Andrew	 H.	 Buultjens,	 Margaret	 M.C.	 Lam,	 Susan	 Ballard,	 Ian	 R.	 Monk,	 Andrew	 A.	 Mahony,	

Elizabeth	A.	Grabsch,	M.	Lindsay	Grayson,	Stanley	Pang,	Geoffrey	W.	Coombs,	J.	Owen	Robinson,	

Torsten	 Seemann,	 Paul	 D.R.	 Johnson,	 Benjamin	 P.	 Howden,	 Timothy	 P.	 Stinear.	 PeerJ,	 2017	

January;	5:	e2916.	doi:	https://doi.org/10.7717/peerj.2916.	



	 viii	

	

Contributions:	

Andrew	H.	Buultjens	 Study	design,	coordination,	bioinformatic	analysis,	data	

interpretation,	writing	and	revision	

Margaret	M.	C.	Lam	 Isolate	characterisation	and	critical	review	

Susan	Ballard	 Isolate	characterisation	and	critical	review	

Ian	R.	Monk	 Isolate	characterisation	

Andrew	A.	Mahony	 Isolate	characterisation	and	critical	review	

Elizabeth	A.	Grabsch	 Provided	bacterial	strains	and	data	interpretation	

M.	Lindsay	Grayson	 Provided	bacterial	strains	and	data	interpretation	

Stanley	Pang	 Provided	bacterial	strains	and	data	interpretation	

Geoffrey	W.	Coombs	 Provided	bacterial	strains	and	data	interpretation	

J.	Owen	Robinson	 Provided	bacterial	strains	and	data	interpretation	

Torsten	Seemann	 Study	design,	bioinformatic	analysis	

Paul	D.R.	Johnson	 Data	interpretation,	critical	review	

Benjamin	P.	Howden	 Provided	bacterial	strains	and	data	interpretation	

Timothy	P.	Stinear	 Study	design,	data	interpretation,	critical	review	

	

	

Chapter	3:	Developing	useful	genomic	based	tools	for	public	health	investigations	

This	chapter	includes	the	following	publication:	

A	 supervised	 statistical	 learning	 approach	 for	 accurate	 Legionella	 pneumophila	 source	

attribution	during	outbreaks.	

Andrew	H.	Buultjens,	Kyra	Y.	L.	Chua,	Sarah	L.	Baines,	Jason	Kwong,	Wei	Gao,	Zoe	Cutcher,	Stuart	

Adcock,	Susan	Ballard,	Mark	B.	Schultz,	Takehiro	Tomita,	Nela	Subasinghe,	Glen	P.	Carter,	Sacha	
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The	genomics	revolution	

Every	 now	 and	 then	 a	 technological	 breakthrough	 is	 achieved	 that	 changes	 the	 field	 of	

biological	sciences	forever.	Currently,	we	stand	at	a	point	in	time	where	technological	advances,	

together	 with	 decreasing	 cost	 of	 genome	 sequencing	 and	 analysis,	 denote	 the	 genomics	

revolution.	In	just	the	past	few	years	there	has	been	substantial	competition	among	sequencing	

technologies	that	has	driven	the	emergence	of	enhanced	DNA	sequencing	instruments	equating	

to	dramatically	reduced	sequencing	costs.	The	per-base	cost	of	DNA	sequencing	has	reduced	by	

approximately	100,000-fold	over	the	preceding	decade,	translating	to	a	rate	of	development	

that	exceeds	that	of	Moore’s	law	of	advancements	seen	in	the	semiconductor	industry	(1).	Such	

affordability	has	decentralized	whole	genome	sequencing	 (WGS),	 as	 it	 is	now	available	as	a	

research	tool	to	even	small	research	laboratories.		

	

WGS	in	the	microbiology	research	domain	

WGS	 technology	 is	 emerging	 to	 become	 the	 cornerstone	 technology	 for	 microbiological	

investigations.	WGS	is	now	being	used	extensively	to	study	the	evolution	and	dissemination	of	

bacterial	 pathogens,	 including	 detecting	 person-to-person	 transmission	 incidents	 and	

propagation	of	pathogens	through	communities,	hospital	outbreaks	or	transcontinental	spread	

of	pathogens	(2-10).	

	

Public	health	microbiology	

Public	 health	microbiology	 (PHM)	 is	 a	 discipline	 focused	 on	 observing	 the	 epidemiology	 of	

infectious	diseases	for	the	purpose	of	detecting	outbreaks,	informing	infection	control	practices	

and	gaining	intelligence	on	emerging	infectious	threats	(11).	Conventional	PHM	practices	are	

to	 grow	 isolates	 from	 environmental	 and	 clinical	 specimens	 and	 apply	 a	 multitude	 of	
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specialized	and	frequently	species-specific	methods	(11).	Examples	of	such	procedures	include	

species	 identification,	 antibiotic	 resistance	 testing,	 outbreak	 detection	 and	 surveillance,	 of	

which	are	often	 labor	 intensive,	complex	and	require	clinical	microbiologists	with	extensive	

knowledge	bases	(11).	Another	disadvantage	of	conventional	methods	is	the	slow	turnaround	

time	for	generating	data.	For	example,	tests	can	take	several	days	for	rapidly	growing	bacteria	

like	Escherichia	coli	or	months	for	relatively	slowly	growing	bacteria	such	as	Mycobacterium	

tuberculosis	 (11).	 Ideally,	 the	same	(or	better)	diagnostic	yield	as	obtained	from	a	variety	of	

microbiological	tests	could	be	attained	with	WGS	in	a	single	step	and	with	a	rapid	turn-around	

time.	

	

WGS	in	public	health	microbiology	

Despite	microbial	genomics	being	well	established	in	the	research	domain,	it	is	just	beginning	

to	be	integrated	into	the	realm	of	PHM.	WGS	now	represents	a	viable	option	for	public	health	

practice	owing	to	the	drastic	reduction	in	both	capital	expenditure	and	turn-around	time	(12).	

The	reduction	in	price	of	WGS	is	so	substantial	that	it	is	becoming	a	cheaper	option	than	that	of	

conventional	strain	genotyping	approaches.	Beyond	being	a	more	financially	feasible	option,	

WGS	also	delivers	greater	genotyping	resolution	compared	 to	 that	of	 conventional	methods	

(13).	Given	the	advantages	of	WGS,	it	is	obvious	that	this	technology	will	play	a	major	role	to	

modernise	PHM.		

	

Potential	 applications	 of	 WGS	 for	 PHM	 include	 antibiotic	 susceptibility	 testing,	 pathogen	

surveillance,	assessing	relatedness	 to	other	organisms	and	 identifying	and	tracing	emerging	

infectious	hazards	(13-15).	In	terms	of	workflow,	another	advantage	of	WGS	is	that	it	offers	a	

common	 procedure	 for	 all	 organisms	 and	 that	 genome	 data	 holds	 all,	 or	 virtually	 all,	 the	
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information	previously	obtained	through	numerous	lengthy	procedures	(11,	13).	This	common	

workflow	 greatly	 simplifies	 laboratory	 practices	 and	 translates	 to	 reduced	 handling	 of	

pathogens,	lessening	the	risk	of	health	and	safety	incidents	(13).	

	

Further	to	routine	public	health	service,	microbial	genomics	can	also	be	used	in	a	retrospective	

sense	to	indirectly	enlighten	public	health	actions	and	practices.	Such	analyses	can	make	use	of	

comparative	genomics	to	reveal	deep	insights	into	the	epidemiology,	evolution	and	population	

dynamics	of	important	pathogens	(16-21).	An	example	of	this	is	a	comparative	genomics	study	

that	exposed	the	emergence	and	spread	of	19A	pneumococcal	capsular	variants	succeeding	the	

introduction	of	the	pneumococcal	vaccine	in	the	USA	(22).	This	study	demonstrated	that	WGS	

based	 insights	can	 identify	 the	emergence	of	novel	 infectious	 threats	as	well	as	appraisal	of	

public	 health	 interventions.	 Microbial	 genomics	 can	 also	 be	 used	 to	 conduct	 studies	 that	

provide	direct	public	health	relevancy,	such	as	those	that	guide	infection	control	and	inform	

public	health	responses	in	a	timely	manner	(10,	23-26).		

	

Implementation	of	WGS	by	Public	Health	England	

A	leading	example	of	the	implementation	of	WGS	into	PHM	is	that	of	Public	Health	England,	an	

institution	that	has	been	working	to	adopt	such	technologies	since	2012	(13).	Here,	the	value	

of	WGS	on	the	service	was	realised	through	enhanced	disambiguation	of	outbreaks,	speedier	

resolution	of	outbreak	investigations	and	more	robust	linking	of	cases	to	outbreak	sources	(13).	

It	was	also	 found	that	WGS	provided	superior	evolutionary	context,	allowing	 for	what	were	

beforehand	 alleged	 as	 sporadic	 cases	 to	 be	 associated	 through	 common	 sources	 (13).	With	

respect	 to	 the	 laboratory,	 the	 implementation	 of	 WGS	 was	 found	 to	 improve	 laboratory	

management,	streamline	staff	training	and	enhance	health	and	safety	(13).	
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WGS	in	Australian	public	health	microbiology	

As	has	been	demonstrated	by	various	public	health	 institutions	worldwide,	 the	 adoption	of	

WGS	into	Australian	public	health	practice	is	imperative.	The	implementation	of	this	technology	

will	 better	 equip	Australian	 public	 health	 agencies	 to	 respond	 to	 outbreaks	 and	modernise	

laboratory	 processes.	 Such	 an	 alteration	 will	 keep	 Australia	 up	 to	 date	 with	 the	 genomics	

revolution.	In	particular,	the	adoption	of	WGS	will	preserve	compatibility	of	Australia’s	public	

health	 intelligence	 to	 that	of	public	health	 institutions	 abroad	 that	have	 implemented	WGS.	

Sustaining	international	compatibility	on	infectious	threats	is	exceptionally	relevant	in	today’s	

highly	mobile	global	population.	

	

The	evolution	of	genome	sequencing	technology	

First-generation	DNA	sequencing	

Despite	 the	 genomics	 revolution	 being	 relatively	 recent,	 the	 initial	 development	 of	 genome	

sequencing	commenced	many	decades	ago.	The	first	DNA	sequencing	technique	was	the	chain	

termination	method,	established	by	Frederick	Sanger	and	associates	during	the	1970s,	known	

as	 “Sanger	 sequencing”	 (27).	 Using	 this	 method,	 the	 bacteriophage	 phi-X174	 genome	 was	

sequenced,	 representing	 the	 first	 genome	 to	 be	determined	 (28).	During	 the	1990s,	 Sanger	

sequencing	was	combined	with	a	method	that	used	numerous	overlapping	sequences	known	

as	 “shotgun	 sequencing”	 to	 improve	 efficiency	 (29).	 This	 improved	method	 allowed	 for	 the	

sequencing	of	the	first	bacterial	genome,	Haemophilus	influenza	in	1995	(30).	The	development	

of	 fluorescently	 labeled	 dye-terminator	 nucleotides,	 combined	 with	 automated	 detection,	

allowed	for	a	new	level	of	sequencing	throughput	that	facilitated	the	human	genome	project	

(1).	The	human	genome	project	was	a	substantial	undertaking	that	realised	for	the	first	time,	
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the	 abundant	 potential	 of	 genome	 sequencing	 and	 drove	 many	 innovations	 of	 sequencing	

technology.	These	developments	 resulted	with	 the	dawn	of	 “second-generation	sequencing”	

technologies.		

	

Second-generation	sequencing	

The	 advent	 of	 second-generation	 sequencing	 was	 characterised	 by	 instruments	 capable	 of	

massive	parallelization	of	 sequencing	 reactions,	 and	 thus	 greater	 throughput	 and	enhanced	

sequence	yield.	Such	technologies	made	use	of	distinct	properties	of	DNA	synthesis	such	as	(i)	

the	release	of	pyrophosphate	during	DNA	synthesis	to	generate	ATP	-	a	substrate	for	luciferase	

that	in	turn	creates	light,	or	(ii)	the	release	of	H+	ions	during	DNA	synthesis	that	cause	a	pH	

shift	 that	 can	 in	 turn	 be	measured	 using	 an	 ion-sensitive	 field-effect	 transistor	 (31).	 These	

improvements	were	 further	developed	by	 Illumina	with	 the	 incorporation	of	 reversible	dye	

terminators	as	well	as	bridge-amplification	 to	yield	 large	amounts	of	high-quality	data	with	

minute	quantities	of	input	DNA.	This	technology	was	used	with	the	Illumina	HiSeq	and	MiSeq	

machines	that	provided	greater	throughput	and	longer	read	lengths	than	earlier	platforms	(32,	

33).	The	higher	efficiency	and	lower	costs	of	second-generation	sequencing	have	allowed	this	

technology	to	transfer	from	high-end	sequencing	centers	to	that	of	smaller	laboratories	(34).	

Within	the	field	of	microbiology,	studies	using	second-generation	sequencing	have	uncovered	

substantial	micro-evolution	within	 bacterial	 species	 and	 demonstrated	 the	 potential	 to	 use	

genomic	variation	to	elucidate	the	origins	of	disease	outbreaks	(35,	36).		

	

Some	limitations	of	second-generation	sequencing	technologies	include	high	error	rates	near	

the	terminal	ends	of	reads	and	read	lengths	of	only	a	few	hundred	bp	(37).	In	addition,	these	

technologies	have	an	inherent	source	of	bias	and	sequencing	error	as	they	are	contingent	upon	
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PCR-based	amplification	to	generate	sufficient	template	DNA	(38).	More	recent	developments	

in	sequencing	technology	have	made	use	of	innovative	methods	to	infer	nucleotide	identity	and	

substantially	increased	read	length.	

	

Third-generation	sequencing	

Single	molecule	real-time	sequencing	

Single	 molecule	 real-time	 sequencing	 technology	 was	 established	 by	 Pacific	 Biosciences	

(PacBio).	Here,	synthesis	of	the	DNA	occurs	with	fluorescently	labeled	nucleotides	that	don’t	

terminate	 the	 replication	 process.	 In	 this	 way,	 the	 synthesis	 occurs	 uninterrupted	 as	 the	

fluorescence	signals	are	identified	(39).	Another	point	of	distinction	is	that	replication	occurs	

using	 single	 DNA	 molecules	 (no	 clonal	 amplification	 step)	 within	 millions	 of	 discrete	

nanostructures	 known	 as	 zero-mode	 waveguides	 (40).	 Through	 this	 method,	 PacBio	

instruments	are	able	to	produce	read	lengths	in	the	order	of	several	thousand	bases	or	greater,	

which	are	considerably	longer	than	that	of	second-generation	technologies	(36,	39).	Despite	

providing	long	read	lengths,	such	datasets	can	possess	higher	error	rates	than	that	of	second-

generation	technology	(41).	

	

Nanopore	sequencing	

Another	 major	 third-generation	 technology	 is	 nanopore	 sequencing	 of	 Oxford	 Nanopore.	

Nanopore	 sequencing	 is	 further	differentiated	 from	second-generation	 technologies	 as	base	

identities	are	inferred	through	variations	in	electric	current	rather	than	detecting	of	fluorescent	

signals.	In	this	way,	strands	of	DNA	are	passed	through	nano-scale	pores	in	a	lipid	membrane	

and	specific	changes	in	pore	voltage	provide	signals	that	can	be	correlated	to	a	specific	DNA	

base	(A,	G,	C	or	T)	passing	through	the	pore	(42).	Nanopore	sequencing	technology	is	capable	
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of	producing	reads	lengths	of	approximately	a	million	bp	(43).	Owing	to	the	fact	that	such	an	

approach	eliminates	the	need	for	optical	measurement,	the	physical	footprint	of	the	instrument	

is	vastly	smaller.	In	fact,	the	current	size	of	the	Oxford	nanopore	MinION	is	comparable	to	that	

of	an	ordinary	portable	USB	storage	device	(42).	As	with	PacBio	technology,	despite	very	long	

read	lengths,	current	nanopore	sequencing	data	is	hampered	by	a	high	error	rate	(42).	

	

Bioinformatics	

Bioinformatic	developments	

Bioinformatics	is	the	computational	handling	and	processing	of	genetic	information	(44).	This	

field	has	benefited	from	parallel	advancements	in	sequencing	and	computing	technology.	The	

vast	 amount	 of	 data	 generated	 through	 second	 and	 third	 generation	 sequencing	 projects,	

sometimes	in	the	realm	of	terabytes,	has	driven	the	development	of	novel	bioinformatic	tools	

for	data	analytics.		

	

Bioinformatic	software	

Bioinformatic	software	is	largely	publicly	available	as	“open-source”,	generated	predominantly	

from	research	activity,	however	commercial	software	packages	are	also	becoming	increasingly	

available	 (15,	45).	The	majority	of	bioinformatic	 software	are	modular	 tools	 that	perform	a	

specific	 task.	 Dedicated	 scripts	 are	 generally	 developed	 to	 automate	 the	movement	 of	 data	

through	 many	 discrete	 programs,	 known	 as	 “pipelines”	 (46).	 Such	 pipelines	 empower	

researchers	 to	 focus	 on	 biological	 investigations	 rather	 than	 needing	 to	 have	 an	 in-depth	

knowledge	of	how	to	run	each	required	software	module.	Pipelines	also	allow	for	many	large	

datasets	to	be	batched	at	once,	permitting	high	throughput	analyses.	
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Bioinformatic	databases	

With	an	increasing	number	of	sequencing	projects	there	came	a	demand	to	collate	the	resulting	

information	 in	 centralized	 and	 accessible	 databases.	 With	 the	 advent	 of	 more	 efficient	

sequencing	 technologies,	 a	 number	 of	 central	 databases	 were	 established	 including	 the	

National	 Center	 for	 Biotechnology	 Information’s	 (NCBI)	 GenBank	 database,	 the	 European	

Molecular	Biology	Laboratory’s	(EMBL)	European	Nucleotide	Archive	and	the	DNA	Data	Bank	

of	 Japan	 (DDBJ).	 Collectively	 these	 major	 databases	 comprise	 the	 International	 Nucleotide	

Sequence	 Database	 Collaboration.	 With	 an	 abundance	 of	 sequence	 data	 accessible,	 studies	

began	to	focus	on	comparing	sequences.	
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Figure	1:	Overview	of	genome	analysis	
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Sequence	alignment	

One	 of	 the	 most	 straightforward	 sequence	 based	 comparative	 techniques	 is	 alignment.	

Sequence	alignment	involves	searching	a	query	sequence	against	a	database	of	sequences	for	

matches	 and	 ranking	 of	 best	 hits.	 The	 mainstay	 of	 sequence	 searching	 is	 the	 Basic	 Local	

Alignment	Search	Tool	(BLAST)	algorithm,	due	to	its’	speed	and	easy	to	interpret	output	(47).	

More	advanced	analyses	broadly	 fall	 into	 those	 that	are	 reference	dependent	and	reference	

independent	 (Figure	 1).	 Generally	 speaking,	 reference	 dependent	 procedures	 are	 more	

accurate	for	calling	the	smallest	genomic	variants,	Single	Nucleotide	Polymorphisms	(SNP)	(2,	

48,	49).	

	

Reference	based	methods	for	genome	assembly	

Reference	based	methods	largely	involve	the	alignment	of	reads	against	a	reference	sequence.	

The	 layering	alignment	of	 reads	allows	 for	multiple	estimates	of	nucleotide	 identity	at	each	

reference	site.	This	redundancy	in	estimates	permits	for	a	consensus	to	be	established	for	the	

most	probable	base	at	a	given	site,	overcoming	the	known	random	error	rate	specific	to	the	

dataset.	Once	bases	for	the	genomes	of	interest	have	been	called	in	respect	to	the	reference,	

comparisons	of	high-resolution	variants	such	as	SNPs	can	be	undertaken	(Figure	1).	

	

Reference	independent	methods	for	genome	assembly	

Reference	independent	methods	make	use	of	de	novo	assembly	that	build	overlapping	sequence	

reads	into	contiguous	stretches	of	larger	sequence,	known	as	contigs	(Figure	1)	(50-53).	The	

foremost	 value	 of	 reference	 independent	methods	 is	 that	 novel	 genomic	 elements	 that	 are	

specific	to	the	isolate	in	question	can	be	examined.	In	the	case	of	reference	dependent	methods,	

only	genomic	regions	that	share	direct	homology	with	the	reference	sequence	can	be	assessed.	
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The	latter	approach	is	problematic	when	using	short-read	data	as	some	repeat	regions	can	be	

larger	than	the	read-lengths,	leading	to	assembly	failure	for	such	sections	(52,	54).		

	

The	longer	read	lengths	of	third-generation	sequencing	technologies	make	genome	assembly	a	

much	 less	 challenging	 undertaking,	 however	 such	 data	 has	 higher	 error	 rates.	 In	 order	 to	

produce	 intact	 and	 high	 quality	 assemblies,	 data	 from	 both	 second	 and	 third-generation	

technologies	are	being	combined	(41,	55-57).	Gene	annotation	software	can	be	used	to	predict	

and	infer	the	function	of	genes	from	contigs	(Figure	1).	Such	annotation	information	can	then	

be	used	 to	perform	comparative	gene	content	analyses.	One	such	approach	 is	 to	cluster	 the	

predicted	 genes	 according	 to	 their	 homology	 using	 a	 reciprocating	 sequence	 alignment	

analysis.	Here	 genes	 are	 clustered	 into	 orthologous	 groups	 based	 on	 translated	 amino-acid	

homology.	With	such	information,	gene	content	questions	such	as	“which	genes	are	unique	to	

particular	genomes”	and	“which	genes	do	these	genomes	share?”	can	be	investigated.	

	

Determination	of	core	and	pan	genomes	

The	sequencing	of	multiple	isolates	from	within	the	same	species	has	allowed	for	interesting	

insights	 into	within	 species	 genomic	diversity.	Appreciable	 amounts	of	plasticity	have	been	

identified	 in	 the	presence	and	absence	of	orthologous	genes	among	genomes.	Genes	shared	

among	 all	 isolates	 of	 a	 species	 generally	 encode	 for	 essential	 functions	 and	 are	 collectively	

referred	to	as	the	“core	genome”.	Conversely,	genes	that	are	found	in	some	but	not	all	members	

of	 a	 species	 generally	 encode	 for	 functions	 required	 for	 survival	 in	 continuously	 dynamic	

environments.	These	dispensable	genes	are	referred	to	as	the	“accessory	genome”	that,	when	

complemented	with	the	core	genome,	make	up	the	“pan	genome”.	Generally,	bacteria	that	are	

ecological	“specialists”	tend	to	have	streamlined	pan	genomes,	in	that	the	core	genome	is	rather	
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large	with	a	smaller	complement	of	accessory	genes.	On	the	other	hand,	ecological	“generalists”	

tend	to	have	comparably	open	pan	genomes,	with	less	than	half	of	genes	comprising	their	core	

genome	(58).	

	

SNP	comparisons	and	clustering	

One	 of	 the	 most	 basic	 comparative	 techniques	 performed	 upon	 SNP	 data	 is	 the	 pairwise	

comparison	 of	 differences	 between	 and	 within	 that	 of	 specified	 groups	 (Figure	 1).	 This	

approach	therefore	requires	that	isolates	be	assigned	to	groupings	according	to	some	particular	

attribute.	A	more	sophisticated	approach	that	does	not	rely	upon	prior	groupings	is	to	cluster	

genomes	using	an	unsupervised	method.	Here,	genomes	are	classified	according	to	underlying	

patterns	of	population	structure	(59).	

	

Phylogenomics	

Traditionally,	phylogenies	based	on	DNA	differences	were	built	upon	variation	in	one	or	more	

genes	and	are	known	as	phylogenetic	 trees	 (60-62).	With	access	 to	genome	wide	data,	SNP	

discovery	 is	not	 limited	 to	gene(s)	as	variant	detection	can	extend	 to	virtually	any	genomic	

position.	In	this	way,	phylogenies	built	using	genome	wide	SNP	data	are	termed	“phylogenomic	

trees”,	of	which	tend	to	better	depict	the	evolutionary	history	of	the	entire	genome,	rather	than	

that	of	phylogenetic	trees	(63-65).	

	

Maximum	parsimony	

The	most	elementary	methods	to	build	phylogenies	are	based	on	maximum	parsimony.	These	

procedures	seek	to	infer	a	tree	that	requires	the	least	amount	of	evolutionary	events	in	order	

to	be	consistent	with	the	original	sequence	data	(66,	67).	Limitations	to	maximum	parsimony	
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methods	 are	 that	 they	 are	 susceptible	 to	 long	 branch	 attraction,	 in	 which	 faster	 evolving	

genomes	are	erroneously	congregated	together	despite	being	divergent	(68).	To	overcome	the	

issue	of	 long	branch	attraction	and	 improve	phylogeny	accuracy,	alternative	distance-based	

methods	were	developed	(69,	70).		

	

Distance	based	methods	

The	 Neighbor	 Joining	 method	 is	 a	 popular	 distance-based	 technique	 that	 converts	 a	 SNP	

alignment	 into	a	distance	matrix	of	estimated	evolutionary	distances	between	genomes	(70,	

71).	The	major	limitation	of	Neighbor	Joining	is	that	it	fails	to	take	into	consideration	the	fact	

that	multiple	substitutions	can	occur	within	a	site,	obscuring	the	true	evolutionary	distances	

among	 isolates.	 In	 this	way,	 the	 observed	 differences	 between	 isolates	 are	 not	 an	 accurate	

reflection	of	the	evolutionary	distances,	with	sequences	appearing	to	be	exaggeratedly	adjacent	

to	each	other	(72).	

	

Models	of	molecular	evolution	

In	 order	 to	 account	 for	 the	 occurrence	 of	 unobserved	 substitutions,	 models	 of	 molecular	

evolution	 were	 developed.	 Such	 models	 work	 to	 correct	 the	 pairwise	 differences	 among	

isolates	 to	 account	 for	 multiple	 unobserved	 substitutions.	 One	 of	 the	 most	 traditional	 and	

robust	methods	 that	employ	such	models	 is	 that	of	Maximum	Likelihood	(73).	This	method	

works	 by	 judging	 the	 hypothesis	 of	 how	 well	 the	 tree	 predicts	 the	 observed	 sequence,	

otherwise	 known	 as	 the	 likelihood	 of	 the	 tree	 (74,	 75).	 Further	 advantages	 of	 Maximum	

Likelihood	 approaches	 are	 the	 incorporation	 of	 additional	 evolutionally	 relevant	 model	

parameters	including	empiric	base	frequencies,	probability	of	transitions	and	transversions	as	

well	as	rates	and	sites	of	heterogeneity	(73,	76-78).	Like	the	previously	discussed	phylogeny	



Chapter	One	–	Literature	review	
	

	 16	

estimating	methods,	the	Maximum	Likelihood	technique	produces	a	single	output	tree,	in	this	

case	the	tree	with	the	greatest	likelihood.	The	reliability	of	a	maximum	likelihood	tree	can	be	

appraised	through	a	bootstrapping	process	in	which	the	resulting	tree	is	compared	to	a	large	

population	of	pseudo-replicate	trees	(79,	80).	Such	an	approach	provides	a	level	of	confidence	

for	specific	nodes	in	the	tree.	

	

Bayesian	phylogenomics	

The	 most	 sophisticated	 development	 in	 phylogeny	 estimation	 has	 been	 the	 expansion	 of	

methods	 that	make	 use	 of	 Bayesian	 theory.	 Unlike	 the	 underlying	 hypothesis	 employed	 by	

Maximum	 Likelihood	 methods,	 Bayesian	 approaches	 combine	 prior	 information	 with	 the	

likelihood	of	the	sequence	data	to	inform	the	posterior,	which	is	a	probability	distribution	of	

the	resulting	output	(81,	82).	The	benefit	of	such	an	increasingly	complex	approach	is	that	it	

allows	for	the	modeling	of	additional	parameters	such	as	epidemiological	information,	disease	

transmission,	divergence-time	dating	and	geographical	dynamics	(83-85).	

	

Studies	have	made	use	of	Bayesian	phylogenomics	to	provide	high-resolution	insights	into	the	

evolutionary	dynamics	of	bacterial	pathogens.	One	such	example	has	been	 the	evolutionary	

investigation	of	 a	 large	 collection	of	M.	 tuberculosis	 genomes.	Here	 the	use	of	 temporal	 and	

genomic	data	generated	a	time-based	phylogeny	that	demonstrates	that,	for	tens	of	thousands	

of	years,	M.	tuberculosis	has	been	co-evolving	with	anatomically	modern	humans	(86).		

	

Multivariate	statistical	analyses	

Multivariate	statistical	techniques	have	attracted	attention	in	recent	years	for	the	analysis	of	

genetic	 data	 (87-91).	 One	 such	 multivariate	 procedure	 that	 is	 particularly	 amendable	 to	
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genomic	datasets	is	Discriminant	Analysis	of	Principal	Components	(DAPC).	This	approach	is	

designed	to	identify	and	describe	groups	among	individuals	that	are	genetically	related	(92).	

DAPC	 can	 be	 used	 to	 unearth	 rich	 information	 from	 genomic	 data	 as	 it	 makes	 use	 of	 the	

multidimensionality	of	complex	datasets.	In	order	to	increase	between	group	discrimination,	

sample	variation	is	partitioned	into	“within-group”	and	“between-group”	components	(92).	The	

data	 is	 first	 transformed	 and	dimensionality	 reduced	using	PCA	 and	 the	prior	 groupings	 of	

individuals	 are	 separated	 using	 discriminant	 analysis	 (92).	 If	 the	 data	 comprises	 sufficient	

richness	to	separate	individuals	according	to	group-specific	priors,	the	genetic	variations	that	

contribute	to	such	separation	can	be	identified	(92).	

	

Numerous	studies	have	employed	DAPC	to	conduct	comparative	genomic	analyses	of	bacterial	

isolates	(93-95).	A	study	of	Streptococcus	suis	genomes	used	DAPC	to	assess	the	separation	of	

isolates	 according	 to	 assigned	 phenotype	 groups.	 In	 this	 case	 the	 groups	 were	 defined	 by	

disease	and	non-clinical	statuses	and	the	model	demonstrated	strong	separation,	indicating	a	

genomic	basis	 for	 such	 traits	 (93).	Going	beyond	 simply	 separating	according	 to	groupings,	

DAPC	has	also	been	used	to	identify	the	specific	variants	that	contribute	to	genomic	structuring	

of	populations.	An	example	of	this	has	been	the	use	of	DAPC	to	identify	SNPs	with	a	role	in	the	

host	adaptation	of	Staphylococcus	aureus	(94).		

	

Another	 feature	 of	 DAPC	 is	 that	 once	 a	 model	 with	 well-defined	 separation	 of	 individuals	

according	 to	 group	 priors	 has	 been	 built,	 it	 can	 be	 used	 to	 probabilistically	 assign	 new	

individuals	into	the	model	groupings	(92).	This	is	particularly	advantageous	because	it	can	be	

exploited	to	predict	the	probability	of	genomes	belonging	to	specific	groupings	of	interest.	
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Infectious	diseases	in	Australia	

When	 compared	 to	 other	 nations,	 Australia	 has	 been	 privileged	 with	 its	 ability	 to	 combat	

infectious	 diseases	 over	 the	 previous	 century.	 The	 elevation	 in	 living	 standards,	

implementation	of	vaccines	and	antimicrobial	treatment	in	Australia,	up	until	the	1960s,	has	

translated	to	the	control	of	many	infectious	diseases	(96).	In	addition,	the	work	of	Australian	

medical	scientists	has	driven	major	advances	that	have	led	to	improved	management	of	public	

health.	 Despite	 the	 decline	 of	many	 historically	 significant	 infectious	 diseases,	 evolutionary	

forces	 have	 been	 ongoing,	 with	 infectious	 threats	 continuing	 to	 emerge.	 Three	 particular	

emerging	infectious	diseases	of	public	health	importance	that	will	be	investigated	in	this	thesis	

are	Enterococcus	faecium,	Legionella	pneumophila	and	Mycobacterium	ulcerans.	

	

Enterococcus	faecium	

Hospitals	provide	unique	ecological	niches	that	certain	bacterial	pathogens	have	evolved	and	

thrived	within.	In	particular,	two	species	from	the	genus	Enterococcus	have	risen	to	become	

leading	 hospital-acquired	 pathogens	 (E.	 faecalis	 and	 E.	 faecium)	 (97-100).	 Enterococci	 are	

characterised	 as	 Gram-positive,	 catalase-negative,	 non-spore	 forming	 facultative	 anaerobes	

and	are	found	in	a	variety	of	habitats	including	water,	soil,	plants,	food	and	animals	(101-105).	

The	presence	of	E.	faecium	 in	a	wide	range	of	animal	hosts	suggests	that	the	species	play	an	

important	 role	within	 a	 host’s	 gut	microbiota	 (106).	 A	 study	 investigating	 the	 incidence	 of	

enterococcal	 bacteremia	 isolates	 in	 Australia	 during	 2014	 revealed	 that	 39.9%	 of	 unique	

episodes	 of	 bacteremia	 were	 caused	 by	 E.	 faecium	 (107).	 In	 addition,	 the	 proportion	 of	

resistance	to	antibiotics	such	as	ampicillin	and	vancomycin	were	found	in	90.5%	and	46.1%	of	E.	

faecium	 isolates,	 respectively	 (107).	 Both	 the	 high	 bacteremia	 burden	 and	 propensity	 for	

antibiotic	resistance	implicate	this	pathogen	as	a	major	threat	to	Australian	public	health.	
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Pathogenesis	of	E.	faecium	

The	development	of	E.	faecium	infections	requires	a	combination	of	host	and	bacterial	factors.	

Host	factors	leading	to	infection	include	having	an	impaired	immune	system,	being	moderately	

to	seriously	 ill	as	well	as	admission	to	an	 intensive	care	unit	 (108,	109).	The	most	common	

types	of	infection	caused	by	E.	faecium	include	wound	infections,	endocarditis,	intra-abdominal	

infections,	urinary	tract	infections	and	bacteremia	(105,	110).	Bacterial	factors	that	contribute	

to	 pathogenic	 potential	 include	 capacity	 to	 resist	 a	 variety	 of	 antibiotics,	 particularly	

vancomycin,	as	well	as	genes	that	enhance	a	strains’	virulence	(111-113).		

	

Vancomycin	resistant	enterococci		

Vancomycin	resistance	is	conferred	by	a	cluster	of	genes	comprising	a	glycopeptide	resistance	

locus.	Enterococci	possessing	these	loci	are	known	as	Vancomycin	Resistant	Enterococci	(VRE)	

(114,	 115).	 The	 key	 gene	 in	 this	 system	 encodes	 a	 ligase	 that	 substitutes	 the	 D-Ala-D-Ala	

dipeptide	moiety	of	peptidoglycan	(the	target	of	vancomycin)	for	a	D-Ala-D-Lac	depsipeptide	

substituent,	thereby	conferring	resistance	(114,	115).	These	loci	are	located	on	transposons,	

which	 are	 mobile	 transposable	 elements	 that	 can	 mobilize	 resistance	 via	 horizontal	 gene	

transfer	(114).	Of	the	nine	distinct	types	of	glycopeptide	resistance	loci	so	far	discovered,	the	

VanA	and	VanB	variants	are	the	most	common	(116).	VanA	is	the	most	frequent	type	found	in	

northern	hemisphere	countries	including	the	USA	and	across	Europe	(117).	In	Australia,	VanB	

is	the	most	predominant	type	of	VRE,	however	there	has	been	a	recent	escalation	of	the	VanA	

genotype	 (118).	 Some	 of	 the	 main	 concerns	 with	 VRE	 are	 the	 added	 complexity	 to	 treat	

infections,	 associations	with	greater	mortality	and	greater	economic	burden	 than	 infections	

with	Vancomycin	Susceptible	Enterococci	(VSE)	(119).	Another	risk	posed	by	VRE	is	that	they	
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can	act	as	a	reservoir	that	can	spread	vancomycin	resistance	to	other	bacteria	with	pathogenic	

potential	(20).	

	

Genotyping	of	E.	faecium	

Traditional	means	to	asses	genetic	variation	among	E.	faecium	populations	originally	included	

pulse	field	gel	electrophoresis	and	later	Multi	Locus	Sequence	Typing	(MLST)	(120,	121).	MLST	

was	a	major	improvement	in	genotyping	technology.	Some	of	its’	advantages	were	that	it	was	

fully	portable	and	the	allele	data	could	be	stored	in	central	databases	accessible	remotely	via	

the	 internet	and	allowing	 for	comparisons	around	 the	globe	 (122).	This	method	considered	

sequence	 variation	 in	multiple	 loci,	 affording	 improved	 strain-resolving	 capacity	 relative	 to	

previous	methods.	Despite	such	advancements,	MLST	only	interrogates	very	small	regions	of	

the	genome	and	therefore	is	hampered	by	a	lack	of	resolution	compared	to	genomic	methods	

that	consider	variation	across	whole	genomes.	

	

WGS	of	E.	faecium	

More	recent	studies	of	E.	faecium	have	turned	to	genomics	to	provide	high	resolution	insights	

into	the	population	structure	and	evolutionary	drivers	for	the	emergence	of	novel	clones	(20,	

123-125).	Phylogenomic	analyses	have	revealed	that	hospital	associated	isolates	cluster	as	a	

single	clade,	termed	Clade-A1,	that	 is	distinct	from	isolates	that	are	not	generally	associated	

with	 disease	 (125,	 126).	 Strains	 belonging	 to	 Clade	 A-1	 frequently	 carry	 genes	 conferring	

resistance	to	several	antibiotics,	harbor	greater	numbers	of	mobile	genetic	elements	and	have	

altered	metabolic	systems	(125).	
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E.	faecium	sequence	type	17	

Within	 the	 greater	 E.	 faecium	 population,	 the	 clonal	 complex	 17	 (CC17)	 is	 particularly	

associated	with	clinical	infections	and	responsible	for	outbreaks	across	several	countries	(126,	

127).	MLST	designations	have	suggested	 that	ST17	 is	 the	ancestral	progenitor	 that	 founded	

CC17	 and	 that	 all	 subsequent	 lineages	 have	 evolved	 from	 this	 clone.	 In	 an	 effort	 to	 better	

understand	 the	 genetic	 basis	 of	 the	 highly	 hospital	 adapted	 ST17,	 a	 representative	 ST17	

genome	(strain	name	Ef_aus0004)	was	fully	assembled	(123).	Analysis	of	this	genome	revealed	

that	it	comprised	of	a	chromosome	and	three	plasmids	and	contained	several	prophage	(123).	

Comparison	 of	 the	 fully	 assembled	 genome	 amongst	 a	 collection	 of	 ST17	 draft	 genomes	

depicted	that	this	clone	had	a	 large	accessory	genome	(38%),	highlighting	the	ability	of	 this	

lineage	to	horizontally	acquire	novel	genetic	material	(123).	

	

E.	faecium	sequence	type	203	

Molecular	 epidemiological	 studies	 assessing	 genotypic	 diversity	 of	 E.	 faecium	 bacteremia	

isolates	revealed	that,	prior	to	2005,	the	Austin	Hospital,	Victoria,	Australia,	was	dominated	by	

ST17,	after	which	time	it	was	largely	replaced	by	ST203	(128).	Compared	to	ST17,	ST203	was	

associated	 with	 a	 substantial	 upsurge	 in	 incidents	 of	 bacteremia	 (128).	 In	 order	 to	 better	

understand	the	genetic	basis	of	the	newly	emerged	ST203,	a	comparative	genomics	study	was	

undertaken	 (124).	 Here,	 again,	 a	 fully	 assembled	 genome	 of	 a	 ST203	 representative	 strain	

(Ef_aus0085)	was	established	and	used	 for	subsequent	comparative	genomic	analyses.	High	

resolution	 comparisons	 of	 ST203	 and	 ST17	 genomes	 revealed	 approximately	 500	 kb	 of	

sequence	in	ST203	that	was	absent	in	ST17	genomes	(124).	Phenotypic	growth	assays	showed	

that	 ST203	 isolates	 grew	 significantly	 faster	 than	 that	 of	 ST17	 (124).	The	 genomic	 findings	
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suggest	that	the	acquisition	of	specific	genomic	factors	had	enabled	ST203	to	largely	replace	

predecessor	clones	in	the	healthcare	environment.	

	

E.	faecium	sequence	type	796	

From	early	2012,	a	novel	clone	of	vancomycin	resistant	E.	 faecium	 (assigned	the	multi	 locus	

sequence	 type	 ST796)	was	 concurrently	 isolated	 from	 geographically	 separate	 hospitals	 in	

south-eastern	 Australia	 and	 New	 Zealand.	 This	 newly	 emerged	 clone	 was	 found	 to	 be	

accountable	 for	 40%	 of	 E.	 faecium	 VRE	 BSI	 across	 five	 geographically	 distinct	 Melbourne	

hospitals,	fundamentally	supplanting	its	ST203	predecessor	strains	(129).	The	ST796	lineage	

was	also	the	causative	agent	of	a	sizeable	outbreak	of	colonisation	in	a	Melbourne	hospital’s	

neonatal	intensive	care	unit	(130).	There	was	a	striking	increase	in	the	number	of	notifications	

in	Tasmania	from	2015	and	ST796	was	identified	as	one	of	the	most	important	VRE	causing	

agents	 (131).	 During	 2016,	 ST796	 was	 responsible	 for	 the	 majority	 of	 Australian	 VRE	

bacteraemic	episodes	(132).	At	the	time	of	commencement	of	this	project,	no	genomic	studies	

had	been	conducted	to	better	understand	the	evolutionary	emergence	of	the	ST796	lineage.	

	

Legionella	pneumophila	

In	 1976,	 an	 intense	 epidemic	 of	 relentless	 pneumonia	 occurred	 in	 the	 USA,	 for	 which	 the	

causative	agent	was	unknown	(133).	Epidemiological	investigations	revealed	that	majority	of	

cases	had	attended	an	American	Legion	convention	held	in	Philadelphia	prior	to	the	onset	of	

disease	 (133).	 Further	 investigation	 exposed	 that	 the	 causative	 agent	was	 a	 Gram-negative	

bacterium,	of	which	was	later	designated	as	Legionella	pneumophila	(134).	
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Legionella	is	a	sole	representative	of	the	family	Legionellaceae,	which	belongs	to	the	phylum	

Proteobacteria.	 L.	 pneumophila	 are	 ubiquitously	 present	 in	 freshwater	 systems	 worldwide	

(135-137).	When	residing	in	the	environment,	L.	pneumophila	can	survive	in	a	variety	of	forms	

including	as	a	free-living	bacterium,	as	an	intracellular	parasite	of	protozoa	(which	is	required	

for	replication)	as	well	as	a	component	of	biofilms	(138-143).		

	

Despite	causing	disease	in	humans,	human	hosts	are	not	considered	to	be	natural	hosts	of	the	

bacterium.	Legionella	are	thought	to	have	co-evolved	with	unicellular	protozoa,	which	are	also	

found	in	natural	environments	(144).	Due	to	the	infection	of	protozoa	with	L.	pneumophila,	it	is	

thought	that	such	unicellular	hosts	have	armed	this	bacterium	with	the	capability	to	replicate	

within	human	alveolar	macrophages	(145).	

	

Transmission	of	L.	pneumophila	

The	general	model	of	transmission	is	that	humans	breathe	in	aerosols	from	an	environmental	

source	that	is	contaminated	with	the	bacterium	(140,	146).	It	is	thought	that	the	use	of	artificial	

water	systems	has	driven	the	advent	of	Legionnaires’	disease	in	the	20th	century	(147).	This	

notion	is	based	on	the	fact	that	sediment	accumulation,	temperature	and	the	company	of	other	

microbiota	enhance	the	growth	of	L.	pneumophila	(148).		

	

The	role	of	cooling	towers	in	the	spread	of	L.	pneumophila	

One	 particular	 man-made	 environment	 fostering	 the	 growth	 of	 L.	 pneumophila	 and	 often	

associated	with	outbreaks	 is	 that	of	 cooling	 towers.	 In	 the	majority	of	 cases,	a	deficiency	of	

control	measures,	 inadequately	maintained	systems	and	unqualified	 laborers	are	correlated	

with	disease	acquisition	from	cooling	towers	(149).	
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Pathogenesis	of	L.	pneumophila	

The	pathogenesis	of	L.	pneumophila	is	largely	due	to	its	ability	to	infect	and	grow	within	alveolar	

macrophages.	Once	endocytosed,	L.	pneumophila	are	able	to	modify	the	vacuolar	compartment	

to	 circumvent	 endosomal	 and	 lysosomal	 bactericidal	 processes	 (150).	 This	 procedure	 of	

invasion	 and	 host	 modification	 then	 establishes	 an	 environment	 that	 is	 safeguarded	 from	

immune	cells	and	supportive	of	replication	(151).		

	

Pathology	of	L.	pneumophila	infections	

Legionnaires’	disease	exhibits	 as	 atypical	pneumonia,	Pontiac	 fever	or	 a	 self-limited	 flu-like	

infection	 (147,	 152).	 Patient	 outcomes	 are	 contingent	 on	 a	 range	 of	 factors	 including	 the	

underlying	health	of	the	patient,	if	the	patient	is	a	smoker	and	promptness	of	treatment	(153).	

Commonly,	individuals	with	a	functioning	and	robust	immune	response	can	clear	the	infection	

(133,	154).	The	efficiency	of	infection	is	somewhat	low,	as	it	has	been	found	that	only	a	minor	

subset	of	individuals	exposed	to	the	bacteria	progress	to	develop	Legionnaires’	disease	(150,	

155,	156).	

	

Genotyping	of	L.	pneumophila	

Owing	 to	 the	 fact	 that	 a	 single	 case	 of	 Legionnaires’	 disease	 means	 that	 a	 source	 of	

contamination	exists	that	could	potentially	infect	more	people,	timely	identification	and	control	

of	such	a	contaminating	source	is	of	primary	importance.	Investigations	make	use	of	patient	

information	to	trace	recent	movements	so	that	presumed	sources	can	be	identified.	In	addition	

to	source	tracing,	genotyping	is	employed	to	assess	if	a	patients’	strain	matches	that	of	other	
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patients	as	well	as	that	of	environmental	strains	from	potential	sources.	Traditionally,	PFGE	

and	later	Sequence	Based	Typing	(SBT)	have	been	used	to	genotype	L.	pneumophila	(157,	158).	

	

L.	pneumophila	Sequence	Based	Typing		

Sequence	Based	Typing	 (SBT)	 is	 analogous	 to	 that	 of	MLST,	 in	 that	 isolates	 are	 allocated	 a	

“sequence	 type”	 established	 on	 the	 allelic	 profile	 of	 seven	 genes	 (159-162).	 One	 notable	

difference	between	SBT	and	MLST	is	that	the	latter	uses	housekeeping	genes	while	the	former	

makes	 use	 of	 both	 housekeeping	 and	 virulence	 genes	 to	 enhance	 genotypic	 discrimination.	

Genotyping	studies	have	revealed	that	a	great	diversity	of	L.	pneumophila	genotypes	exist	in	the	

environment,	however	only	a	fraction	of	such	genotypes	are	commonly	found	to	cause	clinically	

relevant	disease	(163).		

	

WGS	of	L.	pneumophila	

In	 more	 recent	 times,	 a	 growing	 number	 of	 studies	 have	 made	 use	 of	 WGS	 to	 investigate	

outbreaks	 of	 Legionnaires’	 disease	 (26,	 164-167).	 Initial	 genomic-based	 investigations	 of	L.	

pneumophila	outbreaks	used	SNP	difference	metrics	to	rule-in	and	rule-out	related	strains.	A	

study	by	Reuter,	et	al.	(26)	found	that	a	collection	of	environmental	and	clinical	isolates,	that	

were	linked	through	an	epidemiological	investigation,	had	less	than	15	SNP	differences	(26).	

Further	comparisons	with	other	epidemiologically	unrelated	isolates	revealed	much	larger	SNP	

differences,	demonstrating	a	solid	concordance	between	genomic	data	and	traditional	outbreak	

investigation	practices	(26).	

	

Genomics	has	also	revealed	appreciable	amounts	of	diversity	within	single	outbreaks.	A	study	

by	McAdam,	et	al.	(167)	showed	that	an	outbreak	in	Edinburgh,	UK,	was	caused	by	multiple	



Chapter	One	–	Literature	review	
	

	 26	

subtypes	of	L.	pneumophila	(167).	Such	within	outbreak	diversity	is	burdensome	as	it	affects	

the	assurance	of	source	attribution.		

	

The	use	of	WGS	 to	 investigate	L.	 pneumophila	 outbreaks	has	 also	brought	 about	 innovative	

means	to	type	isolates.	One	such	approach	is	that	of	core	genome	MLST	(cgMLST),	which	is	an	

expanded	 MLST	 scheme	 that	 exploits	 1521	 core	 genes	 (168).	 This	 method	 combines	 the	

enhanced	resolution	of	WGS	with	the	portability	and	standardisation	of	traditional	MLST,	as	it	

delivers	a	single	“type”	for	an	isolate	defined	from	a	set	of	alleles.		

	

Current	issues	with	WGS-based	outbreak	investigations	

In	order	for	WGS	based	investigations	to	be	effectively	integrated	into	public	health	practice,	

intuitive	 methods	 are	 required	 that	 can	 surmount	 the	 unusual	 population	 structure	 of	 L.	

pneumophila	 outbreaks.	 Inferring	disease	 transmission	 from	phylogenies	 can	be	 ambiguous	

and	 confounded	 when	 outbreaks	 contain	 several	 distinct	 genotypes,	 leading	 to	 possible	

misidentifications	 of	 outbreak	 sources.	 An	 alternative	 approach	 might	 be	 to	 implement	 a	

statistical	model	that	takes	into	account	both	location	and	genome	wide	variation	to	predict	the	

geographical	source	of	clinical	isolates.	

	

The	Melbourne	Aquarium	outbreak	of	Legionnaires’	disease	

Melbourne,	Victoria,	Australia,	is	considered	the	ninth	largest	city	in	the	southern	hemisphere,	

with	 a	 population	 approaching	 five	million	 inhabitants.	 During	 the	 April	 of	 2000,	 a	 severe	

outbreak	 of	 Legionnaires’	 disease	 occurred,	 resulting	 with	 125	 confirmed	 cases	 and	

representing	the	largest	single	episode	of	Legionellosis	reported	in	Australia	(169).	Traditional	

outbreak	 investigative	practices	were	employed	 including	epidemiological	 tracing	and	PFGE	
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genotyping	(169).	At	the	commencement	of	this	project,	no	genomic-based	investigations	had	

been	 conducted	 to	 provide	 additional	 insights	 into	 the	 population	 dynamics	 of	 such	 an	

important	outbreak	of	Legionellosis.	

	

Mycobacterium	ulcerans	

Buruli	ulcer	(BU)	is	an	emerging	disease,	first	described	by	Australian	scientists	in	1948	when	

infections	 in	 six	 patients	 were	 reported	 in	 the	 Gippsland	 region	 of	 Victoria,	 Southeastern	

Australia	(170).	The	disease	has	since	been	reported	in	more	than	30	countries	(171),	across	

Asia,	Western	Pacific,	Latin	America	and	in	Australia,	with	the	main	encumbrance	of	disease	

situated	 in	 regions	 of	 West	 and	 Central	 Africa	 (172).	 Following	 the	 1980s,	 West	 African	

countries	including	Ghana	(173),	Benin	(174)	and	Cote	d’Ivoire	(175)	have	experienced	major	

upsurges	in	the	prevalence	of	BU	cases	with	detection	rates	in	Southern	Benin	surpassing	that	

of	both	 tuberculosis	 and	 leprosy	 (174).	 In	Australia,	 the	occurrence	of	BU	 is	 also	becoming	

increasingly	common,	with	infections	documented	in	the	Northern	Territory	(176),	Queensland	

(177)	and	Victoria	(178).		

	

Pathogenesis	of	M.	ulcerans	

BU	 is	 caused	 by	 infection	 with	 Mycobacterium	 ulcerans	 (170),	 an	 atypical	 mycobacterial	

pathogen	that	predominantly	exists	as	extracellular	microcolonies	during	infection	(179)	and	

produces	the	lipid	toxin	mycolactone	(180).	The	capacity	of	M.	ulcerans	to	produce	mycolactone	

is	 conferred	 by	 the	 mlsA1,	 mlsA2	 and	 mlsB	 polyketide	 synthase	 genes	 harboured	 on	 its	

pMUM001	virulence	plasmid	(181).	As	the	pathogens’	principal	virulence	factor,	mycolactone	

is	largely	responsible	for	the	devastating	pathology	of	BU	(180).		
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Pathology	of	Buruli	ulcer	

Distinct	 clinical	 characteristics	 describe	 both	 pre-ulcerative	 and	 ulcerative	 disease.	 Pre-

ulcerative	stages	include	plaques,	papules,	nodules	or	edema	(182),	which	can	develop	to	ulcers	

resulting	in	extensive	impairment	to	skin,	soft	tissue	and	in	some	cases	bone	(183).	When	left	

untreated,	 the	 disease	 may	 result	 in	 scarring,	 contractures	 and	 associated	 functional	

deformities	(173,	180).		

	

The	 use	 of	 antibiotic	 treatment	 regimens	 alone	 are	 efficacious	 (184,	 185),	 while	 antibiotic	

therapy	 with	 adjunctive	 surgery	 may	 increase	 the	 success	 of	 treating	 BU	 (186).	 Timely	

treatment	of	BU	generally	translates	to	better	patient	outcomes,	however	prompt	detection	is	

rare	 in	 low-income	 communities	 due	 to	 technical	 inabilities	 in	 making	 accurate	 diagnoses	

(187).		

	

Despite	being	a	non-life	threatening	disease,	BU	causes	major	social	and	economic	upheaval	to	

low-income	 communities	 (188,	 189)	 and	 therefore	 needs	 to	 be	 controlled.	 Among	 the	

numerous	aspects	to	controlling	BU,	understanding	the	mode	of	transmission	and	infectious	

reservoir	of	M.	ulcerans	is	a	research	priority	for	this	disease.		

	

Transmission	and	infectious	reservoir	of	M.	ulcerans	

Epidemiological	evidence	suggests	M.	ulcerans	is	spread	from	environment	to	humans	with	no	

human-to-human	transmission	(175,	190,	191).	Despite	research	efforts	aimed	at	delineating	

the	ecology	of	M.	ulcerans,	both	its	mode	of	transmission	and	infectious	reservoir	remain	poorly	

understood.	 One	major	 obstacle	 to	 defining	 the	 natural	 ecology	 of	M.	 ulcerans	has	 been	 an	
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inability	to	cultivate	this	pathogen	from	the	environment,	although	the	bacteria	can	be	isolated	

from	clinical	material.	

	

During	the	1990s,	the	development	of	a	polymerase	chain	reaction	(PCR)	assay	targeting	the	

high	 copy	 number	 IS2404	 insertion	 sequence	 of	 the	M.	 ulcerans	 genome	 (192,	 193)	 was	 a	

landmark	 for	 investigations,	 as	 it	 permitted	 detection	 of	 M.	 ulcerans	 specific	 DNA	 in	

environmental	samples.	Using	the	IS2404	PCR	assay,	M.	ulcerans	DNA	was	discovered	in	aquatic	

insects	from	a	BU	endemic	area	(194),	sparking	interest	that	aquatic	habitats	may	be	involved	

in	the	environmental	supply	of	M.	ulcerans.	In	accordance	with	this	notion,	several	publications	

have	 advocated	 that	 aquatic	 insect	 bites	may	have	 facilitated	 the	 inoculation	of	M.	ulcerans	

(194-197),	with	water-associated	activities	identified	as	BU	risk	factors	(175,	191).		

	

M.	ulcerans	in	animals	

Despite	the	established	concept	that	the	source	of	M.	ulcerans	is	likely	to	exist	within	aquatic	

environments,	M.	ulcerans	DNA	has	also	been	detected	in	terrestrial	mammals.	M.	ulcerans	has	

been	 reported	 to	 infect	 a	number	of	 domestic	 animal	 species	 including	horses	 (Equus	 ferus	

caballus)	 (198)	 and	 cats	 (Felis	 catus)	 (199),	 as	 well	 as	 native	 marsupials	 of	 Southeastern	

Australia,	 including	 koalas	 (Phascolarctos	 cinereus)	 (200),	 common	 ring	 tail	 possums	

(Pseudocheirus	peregrinus)	and	common	brush-tail	possums	(Trichosurus	vulpecula)	(201).	In	

particular,	 possums	were	 found	 to	 shed	M.	 ulcerans	 in	 their	 faecal	 matter,	 suggesting	 that	

possums	may	act	as	environmental	reservoirs	in	Southeastern	Australia	(202).		
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Molecular	typing	of	M.	ulcerans		

Previous	 efforts	 to	 distinguish	 M.	 ulcerans	 strains	 have	 included	 the	 use	 of	 conventional	

genotyping	 technologies	 (203-212),	 however	 these	 methods	 provided	 insufficient	 typing	

resolution	for	M.	ulcerans	as	they	are	unable	to	discriminate	between	closely	related	strains.	

The	 low	 resolution	offered	by	 these	 techniques	 can	be	 explained	 as	 they	 sample	 extremely	

minor	genomic	regions,	a	setback	that	is	compounded	by	the	fact	that	M.	ulcerans	populations	

demonstrate	minimal	genetic	diversity	(213).		

	

WGS	of	M.	ulcerans	

Analyses	of	 the	M.	ulcerans	genome	have	delivered	 insights	 into	 the	natural	 ecology	of	 this	

pathogen	(214).	Significant	multiplication	of	the	IS2404	and	IS2606	insertion	sequences	have	

caused	 extensive	 gene	 decay	 (214),	 analogous	 to	 the	 reductive	 evolution	 of	Mycobacterium	

leprae	(215).	In	particular,	the	loss	of	genes	associated	with	environmental	survival	suggests	

that	M.	ulcerans	may	be	evolving	to	a	more	privileged	and	host-adapted	niche	(214).		

	

Genomic	analyses	have	also	favored	the	hypothesis	that	M.	ulcerans	acquired	the	pMUM001	

plasmid,	necessary	for	the	synthesis	of	mycolactone	(181),	 through	horizontal	gene	transfer	

with	 another	 bacterium	 (214).	 Such	 processes	 of	 horizontal	 gene	 transfer	 and	 reductive	

evolution	are	in	agreement	with	other	lines	of	evidence	that	suggest	M.	ulcerans	evolved	from	

a	Mycobacterium	marinum-like	 ancestor	 (203,	 204,	 216,	 217).	 Owing	 to	 these	 evolutionary	

processes,	M.	ulcerans	is	thought	to	have	arisen	through	one	or	more	population	bottlenecks	

(likely	a	single	cell)	(214,	218),	which	may	explain	the	low	genetic	diversity	exhibited	by	M.	

ulcerans	populations	(205,	213).		
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The	potential	of	WGS	to	discriminate	M.	ulcerans	strains	was	first	assessed	by	Doig,	et	al.	(218)	

among	a	collection	of	Ghanaian	disease	isolates.	As	has	been	reported	with	other	pathogens	

such	as	Mycobacterium	tuberculosis	(5,	219),	which	also	exhibits	little	genetic	diversity	(220),	

the	WGS	genotyping	of	M.	ulcerans	was	found	to	afford	unmatched	typing	resolution	compared	

to	that	offered	by	conventional	genotyping	methods	(218).	

	

Assessments	of	genomic	diversity	 in	 the	Asante	Akim	North	District,	Ashanti	 region,	Ghana,	

revealed	that	there	were	two	dissimilar	genotypes	causing	clinical	disease	(221).	One	of	these	

genotypes	was	 formerly	 identified	 in	 the	 Ashanti	 region	while	 the	 second	 closely	matched	

isolates	from	Nigeria.	The	uncovering	of	the	Nigerian	genotype	suggests	that	there	had	been	a	

second	introduction	of	the	bacterium,	presumably	from	Nigeria	(221).	

	

A	 recent	 study	made	 use	 of	more	 sophisticated	 population	 genomic	 techniques	 to	 provide	

temporal	insights	into	the	evolutionary	histories	of	M.	ulcerans.	The	authors	used	a	Bayesian	

phylogenomic	 approach	 to	 estimate	 a	 time-calibrated	 phylogeny	 for	 a	 collection	 of	 disease	

causing	 isolates	 originating	 from	 11	 endemic	 countries	 across	 Africa	 (222).	 The	 analysis	

revealed	 that	 there	 have	 been	 two	 distinct	 introductions	 of	 M.	 ulcerans	 into	 the	 African	

continent,	the	first	of	which	occurred	several	hundred	years	ago	and	the	second	during	the	19th	

century	(222).	Temporal	estimates	for	the	second	introduction	suggest	that	it	concurred	with	

the	Neo-imperialism	period,	implying	that	European	occupation	of	Africa	may	have	played	a	

role	in	pathogen	dispersal	(222).	
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Buruli	ulcer	in	Southeastern	Australia	

In	 temperate	Southeastern	Australia,	outbreaks	of	BU	have	been	 found	to	occur	 in	 localised	

areas,	with	new	disease	foci	continuing	to	arise	along	coastal	areas	of	Victoria	(178).	Victorian	

BU	 disease	 concentrations	 include	 Gippsland	 (223),	 Phillip	 Island	 (224),	

Frankston/Langwarrin	and	the	Mornington	and	Bellarine	Peninsulas	(178,	225,	226).	As	well	

as	having	among	the	highest	BU	disease	incidence	rate	in	the	world,	Victoria	also	boasts	what	

is	likely	to	be	the	most	accurate	associated	patient	information	available	(227),	thus	this	region	

presents	as	an	ideal	microcosm	for	delineating	the	ecology	of	M.	ulcerans.		

	

The	epidemiology	of	Buruli	ulcer	in	Victoria	

Originating	in	the	Gippsland	region	of	Victoria,	where	BU	first	caused	disease	in	Australia	in	

1939	 (178,	 228),	 there	 has	 been	 a	 gradually	westward	 trend	 of	 BU	 case	 reporting	 into	 the	

Western	Port	(178)	and	Port	Phillip	Bay	regions	since	the	1980s.	Given	that	M.	ulcerans	has	

been	 detected	 in	 both	 endemic	 and	 non-endemic	 environments	 in	 both	 Africa	 (229)	 and	

Victoria	(202),	the	question	arises	as	to	whether	M.	ulcerans	was	existent	in	Western	Port	and	

Port	 Phillip	 Bay	 precursory	 endemic	 environments	 throughout	 the	 1930s,	 or	 it	 has	

subsequently	spread	westward	from	Gippsland.	Additionally,	succeeding	the	advent	of	cases	

west	of	Gippsland,	there	has	been	a	substantial	escalation	in	cases	reported	over	time,	with	a	

100-fold	growth	in	the	number	of	notified	incidents	per	year	since	the	year	2000.	Prior	to	the	

commencement	of	this	project,	no	micro-epidemiological	population	genomic	studies	had	been	

conducted	to	better	understand	the	emergence	of	Buruli	ulcer	in	Australia.	
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Research	objectives	

This	is	a	revolutionary	era	of	progress	for	public	health	microbiology	and	investigations	into	

the	 value	 and	 implications	 of	WGS	 are	 required.	Microbial	 genomic-based	 investigations	 in	

response	to	public	health	problems	are	emerging	in	Australia,	but	details	on	utility	for	specific	

pathogens	are	lacking.	The	overarching	aim	of	this	project	was	to	meet	this	need	by	providing	

highly	 detailed	 assessments	 for	 the	 utility	 of	 microbial	 genomics	 in	 the	 analysis	 of	 three	

bacterial	pathogens	of	public	health	significance.		

	

The	specific	aims	of	this	project	were	to:	

• Assess	the	ability	of	microbial	genomics	to	deconstruct	the	emergence	of	a	novel	and	

highly	hospital-adapted	pathogen	E.	faecium.	

• Development	of	a	powerful	genomic	approach	to	guide	source-tracking	efforts	during	

outbreak	investigations	of	Legionella	pneumophila.	

• Employ	 genomics	 to	 understand	 the	 spread	 of	 Mycobacterium	 ulcerans	 around	

Melbourne.	
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Introduction	

In	 biology,	 evolution	 and	 adaptation	 are	 dynamic	 processes	 where	 organisms	 acquire	

mutations	and	other	genetic	changes	that	may	confer	resilience	to	specific	environments.	Those	

organisms	 might	 then	 expand	 their	 population	 to	 occupy	 that	 specific	 environment.	 With	

respect	to	the	emergence	of	hospital	bacterial	pathogens,	strains	can	rapidly	emerge	to	occupy	

new	niches.	The	regimented	nature	of	healthcare	environments,	the	repeated	use	of	antibiotics	

and	biocides	in	these	settings	supports	the	development	of	ecosystems	of	microbes	that	take	

advantage	of	 these	specific	conditions.	 Into	 these	environments	we	place	our	most	sick	and	

vulnerable	people.	Every	so	often,	new	pathogens	 that	are	highly	adapted	 to	 the	healthcare	

environment	 emerge	 and	 cause	 outbreaks	 of	 disease.	 Understanding	 the	 origins	 and	

distinguishing	features	of	novel	pathogens	is	necessary	to	provide	effective	control	measures.	

From	early	2012,	a	novel	clone	of	vancomycin	resistant	E.	 faecium	 (assigned	the	multi	 locus	

sequence	type	ST796)	was	simultaneously	isolated	from	geographically	separate	hospitals	in	

south-eastern	Australia	and	New	Zealand.		

	

In	 this	 chapter,	genomics	was	employed	 to	better	understand	 the	nature	of	ST796	with	 the	

hypothesis	that	genomics	would	provide	superior	resolution	than	that	of	traditional	methods	

used	to	study	novel	pathogens.	The	following	research	questions	were	investigated:	

• How	does	a	fully	assembled	ST796	genome	compare	to	that	of	other	fully	assembled	E.	

faecium	genomes?	

• What	 is	 the	 evolutionary	 relationship	 of	 ST796	 isolates	 to	 the	 greater	 E.	 faecium	

population?	

• What	is	the	genomic	variation	within	the	ST796	population?	
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Published	 manuscript:	 “Evolutionary	 origins	 of	 the	 emergent	 ST796	 clone	 of	

vancomycin	resistant	Enterococcus	faecium”	

	

The	methods	and	results	for	this	research	study	were	reported	in	a	manuscript	published	in	

PeerJ:	

Andrew	 H.	 Buultjens,	 Margaret	 M.C.	 Lam,	 Susan	 Ballard,	 Ian	 R.	 Monk,	 Andrew	 A.	 Mahony,	

Elizabeth	A.	Grabsch,	M.	Lindsay	Grayson,	Stanley	Pang,	Geoffrey	W.	Coombs,	J.	Owen	Robinson,	

Torsten	Seemann,	Paul	D.R.	 Johnson,	Benjamin	P.	Howden,	Timothy	P.	Stinear.	Evolutionary	

origins	of	the	emergent	ST796	clone	of	vancomycin	resistant	Enterococcus	faecium.	PeerJ,	2017	

January;	5:e2916.	Doi:	https://doi.org/10.7717/peerj.2916.	
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ABSTRACT
From early 2012, a novel clone of vancomycin resistant Enterococcus faecium (assigned
the multi locus sequence type ST796) was simultaneously isolated from geographically
separate hospitals in south eastern Australia and New Zealand. Here we describe the
complete genome sequence of Ef_aus0233, a representative ST796 E. faecium isolate.
We used PacBio single molecule real-time sequencing to establish a high quality,
fully assembled genome comprising a circular chromosome of 2,888,087 bp and five
plasmids. Comparison of Ef_aus0233 to other E. faecium genomes shows Ef_aus0233
is a member of the epidemic hospital-adapted lineage and has evolved from an ST555-
like ancestral progenitor by the accumulation or modification of five mosaic plasmids
and five putative prophage, acquisition of two cryptic genomic islands, accrued
chromosomal single nucleotide polymorphisms and a 80 kb region of recombination,
also gaining Tn1549 and Tn916, transposons conferring resistance to vancomycin and
tetracycline respectively. The genomic dissection of this new clone presented here
underscores the propensity of the hospital E. faecium lineage to change, presumably
in response to the specific conditions of hospital and healthcare environments.

Subjects Evolutionary Studies, Genomics, Microbiology, Epidemiology, Infectious Diseases
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INTRODUCTION
Enterococcus faecium is a human and animal gastrointestinal tract (GIT) commensal but
a lineage within the species has rapidly evolved to become a significant opportunistic
pathogen (Coombs et al., 2014; Deshpande et al., 2007).

Early genotyping methods such as amplified fragment length polymorphism (Willems et
al., 2000), restriction endonuclease analysis (Quednau, Ahrne & Molin, 1999), multi-locus
sequence typing (MLST) (Homan et al., 2002; Leavis, Bonten & Willems, 2006;Top, Willems
& Bonten, 2008) and more recent analyses using whole genome datasets (Lebreton et al.,
2013), have shown the E. faecium population separates into two major clades largely
according to source origin, designated as clades A and B. Clade B strains are community-
associated and mostly of non-clinical origin while clade A strains are hospital-associated
and mostly of clinical origin (Galloway-Peña et al., 2012; Leavis et al., 2007; Palmer et al.,
2012). Clade A has been found to further divide into clade A1, which contains epidemic
hospital strains, and clade A2, which encompasses animal strains and strains linked to
sporadic human infections (Lebreton et al., 2013).

Clade A1 or clonal complex 17 (CC17, a MLST designation) has adapted to the hospital
environment and is adept at GIT colonization with the potential to cause invasive disease
(Top, Willems & Bonten, 2008;Willems et al., 2005). Members of clade A1 are characterised
by larger genomes and harbour a greater abundance of virulence factors and genes
conferring antibiotic resistance compared to non-A1 E. faecium lineages, a reflection of
adaptation to healthcare environments (Galloway-Peña et al., 2012; Guzman Prieto et al.,
2016; Top, Willems & Bonten, 2008).

In Australia, as in other countries, we have observed the sequential emergence of
new E. faecium clones within the clade A1 hospital lineage which spread rapidly and
displace previously endemic clones. For example, from 1994 to 2005, Australian hospital
acquired E. faecium VRE was uncommon and mostly caused by ST17 strains. The situation
changed suddenly from 2005 when there was a nationwide wave of by E. faecium ST203
blood stream infections (BSI), a significant and rising proportion of which are vanB VRE
(Coombs et al., 2014; Johnson et al., 2010; Lam et al., 2012). Previous work comparing ST17
and ST203 genomes revealed that ST203 possesses 40 unique genes with inferred functions
of riboflavin metabolism, ion transport and phosphorylation, and harboured a larger
vancomycin resistance-conferring Tn1549 transposon (Lam et al., 2013).

At the Austin Hospital in Melbourne, improved cleaning protocols following our local
ST203 outbreak were associated with a reduction in VRE BSI between 2009 and 2011
(Grabsch et al., 2012). However, despite retaining these protocols we once again observed
an abrupt increase in vanB VRE E . faecium BSI from 2012 onwards that was caused by
a completely new ST. We originally recognised the change in strain using PFGE and a
high-resolution melt method (Tong et al., 2011) but have now switched to whole genome
sequencing for epidemiological typing. We lodged the alleles of the new ST with the MLST
Database and received the new designation ST796 in September 2012 (Mahony et al., 2014).
ST796 was unknown before 2011 but by 2013 vanB ST796 E. faecium had caused a large
outbreak of colonisation in aMelbourne Neonatal Intensive Care (Lister et al., 2015) and in
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the same year was responsible for 40% of E. faecium VRE BSI in 5 geographically separate
Melbourne hospitals, largely replacing its ST203 predecessor strains. In 2015, ST796 vanB
E. faecium was responsible for 62 of 117 (53%) of all patient episodes of all E. faecium
bacteraemia in Melbourne Hospitals, compared with 10 of 117 (8.5%) for ST203.

In the current study, we used single molecule real-time sequencing to establish a
high quality, fully assembled genome sequence of ST796 E. faecium isolate Ef_aus0233, a
representative of this emerging clone and then employed population based comparative
genomics to better understand the genetic changes that have accompanied the emergence.

METHODS
Bacterial strains
A list of the isolates examined in the study is provided (Table S1). E. faecium were cultured
as previously described (Johnson et al., 2010). Four isolates were randomly selected and
sequenced twice, included as technical replicates to ensure analytical reproducibility.

Whole genome sequencing
Short fragment DNA libraries were generated using the Illumina NexteraXT DNA
preparation kit and fragment sequencing was undertaken with the Illumina NextSeq
500 platform using 2 ⇥ 150 bp chemistry. Highly intact and high quality genomic DNA
was extracted from Ef_aus0233 and subjected to Pacific Biosciences SMRT sequencing
according to the manufacturer’s instructions and sequenced with two SMRT cells on the RS
II platform (Pacific Biosciences) using P5-C3 chemistry. Genome assembly was performed
using the SMRT Analysis System v2.3.0.140936 (Pacific Biosciences). Raw sequence data
were de novo assembled using the HGAP v3 protocol with a genome size of 3 Mb. Polished
contigs were error corrected usingQuiver v1. The resulting assemblywas then checked using
BridgeMapper v1 in the SMRT Analysis System, and the consensus sequence corrected with
short-read Illumina data, using the programSnippy (https://github.com/tseemann/snippy).
The final chromosome assemblywas validated by reference to a high-resolutionNcoI optical
map using MapSolver (version 3.10; OpGen, Gaithersburg, MD, USA). Common bacterial
DNA base modifications and methyltransferase motifs were assessed using the protocol,
RS_Modification_and_Motif_Analysis in the SMRTAnalysis System v2.3.0.140936 (Pacific
Biosciences).

Plasmid copy number
The approximate number of plasmid copies per cell for the Ef_aus0233 genome was
inferred using differences in Illumina sequence read depth. The read depth of plasmid
sequences was compared to the average chromosomal coverage to estimate copy number
multiplicity.

Comparison of completed genomes
Artemis Comparison Tool (Carver et al., 2005) was used to align the chromosomes of
four fully assembled E. faecium genomes. The Ef_aus0233 chromosome was compared
against other fully assembled E. faecium chromosomes using BLASTn DNA:DNA
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comparisons that were undertaken and visualized using Blast Ring Image Generator
(Alikhan et al., 2011).

De novo assembly and genome annotation
Illumina sequence reads were de novo assembled into contigs using Spades v3.6.1
(Nurk et al., 2013). The closed Ef_aus0233 genome and Spades contigs were annotated
with Prokka (v1.12b) (Seemann, 2014) using the Enterococcus database (https://github.
com/tseemann/prokka/blob/master/db/genus/Enterococcus) as well asmanually annotated
protein files derived from two fully assembled E. faecium genomes (Lam et al., 2012; Lam
et al., 2013). Multilocus sequence types (STs) were determined using an in silico tool
(https://github.com/tseemann/mlst). CRISPR databases were used to search for CRISPR
sequences (http://crispi.genouest.org and http://crispr.u-psud.fr/Server/) (accessed 19th
of May 2016). Sequence files were uploaded to the web based ISsaga (Varani et al.,
2011)(accessed 11th of February 2016) to detect both the abundance and diversity of
insertion elements. Phage discovery was undertaken using the web based resource PHAST
(accessed 15th of February 2016) (Zhou et al., 2011).

Variant detection and Bayesian population clustering
Snippy was used to map short read data against the full-assembled Ef_aus0233 genome to
call core genome single nucleotide polymorphism (SNP) differences. Hierarchical Bayesian
clustering was performed upon a core SNP alignment to assign genomes into discrete
populations using hierBAPS with BAPS6 (a prior of 10 depth levels and a maximum of
20 clusters were specified)(Cheng et al., 2013). Nested clustering analyses were undertaken
upon subsets of the original SNP alignment to a total depth of three levels or until no
further clustering could be achieved.

Recombination and phylogenomic analysis
Recombination within the core genome was inferred using ClonalFrameML v1.7
(Didelot & Wilson, 2015) using the whole genome alignment generated by Snippy. The
ML tree generated with FastTree v2.1.8 was used as a guide tree for ClonalFrameML.
Positions in the reference genome that were not present in at least one genome (non-core)
were omitted from the analysis using the ‘‘ignore_incomplete_sites true’’ option and
providing ClonalFrameML with a list of all non-core positions. Maximum likelihood
trees with bootstrap support were constructed using a recombination free SNP alignment
with the program FastTree (Price, Dehal & Arkin, 2010). Bootstrap support was derived
from comparisons between the original tree against 1,000 trees that were built upon
pseudo-alignments (sampled from the original alignment with replacement).

Pan genome analysis
Orthologous proteins were identified through reciprocal blast using Proteinortho5
v5.11 (Lechner et al., 2011). A blast cutoff of 95% identity and alignment coverage
of 30% were used. The resulting matrix of ortholog presence and absence was
visualized using Fripan (https://github.com/drpowell/FriPan) (downloaded on the
28th of April 2016). The General Feature Format files have been deposited in Figshare
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Table 1 Characteristics of E. faecium ST796 Ef_aus0233 complete genome.

Length (bp) %G+ C Copy number No of CDS No of non-parologous CDS No of tRNA No of rRNA

Chromosome 2,888,087 38.2 1 2,726 2,644 70 6
Ef_aus0233_p1 197,153 35.4 1 210 197 – –
Ef_aus0233_p2 79,293 33.8 1 96 96 – –
Ef_aus0233_p3 77,977 35.2 1 84 84 – –
Ef_aus0233_p4 22,080 35.6 2 28 23 – –
Ef_aus0233_p5 7,837 33.5 8 8 8 – –

(https://figshare.com/articles/Evolutionary_origins_of_the_emergent_ST796_clone_of_
vancomycin_resistant_Enterococcus_faecium/4007760).

Sequence alignment and visualization
The alignment of homologous sequences was undertaken using Mauve
(Darling et al., 2004). Alignments were performed usingMUSCLE (Edgar, 2004). Sequences
and alignments were visualized using Geneious Pro (version 8.1.8, Biomatters Ltd.
(www.geneious.com)).

RESULTS AND DISCUSSION
Genome overview
Assembly of the 158,885 sequence reads from PacBio SMRT sequencing of Ef_aus0233
(N50 read length 8,952 bp) resulted in reconstruction of a 3,272,427 bp genome, comprising
a circular chromosome and five circular plasmids (Table 1). Remaining small hompolymer
insertion errors were corrected using Illumina reads. The structural integrity of the
chromosome assembly was confirmed correct by reference to aNcoI optical map (Fig. 1A).
DNA base modification analysis indicated an absence of adenine methylation.

Antimicrobial resistance gene content
One of the major drivers behind the success of E. faecium in the clinical environment
is its ability to acquire genes conferring antibiotic resistance (Handwerger et al., 1993;
Iwen et al., 1997; Murray, 2000). In silico antibiotic resistance screening of the Ef_aus0233
genome confirmed the presence of seven loci, conferring resistance to many major classes
of antibiotics including trimethoprim and vancomycin (Table 2). Vancomycin resistance
in Ef_aus0233 is conferred by the Tn1549 transposon, harbouring the vanB operon that
has integrated into the chromosome. Here, Tn1549 was 57 Kb in size and inserted into
a signal peptidase 1 gene, which is the larger of the two reported versions and is an
insertion site that was previously reported in a comparative analysis of ST203 genomes
(Howden et al., 2013; Lam et al., 2013). Of particular interest, the Tn1549 transposon in
Ef_aus0233 and that of the fully assembled ST203 representative genome (Ef_aus0085)
(Lam et al., 2013), shared 100% pairwise nucleotide identity across the full length of the
element, implying a common Tn1549 origin for these two clones. The majority of ST796
isolates exhibit vancomycin resistance. However, three ST796 vancomycin susceptible
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Figure 1 Ef_aus0233 chromosomal optical map and BRIG plot. (A) Optical map of the Ef_aus0233
chromosome. (B) Referenced based alignment of blast hits of Ef_aus0085, Ef_aus0004 and DO genomes
against the aus0233 chromosome. Prophage elements and the Tn1549 VanB containing transposon are
annotated as arcs in the outermost ring.

enterococci (VSE) have been isolated to date, one of which (Ef_aus1016) is included in our
study and is discussed later.

Virulence gene content
In addition to antimicrobial resistance genes, virulence related genes are particularly
enriched among hospital adapted E. faecium strains and are thought to enhance fitness in
the hospital environment (Rice et al., 2003). In silico comparative analysis (see methods)
of the Ef_aus0233 genome revealed the presence of several genes associated with virulence
including collagen-binding adhesin (Rice et al., 2003) (chromosome coordinates 2,235,651–
2,233,486), enterococcal surface protein (Shankar et al., 1999; Van Wamel et al., 2007)
(chromosome coordinates 2,786,822–2,780,895), hemolysin (Cox, Coburn & Gilmore,
2005) (chromosome coordinates 1,025,987–1,027,363), all of which are also present in the
fully assembled genomes of ST17 and ST203 isolates (Lam et al., 2012; Lam et al., 2013).

The Ef_aus0233 enterococcal surface protein (length = 5,928 nt; 9 rib repeats) shared
83.3% and 82.9% nucleotide identity with the ortholog in Ef_aus0004 (length = 4,938
nt; 6 Rib repeats), a fully assembled ST17 genome (Lam et al., 2012) and Ef_aus0085
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Table 2 Antibiotic resistance genes andmutations present in Ef_aus0233 and other ST796.

Resistance Product Gene Location (nucleotide
positions)

Reference

Trimethoprim Dihydrofolate reductase dfrG 331,475–331,972
(chromosome)

Sekiguchi et al. (2005)

Tetracycline Tetracycline resistance
protein

tetM (Tn916) 652,734–654,653
(chromosome)

Burdett, Inamine &
Rajagopalan (1982)

Macrolides ABC transporter protein msrC 2,711,468–2,712,946
(chromosome)

Portillo et al. (2000)

rRNA adenine N-6-
methyltransferase

ermB 13,080–13,842 (plasmid 4) Trieu-Cuot et al. (1990)

Aminoglycosides Bifunctional aminoglycoside
modifying enzyme

aac(6 0)-aph200 60,698–62,008 (plasmid 1) Patterson & Zervos (1990)

60,366–61,805 (plasmid 3)
Vancomycin VanB ligase vanB (Tn1549) 803,567–861,054

(chromosome)
Arthur, Reynolds & Courvalin
(1996)

(length = 5,199 nt; 7 Rib repeats), a fully assembled ST203 genome (Lam et al., 2013),
respectively (Fig. S1). The hemolysin of Ef_aus0233 shared complete identity with orthologs
in Ef_aus0004 and Ef_aus0085, suggesting that this CDS may be under strong selection.

Insertion sequence content
The Ef_aus0233 chromosome was found to contain 80 distinct elements (9 families) while
Ef_aus0233_p1 had 41 (6 families), Ef_aus0233_p3 had 8 (5 families), Ef_aus0233_p4 had
8 (2 families) and no IS elements were detected on Ef_aus0233_p2 or Ef_aus0233_p5.
Several of these IS families have been found not only in enterococci but additionally in
species of other genera, including Carnobacterium and Lysinibacillus, reflecting the easy by
which E. faecium can acquire exogenous DNA (Guzman Prieto et al., 2016).

CRISPR content
Akin to an adaptive immune system, the clustered regularly interspaced short palindromic
repeats (CRISPR) systems of prokaryotes function as a sequence-specific security to
defend genomes against viral predation and exposure to invading nucleic acid (Horvath
& Barrangou, 2010). Unlike members of the community-associated E. faecium lineage,
genomes belonging to the CC17 E. faecium have been found to lack CRISPR systems
(Van Schaik et al., 2010). Given the advantages associatedwith the acquisition of extraneous
DNA carrying antimicrobial resistance genes, CRISPRs are thought to be under negative
selection among multi-drug resistant enterococci (Palmer & Gilmore, 2010). Despite this,
two distinct CRISPR loci were detected on Ef_aus0233_p1 (chromosome coordinates
168197–168396) and Ef_aus0233_p2 (chromosome coordinates 2,630–2,860), both
containing three spacers and imperfect direct repeats. A single CRISPR associated gene
(cas2) was detected. However, no cas1 ortholog was detected. Due to the practical necessity
of cas1 for the operation of CRISPR systems (Yosef, Goren & Qimron, 2012), it is unlikely
that these detected CRISPR systems are functional.
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Prophage content
The Ef_aus0233 genome was found to contain five putative prophages. Prophages
Ef_aus0233_chr_phage-1 (chromosome coordinates 260,208–308,229: 52 CDS),
Ef_aus0233_chr_phage-2 (chromosome coordinates 916,578–956,914: 61 CDS),
Ef_aus0233_chr_phage-3 (chromosome coordinates 2,366,359–2,425,249: 78 CDS)
and Ef_aus0233_chr_phage-4 (chromosome coordinates 2,601,769–2,627,494: 19 CDS)
were located on the chromosome (Fig. 1B) while Ef_aus0233_p1_phage-1 (plasmid-1
coordinates 62,059–94,736: 30 CDS) was identified on Ef_aus0233_p1. Alignment of
these prophage elements signified that several common blocks of co-linearity existed
(Fig. S2); however, an overall lack of prophage genome conservation implies that these
phage represent five distinct elements. Prophage gene content among a diverse collection of
E. faecium genomes is discussed below.

Comparisons with other completed E. faecium genomes
In addition to diversity within the core and accessory genome, structural rearrangements
represent an additional layer of genomic variation that may contribute to E. faecium
phenotypic differences (Lam et al., 2012; Lam et al., 2013; Matthews & Maloy, 2010). To
assess how the genomic organization of the Ef_aus0233 chromosome compared to that
of other E. faecium genomes, a whole chromosome alignment of Ef_aus0233, Ef_aus0004,
Ef_aus0085 and DO was undertaken. The BLASTn based alignment revealed substantial
conservation of genome content (Fig. 1B) and chromosomal architecture (Fig. 2A). Like
Ef_aus0085 and DO, Ef_aus0233 does not exhibit the replichore inversion observed in
Ef_aus0004 (Lam et al., 2012; Lam et al., 2013).

E. faecium population genomic comparisons
In order to contextualize the 21 ST796 genomes within the global diversity of E. faecium
as a species, we compared these genome data with a diverse collection of 89 published,
fully assembled and draft E. faecium genomes (Table S1). To investigate the structure and
evolutionary relatedness of the strains, we employed an unsupervised Bayesian clustering
technique (BAPS) to distinguish distinct genomic populations and estimated a rooted
phylogenomic tree using maximum likelihood.

Here, we found that our BAPS groups unambiguously classified genomes into the two
previously reported A and B clades (Lebreton et al., 2013) (Fig. 3A). BAPS-1 corresponded
with clade A and BAPS-2 corresponded with clade B, while BAPS-1, BAPS-1.1-4 and
BAPS-1.5 overlapped with clades A1 and A2 (Fig. 3B). All ST796 isolates clustered within
clade A1.

When inspecting the phylogeny of the ST796 genomes, it was noted that ST796 and
ST555 share a most recent common ancestor (MRCA) (Fig. 3C). Without exception,
ST555 and ST796 genomes formed distinct monophyletic clades that were in agreement
with the BAPS groupings (BAPS 1.3.3 and 1.3.4, respectively). The ST555 clone is another
recently-emerged hospital adapted ST, however its discovery in the hospital environment
predates that of ST796 (Coombs et al., 2014). Another major difference between these two
STs is that ST796 appears to have been localized to south east Australia and New Zealand
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Figure 2 Comparisons of chromosomal architecture, genomic islands and recombining segments associated with the ST555-796 and ST796
clades. (A) Alignment of fully assembled chromosomes of Ef_aus0233, Ef_aus0085, Ef_aus0004 and DO. (B) Conservation of recombining seg-
ments in the ST555-796 and ST796 MRCAs. (C) Core genome phylogeny aligned with gene content blocks for identified genomic islands. Colours
indicate the MLST designations.

(Carter et al., 2016; Coombs et al., 2014), while ST555 has been reported nationally in the
Northern Territory, South Australia and Western Australia (Coombs et al., 2014), in China
(Liu et al., 2011) and among wild birds in the United States (Oravcova et al., 2014). The
national and international pervasiveness of ST555 and relatively limited geographical
dispersal of ST796 in southeast Australia is consistent with a scenario in which the
evolutionary emergence of ST555 predates that of ST796.

Recombination analyses indicated that both the ST555-796 and ST796 MRCAs have
evolved in part by recombination. Inspection of the inferred recombining segments for
these two ancestors revealed a single hotspot of 170 kb that contained two overlapping
clusters of increased SNPdensity (ST555-796_MRCA: chromosome coordinates 1,783,249–
1,953,029, ST796_MRCA: chromosome coordinates 1,857,926–1,937,284) (Fig. 2B). The
spatial clustering of these inferred ancestral recombination events suggests that this region

Buultjens et al. (2017), PeerJ, DOI 10.7717/peerj.2916 9/22



Chapter	Two:	Genomic	characterisation	of	emerging	hospital	bacterial	pathogens	
	
	

	 48	

	

Figure 3 Nested core genome SNP phylogeny of the greater E. faecium population. (A) E. faecium population tree containing the major division
between the community and hospital associated clades (B and A). (B) Nested tree focusing on the A1 clade containing the hospital associated iso-
lates. (C) Nested tree focusing on the ST555-796 containing clade. Nodes with less than 70% bootstrap support have been collapsed. The VSE ST796
isolate is located within the ST796 clade. (D) Pairwise core SNP comparisons of within and between group diversity for the ST555 and ST796 clades
(ST555: 13 SNPs, ST796: 68 SNPs, ST555-796: 330 SNPs). Y -axis depicts the number of SNP differences, error bars indicate one standard deviation
above and below the mean and points represent the minimum and maximum values.

may contain non-clonally derived alleles (particularly those in the ST796 MRCA) that may
have been under positive selection and perhaps contributed to the emergence of ST796.
Inspection of this region revealed a preponderance of cell-wall associated transport CDS,
including CDS encoding putative copper and cadmium-translocating P-type ATPases,
amino acid permeases, OxaA-like membrane protein, as well as housekeeping CDS such as
Glycyl-tRNA synthetase subunits, RecO DNA repair proteins and a GTP-binding protein.

In order to assess the evolutionary divergence between the ST555 and ST796 clades,
a ST555-796 specific core genome was established and pairwise SNP distances were
calculated. As we were primarily interested in SNPs derived through clonal evolution,
again we removed SNPs inferred to have arisen through recombination. Inspection of
SNP distribution in VSE Ef_aus1016 revealed several dense clusters, indicating substantial
recombination, which was subsequently removed by a second round of recombination
detection. Consistent with two distinct groups, within clade comparisons revealed smaller
mean SNP differences (within-ST555: 13 SNPs, within-ST796: 68 SNPs) than that between
clades (between ST555 and ST796: 330 SNPs) (Fig. 3D).
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Ancestral single nucleotide polymorphisms
Forty-one core-genome SNPs differentiated the ST555–ST796MRCA from its predecessors,
while only two core-genome SNPs were predicted in the ST796 MRCA compared to ST555
(Table S2). Analysis of these SNPs showed a range of CDS impacted. Among the 41
SNPs, 22 were predicted to change amino-acid sequence and potentially alter protein
function, including non-synonymous mutations in four CDS encoding putative regulatory
proteins. While the function of these regulatory proteins and the consequence of the
predicted mutations is unknown, such changes can have profound impacts on phenotype
(Howden et al., 2011; Howden et al., 2008).

Accessory gene content comparisons
The clustering of all predicted CDSs into orthologous groups allowed for inter-ST
comparisons at the gene-content level. In total, there were 10,740 orthologous clusters
among the 110 genomes, of which 1,437 were core and 9,303 were variably present
(accessory)—representing the E. faecium pan genome (Table S3). Using this approach,
orthologous clusters that were diagnostic of the ST555–ST796 and ST796 populations were
identified.

Lineage specific genomic islands
The acquisition of genomic islands has been reported in previous studies that compared
the genomes of hospitalized and non-hospital derived isolates, suggesting that such novel
elements may offer possessing strains a competitive advantage (Heikens et al., 2008). In this
study, subsets of the accessory genome that were associated with ST555–ST796 and ST796
genomes were found to cluster on the Ef_aus0233 chromosome (Fig. 2C). The contiguous
location of these CDS and conserved inheritance patterns, indicated that these elements
collectively formed larger genomic islands and were likely to have been acquired through
horizontal gene transfer events. Given the ancestral relationships among the genomes and
the conservation of ortholog presence amongst these lineages, it is reasonable to infer that
these events occurred at various stages along the evolutionary paths of the ST555–ST796
and ST796 ancestries.

Two genomic islands were conserved among ST555–ST796 genomes while being almost
entirely absent from genomes of other STs (ST555–ST796_GI-1, chromosome coordinates
39,093–53,122: 13 CDS, and ST555–ST796_GI-2 chromosome coordinates 2,316,643–
2,373,309: 63 CDS), suggesting that these elements are likely to have been acquired by
the ST555–ST796 MRCA. Assessment of the CDS annotation for ST555–ST796_GI-1
(56 kb) suggests it is a mosaic integrative element. Two 3 kb regions spanning a site-specific
tyrosine recombinase and excisonase at the 50 end of this element and replication proteins at
the 30 extreme were identical to a previously described Enterococcus faecalis pathogenicity
island (Shankar, Baghdayan & Gilmore, 2002). A 13 kb region harbouring a putative
beta-galactosidase and other sugar modifying CDS was identical to a region in ST203
Ef_aus0085 (Lam et al., 2013). The function of CDS in the remaining 33 kb was more
difficult to infer with few database matches to indicate function. However, a role for this
region in cell wall modification (potentially DNA transfer) was suggested by the presence
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of CDS encoding cell-wall binding proteins, peptidases, ATP/GTP-binding proteins and
peptidoglycan-binding proteins. ST555–ST796_GI-2 (14 kb) is another integrative element
with CDS encoding a site-specific tyrosine recombinase, replication proteins, and putative
sugar kinases, hydrolases and permeases. This potential carbohydrate utilization/transport
locus shared complete nucleotide sequence identity with a region of the Enterococcus
gallinarum genome (strain ID: FDA ARGOS_163, NCBI BioProject: PRJNA231221). The
phage CDS content and their predicted products is provided (Table S4).

Two other elements were found to be exclusively present among ST796 genomes in
this comparison. One of these was the Tn916-like transposon (chromosome coordinates
635,179–658,601: 19CDS), carrying tetracycline resistance (Franke & Clewell, 1981) and the
second was the Tn1549 transposon (chromosome coordinates 803,567–861,054: 61 CDS),
carrying vancomycin resistance (Garnier et al., 2000). Given the phylogeny, it appears
likely that the ST796 MRCA acquired these two transposons and then spread (Fig. 2C).
The exception to this pattern was the single VSE ST796 genome (Ef_aus1016) that lacked
these elements that were universally conserved among VRE ST796 genomes. Ef_aus1016
exhibits the same genomic island presence/absence profile that is observed among the
ST555 genomes. Given this, it appears that Ef_aus1016 might be an extant descendent of
an ST796 evolutionary intermediate that had not yet acquired the ST796 specific GIs, such
as Tn1549, suggesting that this lineage was originally VSE. The horizontal acquisition of
Tn1549 has been demonstrated (Launay et al., 2006) and evidence for a VSE version of an
emergent E. faecium clone to precede the VRE version has been previously documented
with the emergence of ST17, ST203 and ST252 (Johnson et al., 2010).

Prophage gene content comparisons
Alignment of the orthologs found within the prophages that were identified in the
Ef_aus0233 genome revealed the extent to which these elements are conserved among
the greater E. faecium population (Fig. 4). The majority of orthologs within these
prophages were found to exist in non-ST796 genomes, suggesting that at the gene-content
level, such prophages are not unique to ST796. Prophages Ef_aus0233_chr_phage-2,
Ef_aus0233_chr_phage-4 and Ef_aus0233_p1_phage-1 showed the greatest degree of
ortholog conservation with non-ST796 genomes. Prophages Ef_aus0233_chr_phage-1
and Ef_aus0233_chr_phage-3 did contain orthologs present in non-ST796 genomes,
however the presence of these orthologs outside of ST796 genomes was limited. Overall
the prophages in Ef_aus0233 form a substantial contribution to the accessory genome but
do not contain CDS that are unique to ST796 (Table S4).

Plasmid gene content comparisons
Plasmids form an important component of the E. faecium accessory genome that can spread
horizontally through a population and carry genetic elements that may confer enhanced
fitness (Fiedler et al., 2016). Approximately 12% of the Ef_aus0233 genome (384,340 bp)
is comprised of plasmid DNA. In order to assess the conservation of plasmid gene content
among ST796 genomes and across the greater E. faecium population, the presence and
absence of plasmid genes within the ortholog clusters were inspected (Fig. 5). Patterns of
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Figure 4 Prophage gene content comparisons: the presence and absence of orthologs within each of the five phages that were identified in the
Ef_aus0233 genome. The phylogeny depicts the evolutionary relationships among the genomes. Colours indicate the MLST designations.

individual ortholog presence and absence demonstrated that all plasmid orthologs were
found in non-ST796 genomes, however in varying degrees. Plasmids Ef_aus0233_p1,
Ef_aus0233_p4 and Ef_aus0233_p5 contain orthologs found outside ST796, however they
are rarely seen elsewhere in their entirety. A list of all plasmid CDS content and their
predicted products is provided (Table S5).

Given these gene content patterns and the aforementioned phylogenomic relationships
between ST555 and ST796 genomes, it appears likely that the ST555–ST796 MRCA
acquired these plasmids, as they are not observed in their entirety in surrounding clades.
Interestingly, Ef_aus0233_p2 was not only scarce among non-ST796 genomes but lacked
conservation among the ST796 genomes. Overall, no single plasmid ortholog was specific
to ST796, however given the set of isolates analyzed in this study, such plasmids, in
their entirety, appear to be diagnostic of the ST555–ST796 lineage. Furthermore, the
intra-ST796 differences in plasmid gene content, particularly in Ef_aus0233_p2, indicate
there are appreciable amounts of diversity within the ST796 accessory genome, variation
that might be useful during outbreak investigations involving this clone (Lister et al., 2015).

CONCLUSION
The hospital environment presents a challenging ecological niche for the adaptation of
bacterial pathogens. Historically, E. faecalis was the leading causative agent of enterococcal
nosocomial infections, however E. faecium infections have escalated in the last decade
(Galloway-Peña et al., 2009; Guzman Prieto et al., 2016; Leavis, Bonten & Willems, 2006;
Willems et al., 2011; Willems & Van Schaik, 2009). Following this apparent interspecies
replacement, population-based studies have observed substantial intraspecies dynamics
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Figure 5 Plasmid gene content comparisons: the presence and absence of orthologs within each of the five plasmids that were identified in the
Ef_aus0233 genome. The phylogeny depicts the evolutionary relationships among the genomes. Colours indicate the MLST designations.

with clonal replacement of E. faecium STs in hospitals (Bender et al., 2016; Johnson et al.,
2010). Here we have described the genomic basis for the emergence of a new highly
hospital adapted E. faecium ST early in its evolutionary history. The preparation of a fully
assembled ST796 genome facilitated a comprehensive genomic analysis of this lineage and
enabled detailed comparisons among other clinically relevant draft and fully assembled
E. faecium genomes.

We demonstrate that the emergence of ST796 was preceded by several genomic events
including the acquisition of two genomic islands, plasmid and phage activity, modest SNV
accumulation and recombination. These analyses highlight genetic elements within the E.
faecium core and accessory genome that may have been important drivers for the evolution
of the ST555–ST796 and ST796 lineages. Given the likely significance of genomic island
acquisition for the emergence of CC17 (Heikens et al., 2008), the GIs presented in this
study presumably reflect adaptive responses to the clinical environment, either through
acquired antibiotic resistance or perhaps enhanced capacity to utilize carbohydrates and
thus augment gastrointestinal colonization. Our finding that ST796 shares a MRCA with
ST555 and may have emerged from a VSE evolutionary intermediate is another example of
newly emergent VRE arising from a VSEMRCA, although ST796 itself is almost exclusively
VRE when identified in human BSIs unlike ST555 which causes both VSE and VRE BSI in
Australian hospitals in about equal proportions (Coombs et al., 2014).

This analysis focused upon providing an overview of the first fully assembled ST796
genome and genomic differences that were assessed at the inter-ST population level. In
order to explore specific diversity within the ST796 lineage, an intra-ST population study
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focusing upon diversity among a large collection ST796 genomes is currently underway.
Our observation of substantial variation within the ST796 accessory genome, in particular
plasmid presence and absence, suggest a means for effective intra-ST796 genotyping that
could potentially be more useful than core genome analysis in the tracking of outbreaks.

Hospitals are controlled but nonetheless dynamic environments. Examining pathogen
genomic changes in these environments is important to understanding the bacterial
response to human interventions, such as changing infection control or antibiotic
stewardship practices. In this study we deconstructed the genomic events that have shaped
the evolution of a highly successful E. faecium clone. With our current state of knowledge,
we know that there is rapid genomic change occurring however we don’t fully understand
the consequences of such changes, as a large percentage of identified E. faecium genes have
unknown functions. The promise of genomics will only be realized when we can combine
our insights on genomic evolution with the functional consequences of such changes on
pathogen phenotypes. The research presented here incrementally builds our understanding
and provides a solid basis for future studies, as both clinical and public health microbiology
transition into the genomic era.
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Summary	

From	this	work	the	key	findings	were	that:	

• That	 the	emergence	of	ST796	was	preceded	by	several	genomic	events	 including	 the	

acquisition	 of	 two	 genomic	 islands,	 plasmid	 and	 phage	 activity,	 modest	 SNP	

accumulation	and	recombination.	

• That	ST796	belongs	to	the	A1	clade	of	hospital	adapted	E.	faecium.	

• That	ST796	shares	a	Most	Recent	Common	Ancestor	(MRCA)	with	ST555	and	may	have	

emerged	 from	 a	 VSE	 evolutionary	 intermediate	 and	 is	 therefore	 another	 example	 of	

newly	emergent	VRE	arising	from	a	VSE	MRCA.	
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Introduction 

Public	health	agencies	are	responsible	for	carrying	out	investigations	into	disease	outbreaks	

and	the	implementation	of	control	measures	to	limit	further	disease.	Determining	the	source	of	

an	outbreak	is	often	a	difficult	task	that	requires	extensive	epidemiological	 investigations	of	

which	 can	 take	 considerable	 time.	 The	 time	 that	 such	 an	 investigation	 takes	 to	 establish	 a	

common	exposure	setting	is	particularly	important	as	during	this	time	further	members	of	the	

public	are	at	risk	of	disease	acquisition.	Conventional	methods	to	determine	source	attribution	

involve	compiling	a	list	of	cases	from	a	particular	geographical	area	and	looking	for	associations	

with	a	point	of	common	exposure.	Public	health	authorities	have	also	made	use	of	genotyping	

technologies	 such	as	Sequence	Based	Typing	 (SBT)	 to	assess	 the	 relatedness	of	 clinical	 and	

environmental	 isolates.	 SBT	 is	 a	 seven-gene	 scheme	 analogous	 to	 the	 Multi-locus	 Typing	

Scheme	(MLST)	that	uses	SNP	patterns	to	provide	a	single	allelic	profile.	Despite	having	the	

ability	 to	 clearly	 distinguish	 divergent	 isolates,	 this	 genotyping	 scheme	 lacks	 sufficient	

resolution	to	discern	among	genomes	that	are	closely	related.		

	

In	this	chapter,	genomics	was	used	to	better	understand	the	population	structure	of	isolates	of	

a	large	outbreak	of	Legionnaire’s	disease	and	to	develop	a	tool	for	the	prediction	of	outbreak	

source	attribution.	The	following	research	questions	were	investigated:	

• What	 are	 the	 evolutionary	 relationships	 of	 the	 outbreak	 isolates	 to	 the	 greater	 L.	

pneumophila	population?	

• What	are	the	evolutionary	relationships	among	isolates	from	the	outbreak?	

• Can	a	machine	learning	approach	be	used	to	predict	the	origins	of	clinical	isolates?	

• How	would	 such	 a	 probabilistic	 approach	 compare	 to	 that	 of	 the	 recently	 proposed	

whole-genome	MLST	scheme?	
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Published	manuscript:	 “A	supervised	statistical	 learning	approach	 for	accurate	

Legionella	pneumophila	source	attribution	during	outbreaks”	

	

The	methods	and	results	for	this	research	study	were	reported	in	a	manuscript	published	in	

Applied	and	Environmental	Microbiology:	

Andrew	H.	Buultjens,	Kyra	Y.	L.	Chua,	Sarah	L.	Baines,	Jason	Kwong,	Wei	Gao,	Zoe	Cutcher,	Stuart	

Adcock,	Susan	Ballard,	Mark	B.	Schultz,	Takehiro	Tomita,	Nela	Subasinghe,	Glen	P.	Carter,	Sacha	

J.	Pidot,	Lucinda	Franklin,	Torsten	Seemann,	Anders	Gonçalves	Da	Silva,	Benjamin	P.	Howden	

and	 Timothy	 P.	 Stinear.	 A	 supervised	 statistical	 learning	 approach	 for	 accurate	 Legionella	

pneumophila	 source	 attribution	 during	 outbreaks.	 J	 Appl	 Environ	 Microbiol.	 2017	 August,	

83(21):	e01482-17.	doi:	10.1128/AEM.01482-17.	
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ABSTRACT Public health agencies are increasingly relying on genomics during
Legionnaires’ disease investigations. However, the causative bacterium (Legionella
pneumophila) has an unusual population structure, with extreme temporal and spa-
tial genome sequence conservation. Furthermore, Legionnaires’ disease outbreaks
can be caused by multiple L. pneumophila genotypes in a single source. These fac-
tors can confound cluster identification using standard phylogenomic methods.
Here, we show that a statistical learning approach based on L. pneumophila core ge-
nome single nucleotide polymorphism (SNP) comparisons eliminates ambiguity for
defining outbreak clusters and accurately predicts exposure sources for clinical cases.
We illustrate the performance of our method by genome comparisons of 234 L.
pneumophila isolates obtained from patients and cooling towers in Melbourne, Aus-
tralia, between 1994 and 2014. This collection included one of the largest reported
Legionnaires’ disease outbreaks, which involved 125 cases at an aquarium. Using
only sequence data from L. pneumophila cooling tower isolates and including all
core genome variation, we built a multivariate model using discriminant analysis of
principal components (DAPC) to find cooling tower-specific genomic signatures and
then used it to predict the origin of clinical isolates. Model assignments were 93%
congruent with epidemiological data, including the aquarium Legionnaires’ disease
outbreak and three other unrelated outbreak investigations. We applied the same
approach to a recently described investigation of Legionnaires’ disease within a UK
hospital and observed a model predictive ability of 86%. We have developed a
promising means to breach L. pneumophila genetic diversity extremes and provide
objective source attribution data for outbreak investigations.

IMPORTANCE Microbial outbreak investigations are moving to a paradigm where
whole-genome sequencing and phylogenetic trees are used to support epidemiolog-
ical investigations. It is critical that outbreak source predictions are accurate, particu-
larly for pathogens, like Legionella pneumophila, which can spread widely and rapidly
via cooling system aerosols, causing Legionnaires’ disease. Here, by studying hun-
dreds of Legionella pneumophila genomes collected over 21 years around a major
Australian city, we uncovered limitations with the phylogenetic approach that could
lead to a misidentification of outbreak sources. We implement instead a statistical
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learning technique that eliminates the ambiguity of inferring disease transmission
from phylogenies. Our approach takes geolocation information and core genome
variation from environmental L. pneumophila isolates to build statistical models that
predict with high confidence the environmental source of clinical L. pneumophila
during disease outbreaks. We show the versatility of the technique by applying it to
unrelated Legionnaires’ disease outbreaks in Australia and the UK.

KEYWORDS Legionella pneumophila, comparative studies, genomics, microbial
source tracking, phylogeography

Legionellae are Gram-negative bacteria that replicate within free-living aquatic
amoebae and are present in aquatic environments worldwide. These bacteria can

proliferate in man-made water systems and cause large outbreaks of pneumonia,
known as Legionnaires’ disease, when contaminated water is aerosolized and inhaled
(1). The majority of human infections are caused by Legionella pneumophila serogroup
1 (2). Public health investigations of Legionnaires’ disease outbreaks are typically
supported by molecular typing methods to establish the likely source of the bacteria
and the extent of the outbreak. Investigations usually proceed with the assumption
that a single Legionella genotype is responsible for an environmental point source
reservoir (3). Traditional molecular typing methods described for fingerprinting legio-
nellae include pulsed-field gel electrophoresis (PFGE) and sequence-based typing (SBT)
(4). Increasingly, whole-genome sequencing (WGS) is being employed to investigate
individual Legionella outbreaks, and the insights obtained from these high-resolution
comparisons are challenging our expectations regarding common-source outbreaks,
which usually are characterized by a single strain or genotype (5–9). It is becoming
evident that outbreaks can be caused by multiple cocirculating L. pneumophila geno-
types (5, 10) and that L. pneumophila core genomes can be surprisingly conserved
across space and time (8, 11–13).

Melbourne is in the state of Victoria and is the second largest city in Australia, with
a population approaching five million inhabitants, and it is considered the ninth largest
city in the Southern Hemisphere. Legionellosis has been a notifiable disease in Victoria
since 1979, and there are 50 to 100 cases reported each year, most occurring in the
greater metropolitan region of Melbourne (14). The Microbiological Diagnostic Unit
Public Health Laboratory (MDU PHL) is Victoria’s State Reference Laboratory for the
characterization and typing of Legionella species. The laboratory’s collection includes
isolates from a particularly noteworthy outbreak at the Melbourne Aquarium in April
2000. This was the largest single episode of legionellosis reported in Australia (15),
approximately 3 months after the aquarium was opened to visitors, with construction
of the site completed in December 1999. It resulted in 125 confirmed cases, with
positive cultures obtained from 11 patients. Our isolate collection also spanned 28
other potential legionellosis outbreaks or infection clusters for which at least one
culture isolate had been obtained.

In this study, we used comparative genomics to explore the population structure of
234 Legionella pneumophila isolates recovered from human and environmental sources
submitted to the MDU PHL in Melbourne over a 21-year period. This collection included
11 clinical and 14 environmental isolates from the Aquarium outbreak and 42 clinical
and 50 environmental isolates from 28 other likely point source case clusters. We also
assessed genomic data from a recently described investigation of Legionnaires’ disease
cases at a UK hospital (8). The aim of this project was to develop a robust genomic
approach that would surmount the unusual population structure of L. pneumophila and
assist in the identification of case clusters and source tracking efforts during Legion-
naires’ disease outbreak investigations.

RESULTS
Isolates and epidemiology. There were 234 Legionella pneumophila serogroup 1

(Lpn-SG1) isolates obtained across a 21-year period between 1994 and 2014. Initial
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multilocus sequence type (MLST) analysis indicated that 180 isolates (77%) belonged to
sequence type 30 (ST30). The collection comprised 170 clinical isolates of respiratory
origin (sputum or bronchoscopy specimens) and 64 environmental isolates recovered
from cooling tower water samples. All isolates were collected in the state of Victoria,
with the exception of six isolates from patients who were exposed elsewhere. Further
information for each isolate is available in Table S1 in the supplemental material,
including NCBI SRA accession numbers. One hundred ten of the 234 isolates were
epidemiologically associated with 29 formally investigated case clusters or outbreaks,
designated outbreaks A to AC (Table S1). The majority of these cases occurred within
a 42-km radius of Melbourne city center and over a 16-year period. Outbreak A, the
Melbourne Aquarium outbreak, was the largest (15).

Complete genome sequence of Legionella pneumophila serogroup 1 isolate
Lpm7613. Before this study, there were no closed fully assembled ST30 L. pneumophila
genomes. Thus, to ensure the identification of the maximum genetic variation among
this dominant ST in our collection, we first established a ST30 reference genome
sequence, selecting a clinical isolate from the Melbourne Aquarium outbreak
(Lpm7613). The finished genome consisted of a single circular 3,261,562-bp chromo-
some (38.3% GC content) and a 129,875-bp circular plasmid (pLpm7613) (Fig. S1).
Although the chromosome indicated that this genome belonged to the same lineage
as L. pneumophila Philadelphia (Fig. 1A), the plasmid shared 100% nucleotide identity
with pLPP reported in L. pneumophila Paris but was 2 kb shorter in length (16). A total
of 2,891 chromosomal protein-coding sequences (CDSs), 43 tRNA genes, and nine rRNA
loci were predicted using Prokka (17). Clustered regularly interspaced short palindromic
repeat (CRISPR)-Cas regions were not detected (18).

Assessment of L. pneumophila population structure. Sequence reads from the
other 233 genomes and the 10 selected publicly available completed genomes were
mapped to the chromosome of reference strain Lpm7613. Approximately 90% of the
Lpm7613 genome was present in all genomes (i.e., core), with 188,049 variable core
nucleotide positions identified. Population structure analyses using an unsupervised
Bayesian clustering approach revealed six distinct groups (Bayesian analysis of popu-
lation structure [BAPS] groups) (Fig. 1A). Comparison of intra- and inter-BAPS group
pairwise SNP distances confirmed the validity of these clusters and highlighted the
extensive genetic variation among this Lpn-SG1 population (Fig. 1C). The exceptions
were BAPS groups 3 and 4, as this distinction classified isolates across two clades and
is likely explained by recombination. Most striking, however, was the lack of diversity within
the 186 genomes comprising BAPS group 5 (here referred to as BAPS-5), with a median core
SNP distance of only 5 SNPs (interquartile range [IQR], 3 to 7 SNPs). Isolates dispersed across
time and space (including isolates from England, New South Wales, South Australia, and
Tasmania) were scattered throughout the phylogeny. All 180 ST30 isolates were encom-
passed by BAPS-5, as were ST37 L. pneumophila Philadelphia (Philadelphia, PA, USA), ST211
L. pneumophila ATCC 43290 (Denver, CO, USA), and ST733 L. pneumophila Thunder Bay
(Ontario, Canada) (Fig. 1A and B). The median inter-BAPS group distances ranged from
27,506 to 63,136 SNPs (Fig. 1C), highlighting that there is also substantial genetic diversity
among Lpn-SG1 isolates circulating in Melbourne.

A rooted maximum likelihood phylogeny of the population was then inferred using
the 181,633 nonrecombining core SNP loci. The phylogenomic tree reflected the BAPS
clusters, with BAPS-5 forming a distinct well-supported lineage (Fig. 1A). The separation
of the three North American reference isolates from the Melbourne ST30 isolates is
suggestive of contemporaneous global dispersal of this BAPS-5 lineage (Fig. 1A and B).
All BAPS groups displayed monophyletic origins, with the exception of BAPS-3 and
BAPS-4. BAPS-3 had a single isolate of paraphyletic origin that shared a most recent
common ancestor (MRCA) with BAPS-2, while BAPS-4 contained two paraphyletic
subclades, one of which shared a MRCA with the majority of BAPS-3 isolates.

Impact of recombination. Recombination is a driving force in the evolution of the
legionellae (5, 7, 19–22). Therefore, to further understand the structure and evolution
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of this Lpn-SG1 population, we assessed the impact of DNA exchange. There was
evidence of extensive recombination among isolates across BAPS groups 1 to 4 and 6,
with approximately 3% of the variable nucleotide sites impacted relative to the
Lpm7613 reference chromosome. The detection of two paraphyletic groups (BAPS-3
and BAPS-4) is likely explained by ancestral recombination among the component
subclades. In comparison, there was little recombination evident among BAPS-5 iso-

FIG 1 Global Legionella pneumophila population clustering, phylogenomics, and genomic molecular epi-
demiology of local outbreaks. (A) Core genome phylogeny estimated using maximum likelihood corre-
sponds with six BAPS groups. Branches with less than 70% bootstrap support were collapsed, and scale
indicates the number of core SNPs. The locations of the 10 international genomes are labeled. (B) ST30 core
genome phylogeny. Tree tips are labeled with outbreak codes. Environmental and clinical isolates
are colored according to the key. Polyclonal outbreaks/case clusters are highlighted with blue boxes.
Branch lengths have been transformed and are proportional to the number of nodes under each parent
node. (C) Core genome pairwise SNP comparisons of within and between BAPS groups. All groups had
smaller within-group diversity than between-group diversity. sd, standard deviation; min, minimum; max,
maximum.
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lates (Fig. S2), in accord with the core SNP phylogeny described above, and suggesting
the relatively recent emergence of this L. pneumophila lineage. After removal of
putative sequences affected by recombination, tree branch lengths showed no corre-
lation with isolation dates (r2 ! 0.116). This observation indicates that nucleotide
substitutions in the population have not been evolving under a molecular clock model,
thus limiting estimates for dates of emergence for particular lineages.

Genomic molecular epidemiology of local outbreaks. We next compared only
the 180 ST30 genomes to our Lpm7613 reference genome and again confirmed the
very restricted genomic diversity within this lineage (median core SNP distance, 6 SNPs
[IQR, 4 to 9 SNPs]), with five outlier genomes, impacted by recombination (Fig. 1B and
C and S2). Within this reconstructed core genome ST30-specific phylogeny, many but
not all epidemiologically related isolates formed distinct well-supported monophyletic
clades. In some instances, epidemiologically associated isolates spanned multiple
clades (outbreaks A, B, C, D, and K) (Fig. 1B). In addition, outbreak A (the Melbourne
Aquarium outbreak), which was previously considered to represent infections caused
by a single clone (Table S1) (15), actually contained five distinct genotypes (A1 to A5)
(Fig. 1B and C).

The analysis of environmental surveillance isolates provided an ideal means to gain
insights into the diversity within potential reservoirs of Lpn-SG1, diversity that might
enable prospective source tracking. A phylogeographic analysis was therefore under-
taken to assess the relationships between 64 environmental Melbourne metropolitan
isolates against their 11 cooling tower sampling locations. Based on variation in the
core SNPs, striking geographical structure was observed, with the majority of isolates
from common cooling towers tightly clustering in the phylogeny (Fig. 2A). Comparisons
of pairwise core SNPs depicted smaller within-group diversity and larger between-
location group diversity, further indicating the existence of geographical population
structure (Fig. 2B). This structure among the environmental Lpn-SG1 isolates suggested
it might be possible to use the genome data to build models predictive of the
environmental source to assist epidemiological efforts during outbreak investigations.

A multivariate statistical model for source attribution. To enhance resolution
and try to detect outbreak-specific genomic signals, a supervised statistical learning
approach called discriminant analysis of principal components (DAPC) (23) was em-
ployed. DAPC is a linear discriminant analysis (LDA) that accommodates discrete
genetic-based predictors by first transforming the genetic data into continuous prin-
cipal components (PCs) and building predictive classification models. The PCs are used
to build discriminant functions (DFs) under the constraint that they must minimize
within-group variance and maximize variance between groups. Infection clusters were
defined a priori from the epidemiological findings, and training (environmental) isolates
were used to establish the discriminant functions. The model was then used to estimate
the posterior probability of membership for an unknown (e.g., clinical) isolate for each
prespecified infection cluster given the training data. Here, we used 43 of the 64
environmental isolates in the training set (cooling tower isolates originating from
epidemiologically defined infection clusters that possessed at least one environmental
and clinical representative), under the assumption that each outbreak was caused by
exposure to a point source of Lpn-SG1. We used core genome SNPs from only
environmental Lpn-SG1 genomes to build the classifier (24).

Outbreak-associated environmental Lpn-SG1 strains were grouped a priori into
training set groups based on the origin of the cooling towers from which they were
isolated (see model building details in Materials and Methods). The DFs were then used
to classify 15 clinical isolates that had been independently assigned based on epide-
miological data to the training set groups, here referred to as the validation genomes
(Table S1). The input matrix for DAPC was an alignment of 714 nonrecombinogenic
SNPs that varied among the 43 environmental genomes. Plots depicting the separation
of isolates according to the first two discriminant functions and the amount of variation
explained are shown (Fig. 3). A model was trained using the first four principal
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components (PCs), as this was found to be optimal (see Materials and Methods). We
next classified our clinical validation genomes using the model and found a 93% match
between our model’s assignment and that proposed by the epidemiological data (Fig.
4A and B). These data show that despite the high level of genome conservation and the
presence of multiple genotypes within a single environmental source, it is possible to
utilize signature differences in core genome SNPs to build predictive probabilistic

FIG 2 Phylogeography of 64 Lpn-SG1 environmental isolate genomes. (A) Map of the greater Melbourne area, showing the
location of the 11 cooling towers assessed during legionellosis outbreaks, designated by colored circles. “A” (light blue)
represents the location Melbourne Aquarium outbreak and is close to the center of Melbourne. The inset shows the location
of Melbourne (red circle) within the state of Victoria in Southeast Australia. Overall, the phylogeny aligns closely with the
geography of originating cooling towers. For several outbreak codes, polyclonality is apparent, as some common origins have
connecting lines drawn from different subclades of the phylogeny. Red coloration on the base map represents population
density within the greater Melbourne region. The branch lengths of the tree have been transformed and are proportional to
the number of nodes under each parent node. (B) Core genome pairwise SNP comparisons of within, and between, cooling
tower isolate groups. Comparisons of specific epidemiologically defined groups (infection clusters) are indicated with color
codes as defined in the key. All groups had smaller within-group diversity than between-group diversity.
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classification models. The single discrepancy between model predictions and epidemi-
ological groupings was an infection cluster C genome that was predicted to originate
from the Melbourne Aquarium. Interestingly, cluster C was located closest to the
Melbourne Aquarium, at a distance of approximately 500 meters. Given the proximity
of clusters A and C, these data may indicate that the cooling towers were seeded from
a common L. pneumophila source. In order to appraise the utility of this method beyond
a large urban setting and the ST30 genotype, we built a sister model using 31 ST1
environmental L. pneumophila genomes from a previously published hospital investi-
gation in Essex, UK, and used it to predict the origins of seven nosocomial clinical
isolates (Fig. 3A and Table S1) (8). Here, the model was trained using an alignment of
59 nonrecombinogenic SNPs among the 31 environmental genomes and retaining the
first 15 PCs, as this was found to be optimal. As with the Melbourne disease clusters, the
model performed very well. For 86% of the clinical isolates, there was a match between
the model’s ward assignment and the origin suggested by epidemiology (Fig. 4A and
B). Again, a single discrepancy occurred with a ward G genome predicted to originate
from ward A. Wards A and G were colocated on the same corner and level of a common
building, again suggesting a common L. pneumophila source (8). As before, isolates
from a common source would be misassigned by the model, owing to the lack of
location-specific genomic variants.

cgMLST has reduced discrimination. In order to evaluate the utility of the recently
described core genome multilocus sequence typing (cgMLST) scheme for source
tracking (25, 26), we trained new DAPC models for both the Melbourne and Essex

FIG 3 Scatterplots resulting from DAPC. (A) Core genome SNP-based models of the Melbourne (top left) and Essex (top right) data
sets. (B) Core genome MLST (cgMLST)-based models of the Melbourne (bottom left) and Essex (bottom right) data sets. The
membership of each point within an epidemiologically defined cluster (e.g., “A” is the Melbourne Aquarium outbreak) is indicated by
the colored circles and the corresponding letters labeled within squares. The amount of variation explained by the first and second
discriminant (LD1 and LD2, respectively) functions are specified on the axes of each plot.
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hospital data sets using a matrix of allelic integers derived from SNP profiles of the
1,529 cgMLST loci (Fig. 3B). When using the first PC and seven PCs, we observed only
60% and 71% concordance between our model’s assignment and that predicted by the
epidemiological data for the Melbourne and Essex hospital data sets, respectively (Fig.
4A and C).

DISCUSSION
In this study, we have retrospectively examined a large collection of 234 clinical and

environmental Lpn-SG1 isolates spanning 29 defined outbreaks. Isolates were collected
over wide temporal and spatial scales, and detailed genomic comparisons revealed
wide extremes of Lpn-SG1 genetic diversity among distinct genomic populations, a

FIG 4 DAPC modeling of Lpn-SG1 genomic data. (A) Model comparison plots depicting the percentage of matches
between the predicted and epidemiologically determined groupings of the validation set genomes across a range of 1 to
20 principal components for SNP and cgMLST DAPC models for the Melbourne and Essex data sets. The retention of four
and one principal component was found to be optimal for the SNP (93% match) and cgMLST (60% match) models in
Melbourne, respectively, while 15 and seven principal components were found to be optimal for the SNP (86% match) and
cgMLST (71% match) models in the Essex hospital, respectively. (B) Assignment plots depicting the ability of the SNP
models to predict the source attribution of the validation set clinical isolate genomes for the Melbourne and Essex hospital
data sets. (C) Assignment plots depicting the ability of the cgMLST models to predict the source attribution of the
validation set clinical isolate genomes for the Melbourne and Essex hospital data sets.
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phenomenon not fully appreciated from previous genomic investigations that have
sampled less extensively and focused on single outbreaks (5, 6, 27). Most striking in our
collection was the high sequence conservation and dominance of a single genotype
(BAPS-5, ST30) shared by 77% of isolates, with a median core SNP distance of only 5
SNPs across 21 years. In agreement with our findings, two recent population genomic
investigations of Lpn-SG1 also describe the unusual restriction in core genome diversity
(8, 12).

Based on our previous experience with other bacterial pathogens (28) and reports
in the literature of Legionnaires’ disease outbreak investigations using genomics (27,
29), we expected to be able to use Lpn-SG1 genomic comparisons and develop genetic
rule-in or rule-out criteria to guide outbreak assessment and source attribution. For
example, we recently proposed a “traffic light” system for Listeria monocytogenes based
on SNP difference cutoffs of “likely related,” “possibly related,” and “not related” (28).
This approach has also been proposed for L. pneumophila (25). A comparison of
genotyping approaches using 335 L. pneumophila isolates, including 106 isolates from
the European Society for Clinical Microbiology Study Group’s Legionella Typing Panel,
proposed an escalating hierarchical approach to genotyping, beginning with an ex-
tended 50-gene MLST scheme up to a 1,529-gene cgMLST (25, 26).

The analysis of the population structure of Lpn-SG1 presented here indicates that
SNP-based typing with threshold cutoffs, whether they are based on seven genes, 50
genes, 1,500 genes, or whole genomes, will not necessarily provide sufficient discrim-
inative power. These genotyping approaches will be confounded by the presence of (i)
indistinguishable Lpn-SG1 genotypes present in unrelated cases and (ii) polyclonal
outbreaks. Our retrospective analysis of the Melbourne Aquarium outbreak illustrates
both of these issues clearly, where five distinct subtypes were recovered from 25 clinical
and environmental isolates (Fig. 1B). There is a growing awareness of single-source
polyphyletic Lpn-SG1 outbreaks (8, 10, 13, 30, 31). These data all point to the need for
a different approach in order to use molecular epidemiology and genomics in support
of Legionella outbreak investigations.

We address this issue by exploiting all core genome information to train probabi-
listic classification models. Our DAPC analysis demonstrates that it is possible to build
predictive models based on Lpn-SG1 environmentally derived genomes that help in
identifying the source of clinical isolates during complex outbreak investigations in
both the community and hospital environments (Fig. 4). By including all core SNP
variations, DAPC was able to identify outbreak-specific genotypes, even when the
source of the outbreak was polyclonal. This enabled us to build robust models that
assigned validation set genomes, with known provenance, back to their original
groupings with high concordance. The fact that this model was built purely from
environmental surveillance isolates demonstrates that such approaches can be devel-
oped prospectively and be preexisting, ready to deploy at the onset of outbreaks.

In contrast to the high performance of the DAPC model developed from core
genome SNPs, the model built using variants identified by cgMLST scheme had a lower
matching rate when assigning validation genomes back to their putative epidemio-
logical groupings (Fig. 4C). Despite cgMLST being a useful tool for broad Lpn-SG1
population structure assessment, our analysis suggests it may have insufficient resolu-
tion and thus predictive capacity for outbreak investigations.

The DAPC approach, however, while promising, does not permit discrimination
among isolates that do not belong to defined clusters. This is because the model
assumes that the world is composed of only the k groups used to train it, and it
therefore assigns unknown isolates to one of these groups, even if the isolate is known
not to be part of any of the groups. One way to address this issue would be to create
a single group classifier that is trained with environmental samples. Isolates with a low
probability of membership in this single large group would then be excluded before
being analyzed with the multigroup model. Future models could be further improved
by adding epidemiological evidence (e.g., patient zip codes) and assessing how that
improves our assignment of a clinical isolate to a particular location. An advantage of
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a classification-based model is that its output could be distilled down to a zip code (or
group of zip codes) and a probability that a clinical isolate is associated with the zip
code (indicating uncertainty about the classification). This would obviate the need to
interpret and explain phylogenetic trees. Interpreting trees is often not intuitive, and
trees may fail to communicate what action is required from a public health perspective.
Crucial to such a classification approach to work, however, is an extensive and tem-
porally dynamic database of environmental Lpn-SG1 genotypes. That is, there would
need to be ongoing surveillance and isolation of Lpn-SG1 from environmental sources.
We are currently investigating how to implement such models.

The modeling approach is not intended to be used in isolation but rather employed
as an adjunct to traditional epidemiological investigations. In this way, insights gained
through epidemiological investigations can be informed by microbiological evidence
from our predictive models. A limitation of our current models is the relatively small
sample sizes. Performance measures for validation sets this small are often sensitive to
slight perturbations in the data and may be influenced by small features of the data.
However, as a proof-of-concept implementation of our approach, we have built two
models from independent data sets, and both demonstrate high predictive capacity.
More robust appraisals of model performance will require validation with larger data
sets, collected prospectively.

From a biological perspective, the lack of genetic diversity in Lpn-SG1 over such
coarse temporal and spatial scales is potentially explained by a reservoir of latent-state
bacteria intermittently seeding warm-water sources in the greater Melbourne region
and is supported by the frequently reported and widespread presence of Legionella
species in drinking water supply systems (DWSS) (32–34). Independent studies propose
similar hypotheses to explain the surprisingly high sequence conservation among some
L. pneumophila genomes (8, 12).

This study is, to our knowledge, the largest genomic investigation of environmental
and clinical Legionella spp. reported to date from a single jurisdiction and confirms that
Lpn-SG1 is an unusual “edge case” in the application of genomics in public health
microbiology. In the absence of a deep understanding of local L. pneumophila popu-
lation structure (both clinical and environmental), the combination of extreme genomic
monomorphism combined with outbreaks caused by mixed pathogen populations
could easily lead to erroneous conclusions regarding source attribution. Thus, we
require new approaches that can better utilize the genomic information available and
harmoniously combine it with epidemiological evidence in order to provide public
health officials with useful and timely information.

MATERIALS AND METHODS
Bacterial strains, growth conditions, and case definitions. Legionella pneumophila serogroup 1

isolates were resuscitated from !80°C storage and assessed. Duplicate isolates from the same patient
were excluded from the study. Isolates were cultured for 48 to 72 h at 37°C on buffered charcoal yeast
extract (BCYE) agar and reconfirmed to be serogroup 1 by latex agglutination (Oxoid). Metadata collected
on all isolates included the year of isolation and country or city of isolation. Cases residing in the state
of Victoria, Australia, were assessed by the Victorian State Government public health unit, in accordance
with national guidelines, and an outbreak investigation was initiated when common exposures were
reported by different cases whose onset dates occurred within a 2-week window (http://www.health
.gov.au/internet/main/publishing.nsf/content/cdna-song-legionella.htm). In this manner, we were able to
determine the human cases that were epidemiologically linked to each other. Many of the outbreaks/
infection clusters contained a greater number of cases than there were isolates, as the diagnosis of
legionellosis was made by culture-independent methods. Complete closed genomes of L. pneumophila
that were publicly available were obtained from GenBank for inclusion in the analysis (Table S1).

Sequence-based typing. Sequence-based typing was performed as previously described, according
to the European Legionnaires’ Disease Surveillance Network (ELDSNet) method (http://bioinformatics
.phe.org.uk/legionella/legionella_sbt/php/sbt_homepage.php) (35).

DNA sequencing. DNA libraries were prepared using the Nextera XT DNA preparation kit (Illumina),
and whole-genome sequencing was performed on the NextSeq platform (Illumina) with 2 " 150-bp
chemistry. For single-molecule real-time (SMRT) sequencing (Pacific Biosciences), genomic DNA was
extracted from agarose plugs using the CDC PulseNet protocol to allow for recovery of high-molecular-
weight intact DNA (http://www.cdc.gov/pulsenet/pathogens). Size-selected 10-kb DNA libraries were
prepared according to the manufacturers’ instructions and sequenced on the RSII platform (Pacific
Biosciences) using P6-C4 chemistry.
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Legionella pneumophila serogroup 1 isolate Lpm7613 assembly and closure. A high-quality
finished ST30 reference genome was established for L. pneumophila serogroup 1 clinical isolate Lpm7613
using the SMRT Analysis system version 2.3.0.140936 (Pacific Biosciences). Raw sequence data were de
novo assembled using the HGAP version 3 protocol, with a genome size of 4 Mb. Polished contigs were
error corrected using Quiver version 1. The resulting assembly was then checked using BridgeMapper
version 1 in the SMRT Analysis system, and the consensus sequence was corrected with short-read
Illumina data using the program Snippy (https://github.com/tseemann/snippy). Whole-genome annota-
tion was performed using Prokka (17), preferentially using the L. pneumophila Paris strain annotation (16).
BRIG was used to visualize BLASTn DNA:DNA comparisons of L. pneumophila Lpm7613 against other L.
pneumophila genomes (36). Nomenclature of the genomic islands demonstrated in L. pneumophila
Lpm7613 was based on previously described islands (37). CRISPR databases were used to search for
CRISPR sequences (http://crispi.genouest.org and http://crispr.i2bc.paris-saclay.fr/).

Variant detection and phylogenetic analysis. The genomes of 10 publicly available complete L.
pneumophila strains (Table S1) were shredded to generate short in silico sequence reads of 250 bp, and
all 244 L. pneumophila reads sets were mapped against the Lpm7613 reference genome using Snippy
version 3.2. An alignment file from pairwise comparisons of core genome SNPs (with inferred recom-
bining sites removed) was used as input to FastTree version 2.1.8 with double precision (38) to infer a
maximum likelihood phylogenetic tree using the general time reversible model of nucleotide substitu-
tion. Branch support was estimated using 1,000 bootstrap replicates. The resulting trees were visualized
in FigTree version 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/). Single nucleotide polymorphism (SNP)
differences between isolates were tabulated and visualized using a custom R script (https://github.com/
MDU-PHL/pairwise_snp_differences). The core genome SNPs were also used as the input into a Bayesian
analysis of population structure (BAPS) using iterative clustering to a depth of 10 levels and a prespeci-
fied maximum of 20 clusters (39).

Recombination and molecular clock analysis. Recombination detection was performed using
ClonalFrameML (40), taking as input a full-genome alignment (included invariant sites) prepared using
Snippy, as described above, and the maximum likelihood (ML) phylogeny as a guide tree, with
polytomies removed from the FastTree using a custom python script (https://github.com/kwongj/nw
_multi2bifurcation). The results were visualized using a custom Python script to render separate and
superposable images of extant and ancestral inferred recombination regions (https://github.com/
kwongj/cfml-maskrc). Molecular clock-likeness of the ML tree with ClonalFrameML-adjusted branch
lengths was assessed using TempEst version 1.5 (http://tree.bio.ed.ac.uk/software/tempest/).

Phylogeographic analysis. Variant detection for the 64 environmental genomes was undertaken by
running snippy-core. Core SNPs were used to reconstruct a phylogenomic tree with FastTree that was
overlaid upon a base map in GenGIS (41). Victorian population mesh data were downloaded from the
Australia Bureau of Statistics webpage (http://www.abs.gov.au/AUSSTATS/abs@.nsf/DetailsPage/1270.0.55
.001July%202016?OpenDocument), and Local Government Area data were downloaded from the Victorian
Government Data Directory webpage (https://www.data.vic.gov.au/data/dataset/lga-geographical-profiles
-2014-beta/resource/f6c49074-0679-4c79-a0db-04dac8eda364).

DAPC model building using core SNPs. Discriminant analysis of principal components (DAPC) is a
multivariate method that tries to reconstruct hypothesized subdivisions in a given population (typically
formed from demographic or phenotypic information) using genomic data (42). DAPC was implemented
in the R package adegenet version 2.0.1 (42). For input, we used a matrix of SNPs for all genomes
originating from infection clusters that possessed at least one environmental and clinical representative
(Table S1). SNP detection was undertaken by running Snippy, and sites that were recombinogenic and/or
invariant among the environmental genomes were discarded. An input SNP matrix of exclusively
environmental isolates (here referred to as the training set) was used to develop a DAPC model. The
training set subdivisions were based on the geographic origin of the environmental isolates (Table S1)
(23). The resultant model was then tested using clinical isolates (here referred to as the validation set).
The ability of the model to predict the environmental source of the validation set genomes was
simulated across the 1st to the 20th principal components, allowing an optimal number of principal
components to be identified. The optimized model was then used to predict the environmental origins
of the clinical isolate genomes.

DAPC model building using cgMLST variation. In order to detect variants within the recently
described cgMLST regions, reads were mapped to the L. pneumophila Philadelphia chromosome (acces-
sion no. NC_002942.5) using Snippy. SNP profiles from within the cgMLST regions were reduced to allelic
integers, with all genes containing zero coverage or uncertain base calls excluded. Allelic integers were
concatenated into a matrix and, using the same DAPC model building method as mentioned above,
models were established using the training set environmental genomes and used to predict the origins
of the validation set clinical isolate genomes.

Accession number(s). All sequence reads and the completed genome are available under GenBank
BioProject no. PRJEB13594 and PRJNA319136.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM

.01482-17.

SUPPLEMENTAL FILE 1, PDF file, 1.9 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
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Summary	

From	this	work	the	key	findings	were	that:	

• That	the	Melbourne	Aquarium	outbreak	isolates	had	high	sequence	conservation	and	

dominance	of	a	single	genotype.	

• That	 SNP-based	 typing	with	 threshold	 cutoffs	will	 not	 necessarily	 provide	 sufficient	

discriminative	 power	 as	 such	 approaches	 will	 be	 confounded	 by	 the	 presence	 of	

indistinguishable	genotypes	present	in	unrelated	cases	and	polyclonal	outbreaks.	

• That	it	is	possible	to	build	predictive	models	based	on	environmentally	derived	genomes	

that	 help	 in	 identifying	 the	 source	 of	 clinical	 isolates	 during	 complex	 outbreak	

investigations	in	both	the	community	and	hospital	environments.	
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Comparative	genomics	shows	Mycobacterium	ulcerans	migration	and	expansion	has	

preceded	the	rise	of	Buruli	ulcer	in	south-eastern	Australia	
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Introduction	

Determining	a	pathogen’s	mode	of	transmission	and	infectious	reservoir	is	a	major	goal	in	the	

fight	against	 infectious	diseases,	 as	 such	knowledge	allows	 for	 the	deployment	of	 evidence-

based	 strategies	 to	 manage	 outbreaks	 and	 prevent	 future	 occurrences.	 Buruli	 ulcer	 is	 a	

neglected	tropical	disease	for	which	both	the	mode	of	transmission	and	infectious	reservoirs	

remain	unknown.	Studies	have	employed	conventional	genotyping	technologies	to	assess	the	

relatedness	of	disease	isolates,	however	they	have	failed	to	provide	sufficient	detail	to	conduct	

micro-epidemiological	 studies	 (204-208,	 210).	 This	 shortcoming	 can	 be	 explained	 as	 M.	

ulcerans	populations	have	little	genetic	diversity	and	that	such	technologies	only	interrogate	

minute	regions	of	the	genome.		

	

In	this	chapter,	genomics	was	used	to	provide	greater	strain	discriminating	ability	and	to	model	

the	historical	spatial	and	temporal	as	well	as	population	demographic	dynamics	of	M.	ulcerans	

in	Australia.	The	following	research	questions	were	investigated:	

• What	are	the	evolutionary	relationships	among	Australian	M.	ulcerans	isolates?	

• Can	 genomics	 provide	 insights	 into	 unexplained	 epidemiological	 trends	 of	 case	

reporting?	

• Can	genomics	reveal	a	deeper	truth	on	the	origins	of	M.	ulcerans	in	Australia?	
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Published	 manuscript:	 “Comparative	 genomics	 shows	Mycobacterium	 ulcerans	

migration	and	expansion	has	preceded	the	rise	of	Buruli	ulcer	in	south-eastern	

Australia”	

	

The	methods	and	results	for	this	research	study	were	reported	in	a	manuscript	published	in	

Applied	and	Environmental	Microbiology:	

Andrew	H.	Buultjens,	Koen	Vandelannoote,	Conor	J.	Meehan,	Miriam	Eddyani,	Bouke	C.	de	Jong,	

Janet	A.	M.	Fyfe,	Maria	Globan,	Nicholas	J.	Tobias,	Jessica	L.	Porter,	Takehiro	Tomita,	Ee	Laine	

Tay,	 Torsten	 Seemann,	 Benjamin	 P.	 Howden,	 Paul	 D.	 R.	 Johnson	 and	 Timothy	 P.	 Stinear.	

Comparative	genomics	shows	Mycobacterium	ulcerans	migration	and	expansion	has	preceded	

the	rise	of	Buruli	ulcer	in	south-eastern	Australia.	J	Appl	Environ	Microbiol.	2018	Feb;	

doi:10.1128/AEM.02612-17.	
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Comparative Genomics Shows That Mycobacterium ulcerans
Migration and Expansion Preceded the Rise of Buruli Ulcer in
Southeastern Australia

Andrew H. Buultjens,a,b Koen Vandelannoote,c Conor J. Meehan,c Miriam Eddyani,c Bouke C. de Jong,c Janet A. M. Fyfe,d

Maria Globan,d Nicholas J. Tobias,a Jessica L. Porter,a Takehiro Tomita,e Ee Laine Tay,f Torsten Seemann,b,g

Benjamin P. Howden,b,e,h Paul D. R. Johnson,h Timothy P. Stineara,b

aDepartment of Microbiology and Immunology, Doherty Institute for Infection and Immunity, University of
Melbourne, Melbourne, Victoria, Australia
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fHealth Protection Branch, Department of Health & Human Services, Melbourne, Victoria, Australia
gMelbourne Bioinformatics, University of Melbourne, Melbourne, Victoria, Australia
hDepartment of Infectious Diseases, Austin Health, Heidelberg, Victoria, Australia

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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Summary	

From	this	work	the	key	findings	were	that:	

• That	 there	has	 likely	been	a	single	 introduction	event	of	M.	ulcerans	 into	each	of	 the	

major	Australian	endemic	areas.	

• That	 Australian	M.	 ulcerans	 may	 have	 evolved	 from	 a	 Papua	 New	 Guinea	 ancestral	

progenitor.	

• That	the	estimated	time	to	the	Victorian	MRCA	in	1766	coincides	with	the	first	arrival	of	

Europeans	in	south-eastern	Australia.	

• That	 M.	 ulcerans	 spread	 west	 in	 Victoria,	 rather	 than	 the	 awakening	 of	 quiescent	

populations.	

• That	 there	 has	 been	 a	 second	 introduction	 of	 M.	 ulcerans	 into	 the	 Rye	 region	 from	

Gippsland.	

• That	the	increase	in	bacterial	population	size	may	be	causing	more	disease	in	humans,	

providing	an	explanation	for	the	apparent	recent	rise	in	cases.	
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Discussion	

In	 this	new	and	exciting	era	of	big	data	 in	biology,	due	 investigation	must	be	carried	out	 to	

evaluate	 the	 utility	 of	 genomics	 to	 assist	 investigations	 into	 confounding	 public	 health	

situations.	This	project	arose	to	meet	this	need,	as	it	demonstrates	through	case-studies	of	three	

pathogens	how	microbial	genomics	can	provide	useful	insights	for	bacterial	pathogens	of	public	

health	importance.	The	three	case	studies	consider	several	key	avenues	relevant	to	infectious	

diseases	including	understanding	pathogen	evolutionary	origins,	the	development	of	tools	for	

prospective	management	of	outbreaks	and	historical	population	dynamics.		

	

Key	Findings	

The	key	findings	in	this	thesis	are	that:	

• Genomic-based	 studies	 aimed	 at	 deconstructing	 and	 better	 understanding	 novel	

pathogens	of	public	health	significance	provide	greater	insights	than	those	conducted	

with	conventional	microbiological	methods.	

• Whole	 genome	 SNP	 based	 analyses	 provide	 greater	 strain	 resolution	 than	 other	

contemporary	approaches	based	on	the	MLST	framework.	

• Genomic-based	 machine	 learning	 approaches	 developed	 using	 prospective	

environmental	sampling	have	utility	in	outbreak	investigations.	

• Genomic	 insights	 can	 provide	 plausible	 explanations	 for	 observed	 epidemiological	

trends	and	deliver	greater	understanding	of	disease	transmission.	

	

Strengths	and	limitations	

Genomic	analysis	is	a	complex	task	that	can	be	undertaken	through	a	variety	of	approaches,	

each	of	which	have	specific	 strengths	and	weaknesses.	A	 strength	of	 the	work	presented	 in	
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Chapter	2	and	Chapter	3	was	the	use	of	real-time	single	molecule	sequencing	technology.	Here	

genomes	were	 fully	 assembled	 for	E.	 faecium	 and	L.	 pneumophila.	 These	 complete	 genome	

reconstructions	 served	 as	 critical	 resources	 for	 high-resolution	 population-based	 analyses.	

Without	such	high	quality,	finished	genome	sequences,	alternative	and	less	related	reference	

genomes	would	have	been	used.	Recent	research	has	shown	that	the	accuracy	of	variant	calling	

by	 techniques	such	as	 read-mapping	 is	 contingent	on	 the	use	of	a	 reference	genome	 that	 is	

closely	related	to	the	bacterial	population	under	investigation	(230).	

	

Analyses	presented	in	Chapter	2	provide	high-resolution	insights	into	the	genomic	differences	

of	the	recently	emerged	E.	faecium	ST796	to	that	of	other	E.	faecium	clones.	Despite	this,	without	

having	a	solid	understanding	for	how	such	genomic	changes	might	impact	pathogen	phenotype,	

such	 insights	are	of	 limited	practical	 value.	 In	 this	way,	 it	 is	not	until	 enough	knowledge	of	

functional	consequences	are	attained	that	the	true	promise	of	genomics	can	be	afforded.	

	

Since	publishing	the	work	in	Chapter	2,	E.	faecium	ST796	has	been	detected	in	Swiss	hospitals	

(231).	Investigators	made	use	of	the	finished	reference	genome,	established	in	Chapter	2,	to	

conduct	their	comparative	genome	analyses	(231).	Analyses	based	on	this	reference	exposed	a	

strong	genomic	association	among	isolates	from	the	outbreak	in	Switzerland	and	those	from	

Australia	(231).	This	highlights	the	value	of	Australia’s	use	of	WGS	for	investigation	purposes,	

as	 such	 work	 allowed	 for	 high-resolution	 compatibility	 and	 comparability	 with	 outbreak	

investigations	in	a	European	institution.	

	

The	supervised	machine	learning	approach	presented	in	Chapter	3	demonstrates	a	powerful,	

alternative	method	to	phylogeny	interpretations	to	accurately	predict	the	source	attribution	of	

L.	 pneumophila	 outbreaks.	 However,	 one	 issue	 with	 this	 approach	 is	 its	 lack	 of	 negative	
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predictive	capacity.	This	issue	is	largely	due	to	the	simplicity	of	the	model,	in	that	it	behaves	as	

if	the	world	is	only	composed	of	the	cooling	tower	groups	used	for	training.	More	specifically,	

this	problem	is	known	as	closed	set	classification,	in	that	there	is	no	allowance	for	an	‘other’	or	

‘unknown’	 possible	 assignments.	 This	means	 that	 if	 this	method	were	 used	 to	 classify	 a	 L.	

pneumophila	 isolate	 originating	 outside	 the	 locations	 used	 for	 model	 training	 it	 would	

incorrectly	assign	it	to	one	of	the	training	locations.	At	present,	the	approach	does	not	provide	

any	indications	for	such	a	misattribution.	Efforts	to	potentially	overcome	this	issue	include	the	

use	of	a	collection	of	single	group	classifiers	that	assign	isolates	to	individual	groups	based	on	

probability	values.	

	

The	population	genomics	analyses	of	M.	ulcerans	reported	in	Chapter	4	makes	the	assumption	

that	 the	pathogen	population	 infecting	humans	 is	derived	 from	and	 is	 representative	of	 the	

greater	 population,	 including	 those	 residing	within	 environmental	 reservoirs.	While	 this	 is	

likely	a	safe	assumption,	it	has	not	been	demonstrated,	as	no	environmentally	derived	genomes	

were	sequenced,	owing	to	the	technical	challenges	of	culturing	M.	ulcerans	from	environmental	

specimens.	

	

An	 additional	 strength	 of	 this	 study	 was	 the	 availability	 of	 relevant	 bacterial	 isolates	 for	

sequencing.	 The	 partnerships	 at	 the	 Doherty	 Institute	 between	 the	 Department	 of	

Microbiology,	the	Microbiological	Diagnostic	Unit	(MDU)	and	the	Victorian	Infectious	Disease	

Reference	Laboratory	(VIDRL)	allowed	for	the	availability	of	many	contemporary	and	historical	

isolates	 that	 were	 used	 in	 this	 research.	 In	 particular,	 VIDRL	 provided	 access	 to	 early	M.	

ulcerans	 clinical	 isolates	 that	 were	 originally	 prepared	 by	 Alfred	 Hospital	 Pathology	

Department	in	the	1940s.	Having	access	to	such	temporally	diverse	isolates	permitted	a	greater	

ability	to	perform	the	temporal	dating	analyses	that	were	reported	in	Chapter	4.	
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The	genomic	analyses	undertaken	as	part	of	this	investigation	made	use	of	both	read	mapping	

and	de	novo	assembly	of	short	read	data	to	detect	genomic	variants.	While	these	are	pragmatic	

and	widely	accepted	methods	for	comparative	genomic	analysis,	alternative	raw-read	based	

approaches	have	the	potential	to	expand	the	detection	of	genomic	variants.	One	such	approach	

is	to	count	short	DNA	oligomers	with	length	k;	entities	know	as	k-mers.	Kmers	counted	from	

reads	sets	allow	for	comparisons	among	isolates	based	upon	either	the	number	of	counts	or	

simply	just	the	presence	and	absence	of	the	k-mers	for	an	isolate.	The	advantage	of	using	k-

mer-based	methods	in	genomic	variant	discovery	is	that	they	do	not	necessitate	read	mapping	

and	 are	 therefore	 not	 susceptible	 to	 misassembly	 issues,	 as	 they	 are	 applied	 to	 original	

sequence	 data.	 In	 this	 way,	 k-mers	 have	 the	 potential	 to	 simultaneously	 detect	 variations	

caused	by	SNPs,	 indels,	 copy	number	and	 larger	DNA	structural	 changes.	 In	 addition	 to	 the	

detection	of	variants,	k-mer	counts	depict	the	abundances	of	variants,	allowing	for	comparisons	

of	 k-mer	 frequency	 between	 isolates.	 Future	 work	 along	 the	 lines	 presented	 in	 this	

investigation	could	make	use	of	k-mer	variation	to	delve	deeper	into	the	associations	between	

bacterial	genomes	and	phenotypes,	or	to	find	additional	genome	variations	that	can	be	used	to	

implicate	pathogen	sources.	

	

It	 is	 important	 to	 acknowledge	 that	 all	 analyses	 conducted	 as	 part	 of	 this	 project	 were	

undertaken	 in	 a	 research	 rich	 environment	 that	 was	 well	 equipped	 with	 sequencing	 and	

bioinformatic	facilities.	This	infrastructure	was	critical	to	carry	out	such	investigations.	Such	

resources	and	analyses	might	be	limited	in	routine	diagnostic	laboratories,	and	so	redressing	

this	deficiency	will	be	critical	to	ensure	genomics	becomes	more	widely	accessible.	
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Importance	and	implications	for	public	health	microbiology	

The	 research	 in	 this	 thesis	 demonstrates	 the	 utility	 of	 microbial	 genomics	 to	 generate	

important	 insights	 into	pathogens	of	public	health	 importance.	The	value	of	such	 insights	 is	

likely	to	translate	into	public	health	benefits,	including	reduced	infectious	disease	burden	and	

public	health	expenditure.		

	

Work	from	Chapter	2	has	provided	insights	into	the	likely	origins	of	a	novel	and	highly	hospital-

adapted	 lineage	 of	E.	 faecium.	 Such	 findings	 highlight	 the	 ability	 of	 novel	 hospital-adapted	

lineages	to	emerge	through	genomic	changes,	presumably	in	response	to	varying	conditions	in	

the	 health	 care	 environment.	 Work	 undertaken	 in	 Chapter	 3	 exposed	 weaknesses	 with	

traditional	phylogenetic	approaches	that	might	lead	to	the	misidentification	of	L.	pneumophila	

outbreak	sources.	Given	these	limitations,	a	statistical	learning	alternative	was	developed	that	

removes	the	uncertainty	of	deducing	disease	transmission	from	phylogenies.	The	findings	in	

Chapter	4	showed	that	there	has	been	a	westward	migration	of	M.	ulcerans	that	was	followed	

by	 a	 substantial	 increase	 in	 pathogen	 population	 size.	 These	 analyses	 demonstrate	 that	M.	

ulcerans	is	introduced	to	a	new	environment	and	then	expands,	rather	than	the	awakening	of	a	

quiescent	 pathogen	 reservoir.	 Such	 findings	 inform	 our	 understanding	 of	 Buruli	 ulcer	

transmission	 and	 provide	 a	 different	 perspective	 on	 how	 to	 control	 this	 disease.	 The	

importance	of	this	finding	is	that	the	emergence	of	an	endemic	is	predicated	on	the	spread	of	

the	bacterium	and	suggests	that	efforts	to	limit	the	environmental	movement	of	this	pathogen	

could	prevent	the	rise	of	new	disease	endemic	areas.	
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Future	directions	

The	genomic	changes	observed	to	have	accompanied,	or	perhaps	driven,	the	emergence	of	the	

E.	faecium	ST796	lineage	in	Chapter	2	provides	the	groundwork	for	further	studies	to	assess	

for	functional	consequences	on	pathogen	phenotypes.	Here,	phenotypes	and	genotypes	could	

be	linked	through	gene	knockout	and	targeted	mutation-based	experiments.	An	example	of	this	

approach	 to	 find	mutations	 linked	 to	 a	 particular	 phenotype	 is	 provided	with	 the	 research	

arising	during	this	thesis	on	alcohol	tolerance	in	E.	faecium	(232).	

	

Considering	the	limitations	of	the	machine	learning	approach	developed	in	Chapter	3,	further	

work	could	assess	the	use	of	alternative	modeling	methods.	One	alternative	could	be	to	train	a	

single	group	classifier	to	firstly	evaluate	if	a	particular	isolate	will	be	suitable	for	classification	

with	the	model,	as	assessed	through	membership	probability.	Further	alternatives	may	be	to	

incorporate	epidemiological	information	such	as	patient	residential	areas	as	additional	model	

covariates.	

	

Given	 that	 the	 population	 genomic	 analyses	 in	 Chapter	 4	 only	 considered	 the	 genomes	 of	

clinical	isolates,	innovative	ways	to	incorporate	environmentally	derived	genomes	should	be	

investigated.	One	such	means	may	be	through	the	development	of	a	novel	isolation	technique	

that	 can	 successfully	 separate	 M.	 ulcerans	 from	 other	 competing	 environmental	

microorganisms.	With	such	a	method,	environmentally	derived	M.	ulcerans	 isolates	could	be	

incorporated	 in	 the	 WGS	 workflow	 just	 as	 that	 of	 their	 clinical	 isolate	 counterparts.	 An	

alternative	 approach	 might	 be	 to	 employ	 deep	 sequencing	 or	 metagenomics	 to	 directly	

sequence	M.	ulcerans	genomes	from	environmental	specimens.		
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Conclusions	

The	advent	of	affordable	microbial	genomics	is	a	disruptive	force	that	 is	changing	biological	

research,	with	 public	 health	microbiology	 being	 no	 exception.	 Public	 health	 problems	 pose	

unique	challenges,	 in	that	they	draw	from	numerous	scientific	disciplines	to	advance	crucial	

understandings	that	can	translate	into	practical	interventions.	As	microbial	genomics	is	largely	

unchartered	territory	for	public	health	microbiology,	significant	development	and	validation	

work	 needs	 to	 be	 undertaken.	 Using	 the	 information	 rich	 datasets	 provided	 by	 microbial	

genomes	 affords	 deep	 insights	 into	 evolutionary	 drivers,	 disambiguation	 of	 clinical	 source	

attribution	 and	 tracking	 of	 pathogen	 movement	 patterns.	 Together	 with	 well-established	

epidemiological	 approaches,	microbial	 genomics	 can	 augment	 these	 traditional	methods	 to	

afford	 deeper	 understandings	 for	 the	 dynamics	 behind	 clinically	 relevant	 pathogens.	 This	

thesis	showcases	the	application	of	microbial	genomics	to	public	health	problems	with	three	

distinct	bacterial	pathogens.	In	this	work	and	that	of	others,	microbial	genomics	can	support	

and	 extend	 what	 was	 formerly	 achievable	 with	 traditional	 approaches	 -	 findings	 that	

substantiate	the	vision	of	genomics	as	a	cornerstone	of	public	health	microbiology	practice.	
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