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Abstract 
Staphylococcus aureus is a common cause of bacterial infections in humans and a leading nosocomial pathogen, 

associated with significant morbidity, mortality and economic impact. A cornerstone in the evolution of 

staphylococcal lineages that infect humans has been their remarkable ability to rapidly and efficiently develop or 

acquire mechanisms of antimicrobial resistance, impacting effective disease management, prevention, and 

eradication. Improving these measures or developing novel approaches requires a comprehensive understanding 

of the infecting agent and while S. aureus has been extensively studied there remains considerable gaps in our 

knowledge surrounding this pathogen, especially concerning population dynamics. What drives the emergence 

and/or persistence of certain staphylococcal lineages? What evolutionary pathways and molecular mechanisms 

are being utilised and under what circumstances? What environmental and host factors have the greatness 

influence on bacterial population adaptation? And ultimately, what are the consequence of these population level 

changes and what impact do these have on staphylococcal disease? 

This thesis represents three projects undertaken to strengthen our understanding of the evolutionary dynamics 

surrounding staphylococcal population adaptation, using a combination of comparative genomics and detailed 

phenotypic profiling to provide insight into antibiotic-resistant lineages of S. aureus that circulate in Australia and 

New Zealand.  

The first project investigated the long-term persistence of the globally disseminated, multidrug resistant 

hospital-associated methicillin-resistant S. aureus (MRSA) lineage ST239 in Australia. From this work, it has 

been identified that the ST239 MRSA population circulating in Australia represents not one, but two genetically 

distinct clades; the previously unrecognised introduction of the Asian-Australian clade followed by successful 

local expansion in the state of Victoria has contributed to the persistence of ST239 by supplementing the 

diminishing population size of the local clone, the Australian clade. The ability of the Asian-Australian clade to 

spread following its introduction is owed to the reduced susceptibility this population developed against 

anti-MRSA antibiotics, namely the glycopeptides and daptomycin, prior to its importation. This same phenotype 

has convergently emerged in the local Australian clade. However, this adaption has come at a cost as both clades 

were found to have reduced replicative fitness and impaired pathogenic potential, the latter occurring through loss 

of functionality or reduced expression of a staphylococcal global virulence regulatory system, the accessory gene 

regulator.  

The second project considered a different evolutionary circumstance; the rapid emergence of a novel MRSA 

lineage in the New Zealand community. This region has a high incidence of staphylococcal skin and soft tissue 

infection and over the last two decades has seen a significant shift in the local molecular epidemiology of 

S. aureus, with the emergence of multiple fusidic acid resistant clones. This work has focused on the predominant 

MRSA lineage, an ST5 clone locally referred to as AK3. Genomic investigation of this lineage has found that 
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AK3 represents a single phylogenetic clade that has arisen through local population expansion, having emerged 

from a resident fusidic acid susceptible methicillin-susceptible S. aureus upon the acquisition of a novel chimeric 

SCCmecIVa-fusC II mobile element harbouring the fusidic acid resistance determinant fusC. This phenomenon 

was not restricted to ST5, with the other newly emerged lineages having acquired fusC via structurally distinct 

SCC and SCCmec elements. Indicating that, the unregulated use of fusidic acid in the region has supported the 

emergence and expansion of these novel lineages and is potentially contributing to the high local incidence of 

staphylococcal infection.  

Mobile elements can greatly influence staphylococcal populations, therefore the third project focused on exploring 

the evolution of the multidrug resistant plasmid family pSK1 and the role it has played in augmenting 

antimicrobial resistance and biocide tolerance in the ST239 MRSA population in Australia. Modelling the 

evolutionary history of this plasmid identified that it emerged during the late 1970s and over the following four 

decades has undergone significant structural change, involving a combination of chromosomal integration, 

transposon loss/gain, structural inversion and deletion events. When aligned to a phylogenetic model of the ST239 

population, it became apparent that these changes in plasmid configuration represented a clear pathway of 

step-wise adaptation; the shortened, chromosomally integrated plasmid structural variants having emerged on 

multiple occasions in a convergent manner. Further, these changes correlated with the development of enhanced 

tolerance against chlorhexidine, an important finding as it implicates biocide use as a factor potentially influencing 

MRSA evolution.  

Collectively, this work enhances our understanding of how antibiotic-resistant lineages of S. aureus evolve and 

adapt; exemplifying the evolutionary pathways facilitating adaptation in staphylococcal populations and the 

circumstances under which they are used. Further, it provides detailed insight into two highly successful lineages 

of MRSA. This knowledge can be exploited to improve measures that reduce the burden of antibiotic-resistant 

staphylococcal infection. Importantly, this work enhances and reinforces our awareness about the consequences 

of antimicrobial overuse and misuse.
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1.1 The Staphylococci 
The genus Staphylococcus represents more than 70 species and subspecies of Gram-positive, predominantly 

catalase positive, non-motile, facultative or strict anaerobic bacteria; distinguished by their spherical shape and 

ability to divide in multiple planes, resulting in the formation of clusters of cocci (1, 2).  Historically, the 

staphylococci were classified alongside the micrococci in the family Micrococcaceae because of their shared 

morphology and ability to breakdown hydrogen peroxide. The introduction of molecular biology has seen the 

staphylococci reclassified, first being added to the Bacillus-Lactobacillus-Streptococcus cluster and in 2004 

designated to the family Staphylococcaceae, alongside other genera which share similar molecular, phenotypic, 

and biochemical characteristics (3-5). 

Many staphylococcal species are common colonisers of the skin and mucus membranes in mammals and birds, 

only causing disease when innate immune barriers are compromised (6), such as disruption to the cutaneous 

epithelium, be through trauma or medical intervention. The most common staphylococcal species to colonise 

humans is S. epidermidis, however, the majority of staphylococcal disease in humans is caused by S. aureus. 

Commonly known as “Golden Staph”, S. aureus is primarily a commensal of the skin, nares and perineum, and 

carried by approximately one third of the human population at any given point in time, with carriage being 

predominantly transient (7-10). In most cases, the interaction between S. aureus and humans is benign (11). 

Nonetheless, S. aureus maintains the capacity to cause disease when innate immune barriers are breached and has 

been a recognised leading cause of bacterial infections in humans since it was first described in the late 19th century 

(12), with significant attributed morbidity and mortality (13, 14). 

As a result of its importance in human disease, S. aureus has been extensively studied and the body of research 

concerning this pathogen is immense. The information provided in Chapter 1 is not intended to provide an 

exhaustive account of the literature surrounding S. aureus but rather a synopsis of the background knowledge 

relevant to this bacterium. Subsequently, provided is an overview of key concepts in staphylococcal research, 

namely pathogenicity and virulence, antimicrobial resistance, the staphylococcal genome, and mobile genetic 

elements. Following these are more detailed discussions of specific topics that are relevance to the work presented 

in Chapters 2, 3 and 4.  

 

1.2 The Pathogen S. aureus 
Staphylococcal disease can present as a wide array of clinical conditions with varying disease severity (10, 15, 

16). These range from mild and self-limiting skin and soft tissue infections [SSTI] (eg. boils, folliculitis, cellulitis 

and impetigo), to more sever conditions (eg. osteomyelitis, septic arthritis, post-surgical and device-related 

infection), through to acute life-threatening invasive conditions (eg. septicaemia, infective endocarditis, 

meningitis and necrotising pneumonia) (7, 13). In the pre-antibiotic era, the prognosis of patients suffering from 
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severe S. aureus infection was extremely poor. One retrospective study from the late 1930s reported a mortality 

rate in excess of 80% in cases of septicaemia (17). The introduction of penicillin into clinical use in the early 

1940s radically altered the way in which infectious diseases were managed and provided a substantial reduction 

in the associated mortality of staphylococcal disease (18-20). However, staphylococcal infections have remained 

a major public health burden and S. aureus is a leading cause of nosocomial disease.  

Because of the extreme disparity in disease severity, clinical manifestation, and with some ethnicities 

disproportionately affected (21, 22), it has been a challenge to accurately quantify the global burden of 

staphylococcal infection. Most studies have focused on well-defined populations and only a single or small 

number of clinical conditions. Bacteraemia is often investigated because in the great majority of invasive S. aureus 

infections the organism can be recovered from blood (23). For this reason, monitoring the isolates responsible for 

S. aureus bacteraemia (SAB) can provide useful insight into genomic and phenotypic shifts occurring in the wider 

invasive disease-causing population, such as changes in the molecular epidemiology and antimicrobial resistance 

profiles which may impact on clinical outcome. The incidence of SAB in industrialised countries has been 

estimated to range between 10 to 50 per 100,000 person-years, with case fatality ranging from 15 to 25% (24-27). 

In Australia and New Zealand, the incidence of SAB is estimated to range from 11.5 to 35 per 100,000 population 

(21, 28), and 16.9 to 41 per 100,000 population (29, 30), respectively. However, without consistent methodology 

limited comparisons can be made between studies from different regions.  

Although SAB is one of the most well-described presentations of staphylococcal disease, by far the most common 

clinical manifestation is SSTI, for which S. aureus is one of the most frequently identified aetiological agents (31-

33). Data surrounding the incidence of SSTI is biased towards severe infection as medical attention is less 

commonly sought when the disease is more benign. However, the data that is available has suggested that the 

incidence of SSTI is escalating in multiple regions (34-37). Of particular relevance to the research undertaken in 

this thesis is the increasing incidence of SSTI in New Zealand over the last two decades; with national 

hospitalisation rates for staphylococcal SSTI estimated to have doubled from 81 to 140 cases per 100,000 

population between 2000 and 2011 (37). In the last decade, the incidence of SSTI in the region has remained high, 

associated with a substantial shift in the molecular epidemiology of local circulating S. aureus populations and 

the emergence of genetic lineages that display resistance to topical antimicrobials (22, 38, 39); a phenomenon that 

has been investigated further in Chapter 3 of this thesis. 

Staphylococcal colonisation and disease is not limited to humans and has been reported in a range of animal hosts, 

from companion animals to livestock, birds and more exotic mammals (40-44). The role of S. aureus as a zoonotic 

pathogen is outside the scope of this thesis and will not be discussed further. However, it does demonstrate the 

ability of S. aureus to colonise or cause infection in a range of hosts and physical settings; an attribute that is 

facilitated by the extensive genetic diversity of the species and the flexible nature of its genome, making S. aureus 

a highly versatile pathogen. 
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1.3 The Genome of S. aureus 
The first complete staphylococcal genomes were published in the early 2000s (45-49). The examination and 

comparison of these original sequences, some of the earliest examples of comparative staphylococcal genomics, 

provided the first glimpse into the gene composition, virulence and antimicrobial resistance repertoires, and 

evolutionary mechanisms that form and shape S. aureus. As the availability of complete staphylococcal genomes 

has increased, genomic trends in the species have emerged. A typical S. aureus chromosome is approximately 2.8 

mega-bases (Mb) in length with 2500-2800 predicted protein coding sequences (CDS) (50, 51). It is estimated 

that 75-80% of the genome, equating to ~2.3 Mb, is conserved across the species both in gene composition and 

organisation (50, 52). These regions are termed the core genome and are primarily composed of essential 

metabolic, regulatory and housekeeping genes, in addition to several genes that contribute to pathogenicity (45, 

50). The remaining regions, termed the accessory or auxiliary genome, are primarily composed of mobile genetic 

elements (MGE), a source for acquired mechanisms of virulence and antimicrobial resistance (53-55). 

Currently, there are more than 43,000 S. aureus whole genome sequences (WGS) deposited in public repositories 

(56), with 358 classified as complete genomes in the National Centre for Biotechnology Information GenBank 

database as of the January 2019 (Figure 1.1). Although sequencing efforts in this species have been biased (56), 

with an overrepresentation of isolates that display enhanced pathogenic potential, antimicrobial resistance or 

represent clinically significant lineages, the diverse demography of this collection has revealed the extensive 

genomic landscape of S. aureus and underscores the species’ potential to evolve and adapt. 

1.3.1 Lineage Classification 

Staphylococcus aureus, like many pathogenic bacterial species, is genetically diverse and lineage classification is 

key to understanding the population’s structure and evolutionary history. Multiple typing methods have been 

developed over the last few decades enabling the establishment of population subdivisions. Several are broadly 

applied to bacteria, but some are genus- or even species-specific. In both cases, these methods were designed to 

identify variation in genetic sequences or encoded protein products, with almost all considering only a single or 

small number of targets.  

In S. aureus, some of the earliest typing methods include restriction fragment length polymorphism (RFLP) and 

multi-locus enzyme electrophoresis (MLEE). The prior detects sequence dissimilarity by site-specific enzymatic 

cutting of DNA, probe hybridisation and then comparison of fragment lengths, whereas the latter assess changes 

in the electrophoretic properties of enzymes (57-60). S. aureus specific methods include spa and dru typing, with 

both identifying sequence variation in known variable regions; the prior targeting the S. aureus protein A (spa) 

gene and the latter targeting the direct-repeat unit (dru) located within a MGE common to methicillin-resistant 

S. aureus (61-63). Multiple alternative methods have been developed, however the most widely used are pulse-

field gel electrophoresis (PFGE) and multi-locus sequence typing (MLST). An improvement of RFLP, PFGE use 

site-specific enzymatic cutting to fragment DNA and a modified gel electrophoresis technique to visualise the 

fragmentation profiles (64). A key limitation to PFGE is that a single structural change in the bacterial genome 

which alters the restriction enzyme target location can alter the fragmentation profile and lead to isolate 

misclassification. 
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Developed in the 1990s, MLST provided an alternative to PFGE that was less sensitive to changes in genome 

structure and had improved reproducibility across independent laboratories (65). MLST classification is based on 

allelic variation at seven highly conserved housekeeping genes. In S. aureus these are arcc, aroe, glpf, gmk, pta, 

tpi, and yqil (66). Each variant gene sequence is assigned an allelic number, with each unique combination of 

alleles assigned a sequence type (ST), and STs grouped into a clonal complex (CC) based on sharing six of the 

seven alleles with another member. The substantial number of allelic combinations makes it highly improbable 

for two genetically unrelated isolates to be assigned the same ST/CC, excluding recombination or horizontal 

transfer events involving MLST genes.  

A key limitation of MLST and all typing methods discussed here is that they lack fine-scale resolution and 

subsequently have reduced utility in analyses that require technology, specifically WGS, that can discriminate at 

the level of a single nucleotide change. That aside, MLST and variations of this method (eg. core-genome and 

whole genome MLST) are currently the most widely employed typing method and for species such as S. aureus, 

where vertical decent is the principal mode of evolution, they have proven to be an accurate technique from which 

to broadly infer evolutionary history (67-70).  

 

 

Figure 1.1 Genetic diversity of S. aureus. Neighbour-joining phylogenetic tree constructed from the 

presence/absence of 10,000 k-mers for the 358 complete S. aureus genome available in GenBank as of January 

2019. Clonal complexes represented by more than three genomes are annotated and lineages relevant to this thesis 

are outlined in red. 
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1.4 Antimicrobial Resistance in S. aureus 
The development of mechanism that enable microbes to survive in the presence of antimicrobial agents was a 

genetic inevitability given that these chemicals act to suppress growth (bacteriostatic) or are lethal to the cell 

(bactericidal), establishing a strong selective pressure and adaptive advantage for those microbes that have 

developed or acquired mechanisms to survive and replicate in the presence of these agents (71, 72). When the 

widespread release of antibiotics into clinical use has been compared with the earliest reports of resistance 

development (Figure 1.2), two phenomena are apparent: (i) pathogenic bacteria, with S. aureus as a prime 

example, have consistently developed or acquired mechanisms to combat all clinically-utilised agents, and (ii) the 

time between the release of the agent into clinical use and the detection of resistance is frequently short (19, 72, 

73). Both phenomena can be explained by the fact that conventional antimicrobial agents are natural products (or 

synthetic variants); chemicals developed by microbes as defence mechanisms against other microbes (74). 

Therefore, the selection pressure to develop or acquire mechanisms of resistance began much earlier than the 

“antibiotic era”, and their clinical utility has simply intensified the need amongst bacterial populations to rapidly 

disseminate the genetic material encoding these pre-evolved mechanisms (75).  

 

 

 

 

Figure 1.2 Timeline of the development and/or clinical use of antimicrobial agents and the in vivo emergence 

of resistance in S. aureus; modified from Figure 1 presented in (73), with data sourced from the following 

publications (20, 72, 74, 76-88). Year of discovery [d] and/or clinical use [c] of antimicrobial agents are presented 

above the timeline. Year in which resistance was first reported in S. aureus is presented below the timeline. 
a Indicates discrepancies between publications in reported year. b Indicates antimicrobials in which in vitro 

resistance was reported before in vivo resistance (the latter is shown). 
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Staphylococcus aureus has demonstrated a remarkable capacity to both develop and acquire mechanisms of 

antimicrobial resistance, with the identification and comprehension of these systems the focus of an extensive 

body of research. Early molecular biology studies focused on the effect of small chromosomal mutations in 

altering phenotypic susceptibility. For example, mutations that structurally change an antibiotic’s cellular target 

to reduce binding affinity, or modulate gene expression to increase or decrease target availability (89). Despite 

research efforts, the spectrum of small chromosomal mutations mediating antibiotic resistance remains largely 

undefined because of their tremendous diversity, both in genome location and mechanism of action. Developing 

improved tools and techniques to explore this resistance-associated mutational landscape is the focus of current 

research efforts and progress is being made through merging high-throughput genomic techniques with traditional 

microbiological approaches (90). 

Although important, chromosomal mutations alone cannot explain the rapid pace with which S. aureus has 

developed resistance to almost all classes of clinically relevant antibiotics (19, 73, 74, 91). Single- and multi-

nucleotide polymorphisms (SNP, MNP) arise primarily through stochastic processes; the result of errors that occur 

during DNA replication and from DNA damage. Only through the accumulation of mutations over a long period 

of time can a genotype be achieved that is both advantageous and non-deleterious in the antimicrobial-exposed 

environment (52, 92). Through the later discovery of MGEs and horizontal gene transfer (HRT), it was established 

that antibiotic resistance in S. aureus was largely the result of a mobile ‘resistome’ (50, 52, 53, 93). The intra- and 

inter-cellular movement of resistance- and virulence-associated genes is enabled by a diverse range of 

autonomously mobile genetic entities. These elements have contributed immensely to the evolution and adaptation 

of staphylococcal populations and are discussed further in section 1.6, with their role in augmenting resistance 

investigated in Chapter 4. The remainder of section 1.4 provides an overview of the evolutionary history of 

antimicrobial resistance development in S. aureus, followed by a discussion about some of the ongoing and 

emerging challenges. A summary of the diversity of antimicrobial resistance mechanisms identified in S. aureus 

has been provided in Table 1.1.  

1.4.1 Evolutionary History of Antibiotic Resistant S. aureus 

The evolution and global spread of antibiotic-resistant lineages of S. aureus has commonly been referred to as a 

“wave-like” phenomena, with four well-defined waves having transpired and multiple emerging challenges on 

the horizon. 

First Wave: Penicillin-Resistant S. aureus 

The penicillins represent a group of natural and semi-synthetic chemicals that are some of the oldest and most 

widely used antibiotics; structurally characterised by the presence of a β-lactam ring connected to a thiazolidine 

ring. Although first discovered in 1928, penicillin was not extensively used as a therapeutic agent until the early 

1940s (91). The penicillins are analogues for the D-alanyl[4]-D-alanine[5] (D-ala-D-ala) pentapeptide bridge 

precursor, the site at which cross-linking of the repeating N-acetylglucosamine-N-acetylmuramic acid units in the 

glycan chain occurs during peptidoglycan biosynthesis (Figure 1.3A). This process of cross-linking is termed 

transpeptidation and involves a group of transpeptidase enzymes known as the penicillin-binding proteins (PBPs) 

(94, 95). The interaction between the penicillins and the bacterial cell wall is complex (74, 96), however the chief 
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function of the penicillins is to inhibit the operation of the PBPs (Figure 1.3A). Direct binding to the transpeptidase 

active site precludes the final stage of peptidoglycan biosynthesis and results in significantly impairment to cell 

wall integrity (97, 98). The extent of cell lysis that follows exposure to the penicillins is accomplished through a 

combination of enzymatic inhibition, early termination of peptidoglycan biosynthesis, and the instigation of a 

deleterious cycle of cell wall synthesis and degradation, which occurs when the cell attempts to compensate for 

these changes (96). 

Staphylococcus aureus that could survive in the presence of penicillin, termed penicillin-resistant S. aureus 

(PRSA), were first reported in the early 1940s (91, 99). Resistance was mediated by the production of an enzyme 

(commonly referred to as a β-lactamase or penicillinase) that could hydrolyse the β-lactam ring, rendering 

penicillin inactive (100, 101). In S. aureus, this enzyme (BlaZ) is under the regulation of a penicillin-inducible 

repressor BlaI and anti-repressor BlaR1, encoded by genes of the same name (91, 102). Four variants of BlaZ are 

recognised (types A, B, C and D), with each displaying different hydrolytic properties against the β-lactam 

antibiotics (103). These genes are carried as part of a transposable element in S. aureus (Tn552 or Tn552-like), 

found to be harboured by multiple plasmids (BlaZ types A, C and D) and integrated into the chromosome (BlaZ 

type B) (104).  

 

 

 

 

Figure 1.3 Illustration of late stage peptidoglycan biosynthesis in S. aureus and the mechanisms targeted 

by cell wall active antimicrobial agents, modified from Figure 1 presented in (94). The β-lactams [A] target 

transpeptidation, binding to the transpeptidase enzyme to prevent cross-linking. The glycopeptides [B] target both 

transpeptidation and transglycosylation, by binding to D-ala-D-ala in the pentapeptide. Daptomycin [C] when 

bound to calcium inserts into the cell membrane impairing structural integrity resulting in ion leakage, notably 

potassium efflux. Cell wall active antimicrobial agents that target earlier stages of peptidoglycan biosynthesis are 

not shown. 
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During the 1950s and 1960s, the incidence of PRSA rapidly reached pandemic levels and it is estimated that 80-

90% of all contemporary S. aureus are penicillin resistant (19, 20, 91). Of interest, a recent report noted an increase 

in the prevalence of penicillin-susceptible S. aureus (PSSA) in a hospital in New York, United States (105). A 

similar phenomenon may also be occurring in Australia, as suggested by data collected as part of national 

surveillance of SAB (http://agargroup.org.au/agar-surveys). The factors contributing to this shift in penicillin 

susceptibility are currently undefined but are likely associated with changes in antimicrobial prescribing practices 

in combination with enhanced infection control measures to reduce the burden of resistant-bacterial infections. 

Second Wave: Methicillin-Resistant S. aureus 

To combat the increasing prevalence of PRSA, alterations were made to the structure of penicillin; the inclusion 

of larger moieties to replace the aminoadipoyl chain and sterically hinder binding of the penicillinase enzyme. 

These semisynthetic penicillinase-stable penicillins, termed the antistaphylococcal penicillins, include methicillin, 

oxacillin, flucloxacillin, (di) cloxacillin, nafcillin, and cefazolin. Methicillin was the first to be used clinically, 

released in 1960, but was quickly superseded by the other antistaphylococcal penicillins when it was found to be 

acid labile (74, 106).  

Methicillin-resistant S. aureus (MRSA) were first identified less than a year after the clinical uptake of methicillin 

(107-110), with a recent temporal-phylogenetic study suggesting that the emergence of MRSA may have occurred 

nearly two decades prior to these early reports (75). Unlike penicillin, resistance to methicillin in S. aureus is 

mediated by the acquisition of a gene encoding a structurally modified PBP2, known as PBP2a or PBP2’ (111, 

112), with significantly reduced binding affinity for the antistaphylococcal penicillins. As a bifunctional 

transglycosylase-transpeptidase, PBP2a can substitute for the enzymatic action of all the PBPs, allowing 

peptidoglycan biosynthesis to continue unimpeded in the presence of high concentrations of β-lactams (113, 114). 

This single enzyme confers resistance to all penicillins (natural and semisynthetic), cephalosporins (except 5th 

generation) and carbapenems, and is used as a marker for β-lactam resistant S. aureus, more widely known as 

MRSA (19, 20). PBP2a is encoded for by the mecA gene, under the regulation of a repressor (mecI) and 

antirepressor (mecR1). All are carried by a group of structurally similar MGEs termed the staphylococcal cassette 

chromosome (SCC) elements (20, 54, 115, 116). Orthologs of mecA have been described. The mecB, mecC and 

mecD genes encode structurally altered PBP2 proteins with low affinity for β-lactams, displaying only 60-70% 

amino acid identity to mecA (117, 118). All mec orthologs are carried by SCC or SCC-like structures and have 

been identified in multiple staphylococcal and Gram-positive species and from varied hosts (117-122). 

Third Wave: Healthcare-Associated MRSA 

In the decades following the first reports of MRSA, isolates were increasingly recovered from hospitals around 

the globe (123-130). The lineages representing these early isolates for reasons that remain unclear did not persist 

(75), rather it was the rapid and extensive global spread of the descendants of these archaic MRSA that defined 

the third evolutionary wave (19). Like PRSA, the incidence of MRSA rapidly increased following early reports, 

with the greatest burden of infection felt during the 1980s and 1990s (19). By in large, the majority of MRSA 

infections prior to 1993 occurred in individuals with contact to hospitals and long-term care facilities (131, 132), 

and thus these early pandemic lineages were termed the healthcare-associated (HA) MRSA clones. The 

http://agargroup.org.au/agar-surveys#Staphylococcus-aureus
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evolutionary dynamics surrounding the development of HA-MRSA and their global spread were not revealed 

until the introduction of molecular-based typing schemes, with our knowledge of these events continuing to be 

refined with the use of comparative genomics. 

The earliest theories about HA-MRSA were first reported in the 1990s, following the establishment of basic 

phylogenetic models from molecular based typing techniques, namely RFLP and MLEE. These approaches 

yielded two contradictory hypotheses. (i) The SCC element carrying mecA (SCCmec) was acquired by the species 

only once and through clonal expansion and intercontinental transmission did MRSA disseminate around the 

globe (58). (ii) The SCCmec was acquired on various occasions into genetically divergent S. aureus, establishing 

multiple HA-MRSA lineages within distinct genetic and geographic origins (57). At the time, neither study was 

sufficiently discriminatory to disprove the other but with the continued development and wide spread uptake of 

molecular typing techniques and genomics the latter hypothesis is the most plausible and by far the most widely 

accepted theory.  

It is now known that five major lineages are responsible for the large majority of HA-MRSA infection: CC5, CC8, 

CC22, CC30, and CC45 (19, 67, 133). Each lineage has independently acquired SCCmec on multiple occasions 

(19, 134, 135), and demonstrated an ability to persist in healthcare environments, with all still circulating today. 

The enhanced survival and spread of HA-MRSA lineages has been attributed to the adaptive advantage provided 

in the form of an extensive and varied resistome (19), enabling HA-MRSA to exhibit resistance to multiple 

antibiotic classes. However, the maintenance of extended resistance in HA-MRSA appears to have come at a cost, 

with these lineages often displaying impaired pathogenic potential and reduced fitness compared to their 

susceptible counterparts (136, 137). Although well-studied due to their clinical significance, there remains gaps 

in our knowledge about how HA-MRSA lineages were able to thrive in the highly selective healthcare 

environment and the evolutionary pathways that were utilised to facilitate this; knowledge that will aid in the 

ongoing development of efficacious infection prevention and control measures, and in guiding antibiotic therapy 

and stewardship. Exploring the extended evolution of a dominant lineage of HA-MRSA in Australian hospitals 

to improve our understanding of these dynamics is the focus of the research presented in Chapter 2 of this thesis, 

and the associated publication (137). 

Fourth Wave: Community-Associated MRSA 

The next wave in the evolution of antimicrobial resistant S. aureus is defined by the emergence of the community-

associated (CA) MRSA lineages, so named because they were primarily recovered from individuals without recent 

contact to healthcare environments. The earliest reports of CA-MRSA are from the early 1990s, where multiple 

MRSA cases were identified from indigenous communities in the remote Kimberly region in north-western 

Australia (131); the patients having had no contact with healthcare environments and subsequently no obvious 

source for the infection. This was proceeded by similar reports in North America and Europe (138-141). In 

addition to the demographic differences of patients infected with CA-MRSA, these isolates demonstrated multiple 

bacterial attributes that distinguished them from HA-MRSA: (i) CA-MRSA were typically resistant to a limited 

number of antibiotics, a finding thought to result from restricted exposure to these agents outside of the healthcare 

environment. (ii) While HA-MRSA is recovered predominantly from patients with predisposing risk factors for 

infection, CA-MRSA infection and carriage is common amongst otherwise healthy individuals, suggesting 
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enhanced pathogenic potential (141). Molecular and genomic analysis of CA-MRSA supports these findings, with 

the identification of a limited resistome but extensive virulome when compared to HA-MRSA. Further, these 

molecular and genomic investigations revealed that (iii) CA-MRSA represent genetically distinct lineages of 

S. aureus, having independently acquired unique variants of SCCmec (19, 140-142). While some of these lineages 

overlap with HA-MRSA, genetically distinct sub-lineages are observed to predominate in the healthcare vs 

community environments (19, 37, 141, 143).  

Today, CA-MRSA is now far more common than HA-MRSA. In Australia, 76.9% of MRSA collected for national 

surveillance of SAB in 2018 were classified as belonging to CA-MRSA lineages (http://agargroup.org.au/agar-

surveys). In New Zealand, CA-MRSA represented 84.5% of isolates collected during the 2017 national MRSA 

survey, a month-long snap-shot of clinical MRSA (https://surv.esr.cri.nz/antimicrobial/mrsa_annual.php). In both 

cases, these are an underrepresentation of the proportion of CA-MRSA as these surveillance programs by design 

do not capture the extent of staphylococcal infection occurring in the community unless the disease is sufficiently 

severe for the patient to seek medical attention.  

While the terms HA-MRSA and CA-MRSA are still regularly used, the attributes considered when making these 

classifications have changed. Historically the distinction was an epidemiological one, based on whether the patient 

had recent exposure to a healthcare setting. This distinction is still made but more commonly termed “community-

onset” for patients with no recent healthcare contact and with infection onset < 48 hours after hospital admission;  

“hospital-onset” for infections presenting > 48 hours after hospital admission; and “hospital with community 

onset” for patients that would be designated community-onset but have a known history of healthcare exposure; 

definitions that are primarily used to assess which infection control and prevention measures are required to 

preclude transmission (142, 144). For the most part, the terms HA-MRSA and CA-MRSA now reflect genetic 

differences in MRSA lineages, namely the evolutionary history of an isolate (i.e. whether they are a descendant 

of a historic HA- or CA-MRSA lineage), the number of antimicrobial classes for which the isolate is predicted to 

be resistant, and the variant of SCCmec that is carried. There are however an increasing number of exceptions to 

these definitions as the distinctions between the two populations becomes more ambiguous (69). 

1.4.2 Ongoing Challenge of Glycopeptide and Daptomycin Resistance 

Glycopeptides & Lipoglycopeptides 

Vancomycin was first introduced into clinical use in 1958, having been discovered as a natural product produced 

by Amycolatopsis orientalis (previously known as Streptomyces orientalis), and used in the treatment of PRSA 

until the development of methicillin (145, 146). Following the emergence of MRSA, there was a resurgence in 

the use of vancomycin to treat resistant staphylococcal infections and it has remained a mainstay in the treatment 

of serious invasive MRSA disease. The glycopeptides (vancomycin and teicoplanin) act by binging to the 

D-ala-D-ala residue of the newly synthesised pentapeptide in the cell wall, inhibiting PBP2 and triggering early 

termination of peptidoglycan biosynthesis (Figure 1.3B). Like the β-lactams, interference with glycan chain 

cross-linking results in a structurally weakened cell wall, with the effects amplified as more of the agent 

accumulates (73). The related, semi-synthetic lipoglycopeptides (eg. dalbavancin, oritavancin and telavancin) in 

addition to interfering with peptidoglycan biosynthesis cause significant damage to the cell membrane and have 

http://agargroup.org.au/agar-surveys
http://agargroup.org.au/agar-surveys
https://surv.esr.cri.nz/antimicrobial/mrsa_annual.php
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demonstrated potential functionality against persister cells, a transient state of metabolic dormancy (147, 148). 

Unlike most antimicrobial agents, the development of resistance to the glycopeptides in S. aureus was first 

reported more than three decades after its clinical use. This delay is likely the result of the complexity of the 

glycopeptide resistance mechanisms utilised by S. aureus, of which there are two well defined types. 

The first type involves acquisition of the plasmid-borne transposon, Tn1546, carrying the vanA gene cluster. 

Resistance is mediated by the replacement of the target peptidoglycan precursor D-ala-D-ala with the alternative 

structure D-alanyl[4]-D-lactate[5] (D-ala-D-lac), for which the glycopeptides have reduced binding affinity (74, 

149, 150). Termed vancomycin-resistant S. aureus (VRSA) because of the high-level phenotypic resistance 

displayed by these isolates, this mechanism is rare; the first case reported in 2003 with a further 14 cases reported 

since (73, 151).  Carriage of Tn1546 in S. aureus has been associated with reduced cell fitness, plasmid instability 

and the encoded D-ala-D-lac has been noted to exhibit incompatibility with the native PBP2, collectively creating 

a highly unstable mechanism which when combined with the required co-colonisation or co-infection of the isolate 

with a donor vancomycin-resistant Enterococcus, likely accounts for the limited number of reported VRSA cases 

(74, 152). 

Far more common and posing a greater clinical challenge is the second type of glycopeptide resistance, termed 

vancomycin-intermediate S. aureus (VISA) because of the low-level phenotypic resistance displayed by these 

isolates. Resistance in this case is predominantly mutation-based and largely driven by exposure to glycopeptides, 

such as during extended treatment for invasive staphylococcal disease. The mutational pathways leading to the 

VISA genotype are heterogenous but typically involve small alterations to the function of global regulatory and 

cell wall associated systems (145, 153-156). Phenotypic changes resulting from these mutations are commonly a 

thickened cell wall, increased production of D-ala-D-ala residues, decreased autolytic activity, modified surface 

protein profiles, and altered expression of PBPs and reduced transpeptidation; collectively facilitating the 

production of an abnormal cell wall structure which contributes to resistance through impaired drug diffusion, 

decreased drug concentrations at the division septum, and protection of the binding target (73, 145).  

Development of the VISA genotype is frequently multi-step and often preceded by the emergence of low-level 

resistance or reduced susceptibility in a sub-population, termed heterogeneous VISA (hVISA). These 

sub-populations are a challenge to detect with traditional antimicrobial susceptibility testing as they commonly 

display a reduced growth rate, a minimal shift in in vitro susceptibility, and their low frequency in an otherwise 

susceptible population, and consequently often go undetected. In a patient, typically one with a high-bacterial-

load infection (eg. endocarditis, osteomyelitis, septic arthritis, deep abscesses and device-related infections), the 

development of a hVISA or VISA phenotype has been associated with failure of glycopeptide therapy, persistent 

infection and overall poorer clinical outcomes (145, 157, 158). Multiple in vitro methods have been developed to 

detect staphylococcal (sub)populations with reduced glycopeptide susceptibility, their varied application leading 

to ambiguity surrounding the global prevalence of hVISA and VISA (157). Although, there does appear to be 

some lineages of S. aureus, namely the ST239 HA-MRSA (CC8) lineage that is investigated in Chapter 2, that 

have a genetic predisposition to developing reduced glycopeptide susceptibility (158).  
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Daptomycin 

A commonly prescribed alternative to the glycopeptides is daptomycin, a cyclic peptide with a decanoyl fatty acid 

side chain, produced by Streptomyces roseosporus (159, 160). Daptomycin requires calcium to form a cationic 

complex which can oligomerise. Subsequent insertion into the cell membrane leads to structural weakening, 

depolarisation, and ion leakage, most notably potassium efflux, resulting in rapid cell death (Figure 1.3C). 

However, our understanding of the full extent of daptomycin activity remains incomplete (161, 162). 

As with all clinically utilised antistaphylococcal antibiotics, resistance has developed in the form of daptomycin 

non-susceptible (DNS) S. aureus (Figure 1.2), with guidelines to define daptomycin resistance recently released 

by the European committee on antimicrobial susceptibility testing (http://www.eucast.org/clinical_breakpoints/). 

Resistance to daptomycin is mutation based, and commonly involves increased activity of the multi-peptide 

resistance factor protein (MprF), encoded by a gene of the same name. MprF is responsible for the lysinylation of 

the phosphatidylglycerol, creating positively-charged phospholipid structures, and their translocation to the outer 

cell membrane. Increased MprF activity leads to a general increase in positive surface charge in the bacterial cell, 

resulting in increased electrorepulsion of the calcium-daptomycin complex (160, 163, 164). Secondary mutations 

are commonly reported in global regulatory, cell membrane and cell wall associated systems, many of which are 

also associated with hVISA/VISA (145, 165, 166). These mutations are heterogenous and result in varied 

phenotypic profiles. Those commonly identified include: increased cell surface charge, altered cell membrane 

fluidity (the result of a shift in either fatty acid composition or phospholipid content and symmetry), altered 

membrane permeability, increased production of carotenoid pigments, as well as those phenotypes observed with 

hVISA/VISA when the mutation provides cross-resistance to the glycopeptides (160, 166-169).  

Of clinical concern, exposure to daptomycin or a glycopeptide can trigger the develop of mutation(s) that provide 

cross-resistance to both classes of antibiotics, therefore eliminating a key treatment alternative for patients infected 

with such strains. The prevalence of DNS amongst clinical S. aureus with reduced glycopeptide susceptibility has 

been reported to range from 13-80%, with variation noted between the methodologies used to assess resistance 

(170-172). Adding further complexity to the problem are the cationic antimicrobial host defence peptides (HDP). 

These are biologically active molecules produced by the host that aid in immune activation, inflammation, and 

clearance of microbes (173, 174). As with antibiotics, bacteria have developed mechanisms to resist the action of 

HPDs but as there is overlap between the cellular targets of daptomycin and some HPDs, specifically the 

negatively charged components of the cell membrane, mutations developed in response to one can provide cross-

resistance or prime the bacteria for resistance development to the other (175); a phenomenon that is not limited to 

S. aureus or daptomycin, but serves as another example of the need to develop novel antimicrobials and 

therapeutic approaches to tackle antimicrobial resistant pathogens (176, 177). 

http://www.eucast.org/clinical_breakpoints/
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1.4.3 Emerging Challenge of Topical Antibiotic and Disinfectant Resistance 

Skin and soft tissue infections represent the most common and varied clinical manifestation of staphylococcal 

disease, and colonisation with S. aureus is a recognised risk factor for infection (10, 15, 16). Examples of SSTIs 

include impetigo, cellulitis, cutaneous abscesses, ulcers, burn-associated wounds, and surgical site infections (13, 

178). The management and prevention of staphylococcal SSTI can include the use of a topical antibiotic, with 

topical agents having multiple potential benefits over systemic agents for impetigo (179). These include: ease of 

application, less risk of toxic side-effects, and delivery of high drug concentrations to the infection site (178). 

Other measures commonly used in the prevention of staphylococcal SSTI rely heavily on biocides, often in 

combination with topical antibiotics, to reduce or eliminate carriage of S. aureus on the skin. Chlorhexidine is by 

far the most widely used biocide for decolonisation and disinfection due to its broad spectrum and residual activity 

against bacteria, fungi, and some viruses. It is also widely tolerated, with few side-effects when used as a topical 

agent (180-183). Unsurprisingly, the increasing use of topical antibiotics and disinfectants has driven the 

acquisition and development of mechanisms of resistance and/or tolerance in S. aureus. Of relevance to the 

research presented in this thesis is the topical antibiotic fusidic acid (Chapter 3) and the biocide chlorhexidine 

(Chapter 4).  

Fusidic Acid 

Fusidic acid (FA) is a steroid-like fusidane chemical produced by Fusidium coccineum (184), and acts on the 

bacterial cell to inhibit protein synthesis (185, 186). This is accomplished when FA binds to elongation factor G 

(EF-G), a cytoplasmic protein that functions as the sole ribosomal translocase in prokaryotes. When EF-G is 

bound to the ribosome, binding of FA prevents dissociation of EF-G, stalling the ribosome and preventing further 

elongation of the polypeptide chain (186, 187), as illustrated in Figure 1.4A. Clinical use of FA has led to the 

development of resistance in S. aureus, with two mechanisms having been described. (i) EF-G is encoded by the 

gene fusA and mutations in this gene, the most commonly described occurring in structural domain III, alter the 

shape of the encoded protein which reduces the binding affinity of FA (188-190) (Figure 1.4B). (ii) Involves 

acquisition of a FusB-type resistance determinant. Encoded by fusB or fusC, these metalloproteins act to protect 

EF-G by binding to a non-FA target site on the translocase, hypothesised to indirectly obstruct FA binding. 

Further, binding of a FusB-type protein to EF-G encourages dissociation from the ribosome and reinitiates peptide 

synthesis (Figure 1.4C), a process that is further augmented in the presence of bound FA (191, 192).  

Since the 1960s, FA has been utilised as monotherapy and in combination with other antibiotics to treat both 

invasive and superficial staphylococcal disease. As a topical antibiotic, it is available as an ointment, cream, lotion 

or gel preparation, enabling easy application to superficial infection sites and for skin decolonisation. Resistance 

to FA was reported shortly after it release (Figure 1.2), and large contemporary population studies have 

demonstrated that the prevalence of resistance varies widely between different geographic locations (178). In New 

Zealand, FA is unregulated (available over the counter at local pharmacies) and following the implementation of 

local restrictions to mupirocin use, FA dispensation rates have steadily increased over the last two decades (39). 

Concurrently, an increase in the prevalence of FA resistant S. aureus has been observed, from 17% in 1999 to 25-

28% in 2013-2014 (38), with a similar phenomenon also reported in the United Kingdom (193). There is growing 

interest in understanding what is occurring in New Zealand to both halt the local spread of resistance and preserve 
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the long-term utility of FA. The research presented in Chapter 3 and the associated publication (194), represents 

one aspect of our investigations surrounding this event.   

 

Figure 1.4 Illustration of ribosomal peptide synthesis, mode of action of fusidic acid and mechanisms of 

resistance, modified from Figure 5 presented in (192). (A) FA binds to EF-G preventing its dissociation and 

causes the ribosome to stall. Recognised mechanisms of FA resistance include: (B) development of mutation in 

fusA, which can result in the production of a structurally altered EF-G with reduced binding affinity for FA, or 

(C) acquisition of fusB or fusC. Both encode a fusB-type protein which can bind EF-G in an independent location 

to FA to prevent FA binding or promote EF-G dissociation from the ribosome when FA is bound and restart 

translation. 
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Chlorhexidine 

Chlorhexidine is a cationic biguanide used widely as an antiseptic, disinfectant and in skin decolonisation, 

typically at concentrations of 0.5-4% in a water-soluble gluconate form (181). It acts on bacterial cells by binding 

to the exposed anionic components of the cell wall and cell membrane, causing formation of bridges between 

adjacent phospholipid heads and displacing bound cations; the effect of which is structural destabilisation and 

increased membrane permeability. Further, at high intra-cellular concentrations, chlorhexidine causes cytoplasmic 

solidification. All of which leads to cell death (195). The multiple targets and mode of action of chlorhexidine 

pose a significant evolutionary challenge for the development of resistance and after more than 50 years of clinical 

use, this remains an obstacle that S. aureus has yet to overcome (181). However, in response to the widespread 

use of chlorhexidine, S. aureus and many other bacterial species have acquired mechanisms that mediate tolerance, 

defined as a reduction in chlorhexidine susceptibility compared to natural populations (180).  

In S. aureus, efflux is the most common mechanism for reduced chlorhexidine susceptibility (196). The genes 

encoding biocide-active efflux systems can be classified into two groups, the major facilitator superfamily (MFS) 

and small multidrug resistance (SMR) family. In both cases, the encoded proteins mediate efflux of a range of 

cationic and lipophilic substrates (180, 197). However, only a subset of the MFS genes encode chlorhexidine-

active efflux pumps. The most commonly identified include the quaternary ammonium compound (qac)A and 

qacB genes, which encode peptides that differ by a single amino acid (197, 198), and are carried by a range of 

staphylococcal plasmids (180). An alternative mechanism, mutations in the conversed efflux pump encoded by 

norA and the associated norB have been associated with phenotypic shifts in chlorhexidine susceptibility, as well 

as other antibiotics and biocides (199-203). A current conundrum with qac-mediated chlorhexidine tolerance in 

S. aureus is that an increase in qacA/B carriage in a population inconsistently correlates with a population-level 

shift in susceptibility. Further, reduced chlorhexidine susceptibility cannot always be attributed to gain of, or 

mutation in, a known efflux system (180). These findings allude to a more complex and multi-faceted mechanism 

of tolerance, and unravelling the intricacy of this mechanism is one of the key aims of the research presented in 

Chapter 4 of this thesis, and the associated publication (204). 
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Table 1.1 Summary of antimicrobial resistance mechanisms in S. aureus 

Antibiotic Resistance mechanism Associated MGEs 

Cell wall active antibiotics 

Penicillin PRSA: Acquisition of blaZ, encoding a penicillinase capable 
of hydrolysing the β-lactam ring (101, 205). 

Tn552 & Tn552-like, 
commonly plasmid-borne 
(104) 

All β-lactams  

(ex. 5G cephalosporins) 

MRSA: Acquisition of mecA or mecC, encoding a low-
affinity PBP2a enzyme (111, 112, 117). 

SCC elements (54) 

 BORSA: Mutation in blaZ resulting in hyperproduction of the 
penicillinase enzyme (206). 

- 

 MODSA: Mutation in native PBP genes resulting in altered 
protein structures with reduced β-lactam affinity (207). 

- 

5G Cephalosporins Mutation in mecA, encoding altered protein structure with 
reduced affinity for ceftaroline and ceftobiprole (208, 209). 

- 

Glycopeptides VRSA: Acquisition of vanA, encoding an alternative 
peptidoglycan precursor (D-ala-D-lac) with reduced 
glycopeptide affinity (73, 210). 

Tn1546 (149) 

 VISA & hVISA: Heterogenous mutation-based resistance. 
Commonly affected genes are those associated with global 
regulation and cell wall synthesis, including walKR (yycFG), 
graRS, vraRS, rpoB, rpoC, msrR, fdh2, sle1, cmk (145, 153, 
154, 156). 

- 

Lipoglycopeptides Mutations in genes associated with other resistance 
mechanisms have been identified in dalbavancin 
non-susceptible S. aureus (eg. VISA: vraT, rpoB: MODSA: 
pbp; Fusidic Acid: fusA), but none have been conclusively 
proven to cause lipoglycopeptide resistance (211, 212).  

- 

Disruption of cell membrane 

Lipopeptides 

(Daptomycin) 

DNS: Heterogenous mutation-based resistance. Mutations 
typically result in electrostatic inhibition or structural 
alteration to cell wall and cell membrane. Multiple genes have 
been implicated, including mprF, walKR (yycFG), rpoB, 
rpoC, dltA, and cls2 (165, 168, 213). 

- 

Interference with protein synthesis (targets 30S ribosomal subunit) 

Aminoglycosides Most common mechanism is acquisition of cytoplasmic 
aminoglycoside modifying enzymes (AME) which alter the 
antibiotic to prevent binding. AMEs include the 
N-acetyltransferases (AAC), O-phosphotransferases (APH), 
and O-adenyltransferase (ANT), encoded by genes of the 
same name with numerous allelic variants (214). AME 
encoding genes of interest to the research presented in this 
thesis are aacA(6’)-aph(2’’), aph(3’)-IIIa, and aadD. 

AMEs are associated with 
numerous MGEs and can be 
found both chromosomally 
or extra-chromosomally 
located (104, 214). 

aacA(6’)-aph(2’’) is carried 
by Tn4001 (215); aph(3’)-
IIIa by prophage SPβ-like 
(216), and aadD by plasmid 
pUB110, occasionally 
integrated in SCCmec (217).  
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Antimicrobial Agent Resistance mechanism Associated MGEs 

Tetracyclines  Acquisition of genes encoding tetracycline-active efflux 
pumps (MFS proteins encoded by tetK and tetL) or ribosomal 
protection proteins which preferentially bind to the target site, 
dislodging tetracycline (tetO, tetM) (79). 

tetK is carried by pT181, 
integrated in SCCmec, tetO 
by Tn916, and tetM by 
Tn1545 (79, 104). 

Glycylcyclines 
(Tigecycline) 

Mutation-based, involving alteration of ribosomal target site 
or increased expression of the efflux pump encoded by mepA 
(218). 

- 

Interference with protein synthesis (targets 50S ribosomal subunit) 

Macrolides [M], 

Lincosamides [L], 

Streptogramins [SA, SB], 

Due to the overlap in the target and/or action of these agents, 
acquired and mutation-based resistance mechanisms 
commonly provide cross-resistance.  

 

Oxazolidinones [O],  

Florfenicol [Ph], and  

Pleuromutilins [P] 

 

Acquisition of genes encoding ribosomal protection proteins 
(eg. rRNA methyltransferases which provide steric 
interference or proteins that induce structural changes in the 
drug target to reduce binding affinity), and/or antibiotic-active 
efflux mechanisms (219-221). For example: erm (MLSB); cfr 
(PhLOPSA), ABC-F proteins: vga, lsa, sal (LSAP); msr(A) 
(MSB) 

erm, cfr, vga, lsa, sal, msr 
are carried by plasmids 
and/or transposons (53) 

 

 Mutation-based, resulting in alteration to the structure of 
ribosomal proteins, notably rrl [23S], rplC [L3], rplD [L4], 
and rplV [L22], can reduce binding affinity. Alteration in the 
expression of genes involved in rRNA modifications can also 
contribute to reduced susceptibility (eg. rlmN) (222, 223). 

- 

Interference with protein synthesis (targets cytoplasmic proteins) 

Fusidic Acid Mutation in fusA, encoding altered protein structure with 
reduced binding affinity. Most common mutations occur in 
structural domain III (190). 

- 

 Acquisition of fusB or fusC; encoding FusB-type 
metalloproteins which bind to EF-G preventing binding of 
and/or dislodging bound fusidic acid (192). 

fusB is carried by plasmids, 
(224, 225), and fusC is 
carried by SCCfusC (193). 

Mupirocin Mutation in target isoleucyl-tRNA synthetase (ileS) can 
reduce binding affinity of mupirocin, mediating low-level 
phenotypic resistance (74, 226). 

- 

 Acquisition of mupA (ileS2), or mupB, encoding mupirocin-
insensitivity copies of ileS, mediates high-level phenotypic 
resistance (227).  

mupA is plasmid-borne. Eg. 
pUSA03 and pNZAK1 
(104, 228). 

Interference with folic acid synthesis 

Trimethoprim Mutation in the target dihydrofolate reductase (DFR) can 
reduce binding affinity. Eg. drfAF98Y (229). 

- 

 Acquisition of drfA, drfG, or drfK, encoding trimethoprim-
insensitive copies of DFR, mediates high-level phenotypic 
resistance (230-232). 

Acquired dfr genes are 
carried by transposable 
units, often located on 
plasmids (104). 

Sulphonamides Mutation in the target dihydropteroate synthetase can reduce 
binding affinity (233, 234). 

- 
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Antimicrobial Agent Resistance mechanism Associated MGEs 

Interference with DNA replication 

Fluroquinolones Mutations in target DNA gyrase and topoisomerase IV genes 
(gyrA, gyrB, and parC, parE, respectively) can reduce binding 
affinity. Accumulation of mutation in the quinolone resistance 
determining region (QRDR) augments resistance in a 
step-wise manner. Multiple QRDR mutations are required for 
clinically-relevant phenotypic resistance (235). 

Mutations in conserved efflux mechanisms (norA), or 
transcription regulator mgrA can lead to increased efflux of 
fluroquinolones and high-level phenotypic resistance. (235, 
236). 

- 

Interference with transcription 

Rifampicin Mutation in the target β-subunit of the RNA polymerase 
(rpoB), specifically in the rifampicin resistance determining 
region (RRDR), can reduce binding affinity (237). 

- 

New Antibiotics 

Teixobactin Teixobactin targets the lipid moiety of lipid II, interfering with 
cell wall synthesis. There is currently no reported teixobactin 
resistance in S. aureus, suspected to be the result of a more 
complex mode-of-action and conservation of the lipid II 
structure (76, 238).  

- 
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1.5 Mechanisms of Virulence in S. aureus 
Staphylococcus aureus is an adept pathogen and while its antimicrobial resistance repertoire provides an 

advantage in surviving therapeutic treatment, it is its extensive armamentarium of virulence factors that underpins 

its pathogenicity. Both the genes encoding these virulence factors (VFs) and the mechanisms by which they 

function are not unique to S. aureus, with many pathogenic and some opportunistic bacteria harbouring both gene 

homologues and paralogues, aiding them to overcome the same host factors. Although not investigated in this 

thesis, it is worth stating that the interaction between S. aureus and a host is not one-sided, and host-specific 

factors are central in moderating the onset, progression and outcome of staphylococcal disease. S. aureus 

maintains strict control over the expression of VFs through multiple regulatory systems but these are influenced 

by host and environmental factors, and it is when the balance between these entities is lost that S. aureus 

transforms from a coloniser to a pathogen (15, 239). 

In S. aureus, VFs can be broadly classified into the surface-bound and secreted proteins, and then sub-classified 

based on the function they perform, with many VFs performing diverse tasks across different functional 

categories. As a broad summary these are:  

Adherence to host cells. The microbial surface components recognising adhesive matrix molecules 

(MSCRAMMs) represent a diverse group of surface bound VFs that aid in adhesion to host cells. These include: 

clumping factors (clfA, clfB), fibronectin binding proteins (fnbA, fnaB), collagen binding protein (cna), and elastin 

binding protein (ebp) (240-242). The variable carriage of these genes and specificity of the encoded MSCRAMM 

proteins to host factors may predispose lineages of S. aureus to certain disease manifestations, or cause tissue 

tropism under select host and/or environmental conditions (15). Of relevance to the MRSA lineage investigated 

in Chapter 2 (ST239) is the newly recognised surface bound VF SasX, encoded by a gene of the same name and 

harboured by the bacteriophage SPβ-like. SasX is hypothesised to assist in colonisation through mediating 

enhanced adhesion to epithelial cells and abiotic surfaces, and increased aggregation of bacterial cells. The latter 

characteristic may also play a role in immune evasion by interfering with phagocytosis (243). 

Invasion of host cells.  S. aureus produces a number of secreted proteins (exoenzymes) that add in cell invasion, 

predominantly through mediating damage of host tissues. These include: proteases (aur, sspA, sspB, sspC, splA-

F, ScpA), lipases (geh), nucleases (nuc), and hyaluronidases (hysA) (15, 244). Further, components of the 

staphylococcal cell wall (i.e. the teichoic and lipoteichoic acids) also contribute to host cell invasion by promoting 

a local immune response, which itself instigates host tissue damage. Strains with a higher cell wall teichoic acid 

content have been shown to be more immunogenic and associated with abscess formation (245). Another group 

of VFs interfere with host hemostasis, such as the staphylocoagulase (coa) and the von Willebrand Factor binding 

protein (vWbp) which bind prothrombin leading to an abnormal coagulation cascade, supporting the adherence- 

and invasion-associated VFs (246).  

Evasion of the host immune system. Multiple secreted and surface bound VFs specifically function to hide 

S. aureus from the host immune system. These include: the antiphagocytic capsule, of which there are multiple 

recognised serotypes (247); the MSCRAMM protein A (spa), which can bind to the Fc portion of immunoglobulin 

G to interfere with opsonisation (248); the chemotaxis inhibitory protein (chp), extracellular adhesion protein 
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(map) [a major histocompatibility class II analogue], staphylococcus complement inhibitor (scn) protein, and 

staphylokinases (sak), all of which contribute to disrupt the complement pathway and interfere with neutrophil 

recruitment to the site of infection (15, 244, 249).  

Another group of VFs involved in modulating the host immune system are the toll/interleukin-1 receptor (tir) 

domain containing proteins. In S. aureus, tirS (tirS) has been identified to contribute to immune evasion by 

reducing bacterial cell recognition through toll-like receptors, significantly diminishing local inflammatory 

responses (250). Further, tirS is invariably carried by SCCfusC, and exposure to sub-inhibitory concentrations of 

FA promotes overexpression of tirS (47, 250).  

Destruction of host defences. Another sub-group of VFs that contribute to immune evasion are those that function 

by directly damaging host cells, notably the cytolytic exotoxins which affect erythrocytes and leukocytes. These 

include the pore-forming toxins: the haemolysins (hla, hlb, hld, hlgA, hlgB, hlgC), the Panton-Valentine 

leukocidin ([PVL] lukFS-PV), and leukocidin E/D (lukE, lukD) (244, 251). While some of these exotoxins are 

largely conserved across the species (for example the haemolysins which are considered part of the core 

staphylococcal genome, although not always functional), others like PVL represent acquired mechanisms of 

virulence, the lukFS genes are mobilised by bacteriophage (249, 252). The phenol-soluble modulins (psmα, psmβ) 

represent a further group of conserved, secreted cytolytic toxins that more broadly target eukaryotic cells, in 

addition to modulating immune responses and aiding in biofilm formation (253). 

Proteins involved in toxin-mediated disease.  A second group of staphylococcal exotoxins function as 

superantigens, stimulating proliferation of lymphocytes with low antigen specificity. The resulting immune 

response is disorganised, ineffective and destructive, and contributes to certain disease manifestations. For 

example, the enterotoxins (sea, seb, sec, sed, seh, selk, sell, selq) are associated with staphylococcal food 

poisoning, the toxic shock syndrome toxin (tsst-1) with the disease of the same name, and the exfoliative toxins 

(eta, etb) with scalded skin syndrome and bullous impetigo (249, 254). 

Nutrient scavenging. Closely associated with the destructive VFs described above, are the proteins that S. aureus 

utilises to source nutrients from the damaged host tissues. Two examples of nutrient scavenging VFs, both 

involved in iron acquisition, are the high affinity iron binding siderophores (eg. staphyloferrin A & B [sfa, sbn 

operon]) which capture extracellular iron bound from host transferrins, and the iron-regulated surface 

determinants (isd locus) which work to capture heme-complexed iron following toxin-mediate destruction of 

erythrocytes (239, 255, 256). Complementary to scavenging, are several systems that S. aureus relies upon to 

sense, regulate and utilise host elements, such as glycose, oxygen and nitrogen (239). 

Genes and mutations that contribute to persistence. Biofilm production (icaABCD and/or other genes encoding 

adhesion-associated and secreted proteins) is a common mechanism of persistence for S. aureus. Existence in a 

biofilm provides protection against the host immune system (both innate and adaptive) and antimicrobials, and 

poses a significant challenge to the treatment of device-related infections, with removal of the device often being 

the only way to achieve microbial clearance (257, 258). Another mechanism that S. aureus utilises to persist in 

the host is development of a small colony variant (SCV) phenotype. Driven by heterogenous mutations in 

regulatory and stress-response systems, SCV is associated with extended survival in host tissues, and increased 
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tolerance to antimicrobials and host defences. Further, many SCV-associated mutations have been shown to be 

unstable, allowing for reversion when conditions are more favourable for the bacterium (259-263). 

Arginine catabolic mobile element (ACME). An acquired VF, ACME represents a genomic island carrying an 

arc gene cluster (arcC, arcB, arcD, arcA, and argR) which differs from the conserved native cluster, and/or an 

opp gene cluster (oppA, oppB, oppC, oppD, and oppF). The presence or absence of the two clusters defines the 

ACME types: type I contains both clusters, type II contain only the arc cluster, and type III contains only the opp 

cluster. ACME has been implicated in the success of a CA-MRSA ST8 lineage, widely known as USA300, 

although its contribution to disease severity is debated (264, 265). The presence of the element has been associated 

with enhancing colonisation capacity in in vitro disease models (266). Further, carriage of a secondary arginine 

deaminase pathway is theorised to augment the survival of S. aureus in acidic environments (267, 268).   

 

1.5.1 Regulating Virulence: The Accessory Gene Regulator 

Central to the pathogenicity of S. aureus are the systems which strictly regulate expression of the various VFs. 

The major global virulence regulator system in S. aureus is the accessory gene regulator (agr), a quorum sensing, 

self-regulating circuit that was first described in 1986 (269). The basic architecture of the agr system is two 

divergently transcribed operons (Figure 1.5). This first operon, P2, encodes a transcriptional regulator (RNAII) 

and four proteins (AgrACDB), with the second operon, P3, encoding a second transcriptional regulator (RNAIII) 

that is co-transcribed with δ-haemolysin (270). During the early stages of growth, low level transcription occurs 

through the P2 operon. An autoinducing peptide precursor (AgrD) is produced then both modified and transported 

across the cell membrane by a membrane-bound peptidase (AgrB). As S. aureus replicates, the mature AIP 

compound accumulates in the extracellular milieu and when a critical cell density is reached (corresponding with 

the late stages of exponential growth) it is sensed by a membrane-bound histidine kinase (AgrC). Recognition of 

AIP instigates intracellular phosphorylation of AgrA, which can then function as a transcription regulator of the 

P2 and P3 operons; the first upregulates transcription of this circuit and the second instigates transcription of 

RNAIII. RNAIII subsequently acts to modulate expression of VFs, downregulating those associated with host cell 

adhesion and upregulating those associated with cell invasion and immune evasion (271, 272). 

As a global regulator of VF expression, the activity of this system is commonly measured as an indication of the 

virulence potential of an isolate. This can be accomplished directly through measuring transcription levels of 

RNAIII (165), or indirectly by assessing the production of the co-transcribed δ-haemolysin (Figure 1.5) (273). 

Both techniques have been employed as part of the work presented in Chapter 2 and although informative have 

some significant limitations. The first being that the agr system is not the sole regulator of virulence in S. aureus. 

Further, a reduction in virulence potential does not necessarily equate to a reduction in the bacterium’s ability to 

cause disease. In fact, it is becoming increasingly recognised that there are certain host environments where agr-

dysfunction may be advantageous, such as during persistent infection when it is preferable for a bacterium to be 

less immunogenic (274-276). The agr system is additionally influenced by exposure to certain antibiotics (277), 

however our understanding of the effect that antimicrobial therapy has on influencing agr activity during infection 

or importantly how this could be manipulated to improve therapy remains incomplete.
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Figure 1.5 The accessory gene regulator, modified from Figure 1 presented in (278). Illustrated is a basic 

schematic for the agr system in S. aureus. Composed of two divergently transcribed operons, an autoinducing 

peptide precursor (AgrD) is produced, modified, and transported outside of the cell by a membrane-bound 

peptidase (AgrB). The mature autoinducing peptide (AIP) accumulates until a critic cell density is reached, which 

is sensed by a membrane-bound histidine kinase (AgrC). This triggers phosphorylation of the transcription factor 

AgrA, which acts to upregulate the agr system through the P2 and P3 promoters. The latter leads to production of 

the transcription factor RNAIII and the co-transcribed δ-haemolysin (hld). RNAIII acts to increase expression of 

secreted virulence factors and decrease expression of surface-bound virulence factors. Phosphorylated AgrA can 

also modulate the expression of non-RNAIII regulated virulence factors (not shown). 
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1.6 Mobile Genetic Elements in S. aureus 
Mobile genetic elements have contributed immensely to the evolution of bacteria. These autonomously mobile 

entities facilitate the transfer of genetic material between two cells, referred to as horizontal gene transfer (HGT). 

However, they can also move within a cell and both intra- and inter-cellular movement of MGEs can influence 

genome structure and gene regulation (279). As a group, increasingly denoted as the ‘mobilome’, they are a key 

evolutionary mechanism utilised by bacteria to rapidly adapt to new and changing environments. In S. aureus, 

multiple types of MGEs have been implicated in the spread of resistance- or virulence-encoding genes, or in 

directly influencing these phenotypes. These include plasmids, bacteriophage, transposons, insertion sequences, 

pathogenicity islands, and the SCC, and have been reviewed in depth in the following publications (53, 54, 280). 

This section will focus on the MGEs that are of particular relevance to the work presented in Chapters 3 & 4. 

1.6.1 Staphylococcal Cassette Chromosome 

The Staphylococcal Cassette Chromosome (SCC) represents a group of structurally similar, large genomic islands 

(30 – 70kb), which are most widely known for their role in the dissemination of the mec resistance loci, mediating 

β-lactam resistance; the association so much so that the SCCs are broadly classified into those that carry mec 

(SCCmec) and those that don’t (non-SCCmec). Relevant features of the SCCs include: 

• Site-specific cassette chromosome recombinases (ccr): these proteins facilitate the excision and 

integration of the SCC at the 3’ end of rmlH, previously called orfX (281, 282). Three ccr types have 

been identified (ccrA, ccrB, and ccrC), and share <50% nucleotide homology with one another. In the 

case of ccrA and ccrB, both have multiple described allotypes (with 50-85% nucleotide homology) and 

are carried together, in various allotype combination, defined as ccr gene complexes. A subset of non-

SCCmec elements without function Ccrs have also been identified, and are termed ψSCC elements (53). 

• β-lactam resistance loci: the SCCmec elements are differentiated from all other SCC elements based on 

carriage of a mec gene (mecA or mecC) mediating resistance to the β-lactam antibiotics  (115, 117, 119, 

121). In the case of mecA, multiple allotypes have been described, and this gene in combination with 

mecI and mecR1 (regulatory sequences), and the hyper-variable region and a copy of IS431 downstream 

of mecA, define the mec gene complex. 

• J regions: the sequences surrounding the ccr and mec gene complexes are non-essential and highly 

variable, defined as the joining ‘J’ regions. In the SCCmec elements, these are defined as: J1, from the 

right chromosomal junction to the ccr gene complex; J2, between the ccr and mec gene complexes; J3, 

from the mec gene complex to the left chromosomal junction. These regions serve as the location for 

antimicrobial resistance (excluding mecA and mecC) and virulence associated genes carried by some 

subtypes, with the following reviews providing a comprehensive summary of these genes (53, 54). 

Classification of the SCCmec elements is determined by the combination of ccr type (if ccrA and ccrB the ccr 

gene complex is used) and the mec gene complex, to define type, with variation in the J regions used to define 

sub-type. For non-SCCmec elements, the nomenclature is more varied and may reflect the ccr genes or another 

gene of interest that is carried by the structure, alternatively the strain from which the SCC was first identified. 

As of start of 2019, there are 13 officially recognised SCCmec types carried by S. aureus. Each SCCmec type has 
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multiple described subtypes and with the increasing utilisation of WGS more are being identified (53, 54, 283, 

284).  

Composite and chimeric SCC structures. While SCC elements are commonly found in isolation, several hybrid 

structures have been described (Figure 1.6). These represent the amalgamation of two or more SCC elements, 

termed ‘composite’ when the ccr gene complexes of both individual SCCs are maintained in the hybrid structure, 

including non-functional ccr, (285, 286), or ‘chimeric’ when only one of the two complexes is kept (193). 

Identification of these SCCs requires careful examination of the direct repeat (DR) sequences flanking the SCCs 

to differentiate tandem SCC integration events from true hybrid SCC structures (283).  

SCC elements and fusC. With the exception of mecA and mecC, there is only one other antibiotic resistance gene 

that is carried exclusively by SCC elements: fusC, mediating resistance to fusidic acid. This gene is carried by a 

non-SCCmec structure named SCC476, named for S. aureus strain MSSA476 in which it was identified (47). It is 

also referred to as SCCfusC. SCCfusC is commonly carried by MSSA lineages, notably CC1, in regions with high 

population use of fusidic acid (39, 193). SCCfusC has also been identified to form one half of multiple composite 

and chimeric SCCmec structures, which are carried by diverse MRSA lineages. For example: CC1, CC5, CC8, 

and CC45 (193, 194, 228) (Figure 1.6). Investigation of these elements, in particular understanding their structure, 

prevalence, and evolutionary history in emerging FA-resistant S. aureus lineages is a key aim of the work 

presented in Chapter 3.  

 

Figure 1.6 Structure of staphylococcal cassette chromosome elements. Illustrated are examples of SCC 

elements identified in the S. aureus lineages investigated in this thesis. (A) The ST239 MRSA population 

investigated in Chapters 2 & 4 exclusively carry a type III SCCmec element, either in isolation or in a composite 

structure with SCCHg. (B) The fusidic acid resistance S. aureus lineages investigated in Chapter 3 carry a 

fusC-harbouring SCCfusC (SCC476) element, either in isolation (in ST1 MSSA), as a chimeric structure with a 

type IV SCCmec element in ST5 MRSA, or a composite structure with a type IV SCCmec element in ST1 MRSA. 
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1.6.2 pSK1 Plasmid Family 

Plasmids are circular or linear elements of extrachromosomal DNA that can replicate independently of the 

chromosome and serve as vehicles for the dissemination of numerous antimicrobial resistance and virulence 

associated genes. In S. aureus, plasmids are classified into three groups based on their structure and functional 

characteristics (53, 104, 287). Class I: small rolling-circle plasmids. As indicated by their name, these plasmids are 

small (1-5kb), high copy number (15-50 copies per cell) elements that replicate using an asymmetric rolling-circle 

mechanism, and when associated with antimicrobial resistance, typically encode only a single mechanism. Class 

II: intermediate-sized, multidrug resistant plasmids, of which most can be further classified into (i) the pSK1 

family of plasmids, or (ii) the β-lactamase-heavy metal resistance plasmids. All plasmids in this group undertake 

theta-replication, are generally low copy number, and carry multiple antimicrobial resistance determinants, as well 

as insertion sequence (IS) and transposon (Tn) elements. Class III: conjugative multidrug resistant plasmids. These 

maintain similar characteristics to the Class II plasmids but additionally encode the necessary machinery to 

facilitate transfer between cells by conjugation; machinery that can also mobilise other compatible non-

conjugative plasmids. Of relevance to this thesis is the pSK1 family of plasmids. 

Structure of the prototypic pSK1 plasmid. The sequence of the prototypic pSK1 plasmid was first published in 

2010 (288), and structurally it can be divided into four regions, as illustrated in Supplementary Figure 2 in (204). 

Region 1 represents the plasmid backbone and includes genes encoding the replication machinery as well as those 

associated with the cell envelope, membrane transport, iron acquisition and a putative toxin-antitoxin system 

(288). This region is largely conserved amongst the pSK1 family plasmids, with the exception of integrated pSK1 

plasmid variants in which the replication machinery is commonly deleted (204, 288). Region 2 represents a 

conjugative Tn, termed Tn4001, which carries aac(6’)-aph(2”), mediating aminoglycoside resistance (215, 289). 

Region 3 represents a second conjugative Tn, termed Tn4003, which carries a copy of dfrA encoding a 

trimethoprim insensitive DFR (230, 288, 290). Region 4, located between the two Tn harbours qacAR, mediating 

tolerance to cationic biocides (198, 291). Other pSK1 family plasmids have been found to variably contain regions 

2, 3 and 4, some having acquired additional antibiotic resistance genes. For example, Tn552 which contains the 

penicillinase encoding blaZ (288). 

Insertion sequences of pSK1. IS are small self-mobilising proteins that can move independently or facilitate the 

concurrent movement of other genes (termed a translocatable unit). They represent a diverse group of transposases 

(tnp) that are classified based on the protein’s active site motif, which also designates the mechanism of 

excision/integration. The most common is DDE (aspartic acid, aspartic acid, glutamic acid) which facilitates as a 

cut-and-paste or copy-and-paste mechanism. From a structural perspective, the IS CDS encodes the tnp and is 

flanked by non-coding regions (NCR) with terminal inverted repeats (TIR), which serve as binding sites for the 

tnp, and are further bound within direct repeats (DR), which serve as the target sequence for integration. Two IS 

elements are commonly identified in pSK1 family plasmids, IS256 and IS257 (204, 288). IS256 (1324 bp) is 

composed of a 1173 bp CDS (encoding a DDE tnp with a copy-and-paste mechanism) with 17/26 bp terminal IRs 

and 8 bp DRs (292). IS257 (790 bp), belonging to the IS6-family, is composed of a 675 bp CDS (encoding a DDE 

tnp with a copy-and-paste mechanism) with 18/20 bp terminal IRs and 8-9 bp DRs (293). If integrated in the 

correct location upstream of a gene, the sequence of IS257 can also function as an alternative promoter and 

modulate the expression of the downstream gene, as has been observed with dfrA in Tn4003 (279). These 
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particular IS are largely responsible for changes in the configuration of the pSK1 family plasmids (204), and 

facilitate the mobilisation of the two composite transposons. 

Composite transposons of pSK1. The historic definition of a Tn is a self-mobilising, small gene cluster with an 

encoded tnp (distinct from the IS-tnp and with a separate classification system) and at least one passenger gene. 

However, the term Tn and IS are becoming increasingly confounded, with the identification of Tn without 

passenger genes and IS-mobilising translocatable units, having been assigned contrary IS and Tn designations, 

respectively (54). The pSK1 plasmid family variable carry three Tns, Tn4001, Tn4003 and Tn552 (288), of which 

the first two are relevant to the work presented in Chapter 4. Tn4001 represents a 4.6 kb composite Tn, carrying 

aacA(6’)-aph(2’’) flanked by inverted copies of IS256 (215, 292). Tn4001 is capable of independent mobility and 

in addition to pSK1, can be found integrated into the staphylococcal chromosome at various locations. Tn4003 

represents a 3.4 kb composite Tn, carrying three passenger genes including the trimethoprim insensitive dfrA, 

flanked by direct copies of IS257 (230). In pSK1, Tn4003 forms part of a larger 4.7 kb pSK639-like structure, 

named as it represents a co-integrate remnant of a pSK639-like plasmid (288, 290).  
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1.7 Research Objectives 

The primary aim of the work presented in this thesis was to investigate different examples of evolution in S. aureus 

to strengthen our understanding of the dynamics surrounding staphylococcal population adaptation, with a specific 

focus on antibiotic-resistant lineages of S. aureus that circulate in Australia and New Zealand. This work 

endeavoured to answer questions concerning what factors contribute to the emergence and persistence of 

staphylococcal populations in distinct environments; what molecular tools and mechanisms were utilised to gain 

an adaptive advantage; and what were the consequences of these population level changes.  

The continued development of WGS technology and the substantial improvements to bioinformatic software to 

enable comparative genomic analyses of ever-growing bacterial collections has made it possible to investigate the 

evolutionary dynamics surrounding bacterial populations. Nowhere else has this technology been so prosperously 

applied than in studying the emergence, evolution and spread of pathogenic bacteria, in particular those that have 

developed resistance to antimicrobials agents (41, 294, 295). However, genomic investigation in isolation can 

only provide hypotheses about the evolution and adaptation of bacterial populations. Greater insight is gained 

when this technology is paired with detailed phenotypic profiling, as this permits the exploration of the 

consequences of genotypic change and can reveal what characteristics are providing an adaptive advantage in a 

given niche.  

Three examples of staphylococcal population evolution are presented in this thesis. The publication and additional 

data presented in Chapter 2 represent work conducted to gain a greater understanding of the ongoing evolution of 

the HA-MRSA lineage ST239 in Australia, one that has persisted in the region for more than four decades. 

Conversely, the publication and additional data presented in Chapter 3 represent work investigating the rapid 

emergence of a fusidic acid resistance ST5 MRSA lineage in the New Zealand community; a lineage which has 

now established itself as the predominate cause of MRSA infection in both the community and healthcare 

environments. The publication presented in Chapter 4 represents an exploration of the evolutionary dynamics 

surrounding the multidrug resistant pSK1 plasmid family and how changes in the configuration of this plasmid 

have augmented antibiotic resistance and disinfectant tolerance in the Australian ST239 MRSA population. 

Lastly, presented in Chapter 5 is a discussion about this work and how it has contributed to our understanding 

about the evolutionary dynamics surrounding successful MRSA lineages in Australia and New Zealand.  
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Chapter 2 
Convergent adaptation in the dominant global hospital clone 
ST239 of methicillin-resistant Staphylococcus aureus 
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2.1 Introduction 
One of the most successful lineages of antibiotic-resistant S. aureus is ST239; a multidrug resistant pandemic 

clone of MRSA responsible for numerous nosocomial infections since it was first reported in the late 1970s (296-

298). Prior to this work only a limited number of comparative genomic studies have investigated ST239 MRSA 

using global isolate collections, each revealing a different aspect of this clone’s evolution. (i) ST239 is a hybrid 

MRSA clone, formed from a large recombination event involving two major MRSA lineages, CC8 and CC30 

(93). It was estimated to have emerged during the 1960s around the same time that MRSA was first identified, 

with potential origins in Australia or the United States (299, 300). As global ST239 collections have grown, this 

hypothesised geographic origin has been re-evaluated with recent data now suggesting a potential European 

heritage for the lineage (301), although this is still debated. (ii) The population structure of ST239 is dominated 

by extensive local expansion with limited intercontinental transmission. Although few, these intercontinental 

transmission events have successfully seeded ST239 into new regions where the population has subsequently 

spread, frequently displacing local HA-MRSA lineages (300-303). (iii) Although recombination has not played a 

major role in the evolution of ST239, since that initial event from which it was formed, there are distinct 

differences in recombination rates between geographic sub-clones (301). Collectively, these studies support the 

idea that ST239 MRSA is composed of multiple (often geographically unique) clones, each evolving 

independently to one another. A key limitation of this work has been the bias towards strains representing only 

Europe, South America and Asia; a common issue in population genomic studies because of isolate availability. 

Australia has only ever been represented by a single isolate, ANS46, which was recovered in Melbourne in 1982 

(298, 300). Australia represents a geographically distinct region, one which is both a potential origin for this 

pandemic clone but also a region in which ST239 has thrived as the dominant HA-MRSA lineage for nearly four 

decades (http://agargroup.org.au/agar-surveys). Prior to this study, there had been limited data available about the 

local population structure of ST239 in Australia, and what evolutionary and genetic mechanisms underpinned it 

successful persistence in the region. Further, the phenotypic evolution of this clone had not previously been 

explored, specifically within the context of paired genomic data; data which could provide insight into how MRSA 

clones evolve and adapt within healthcare environments. 

http://agargroup.org.au/agar-surveys
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2.1.1 Project Aims 

The primary aim of the work presented in this chapter was to use population and functional genomics to explore 

the evolution of ST239 MRSA in Australian hospitals by (i) constructing a phylogenetic model for the local 

population structure of ST239, and to investigate this model within the context of a global dataset to understand 

the clone’s long-term persistence in the region; (ii) explore temporal changes in clinically relevant phenotypes, 

specifically antimicrobial resistance, virulence and replicative fitness, in order to understand the phenotypic 

adaptation of ST239 to the Australian healthcare environment, and (iii) combine these genomic and phenotypic 

datasets to gain deeper insight into the evolutionary and genetic mechanisms contributing to the success of this 

multidrug resistant lineage. 

2.1.2 Chapter Overview 

Presented in this chapter are the results of experiments conducted to address the three objectives described above, 

all of which have been answered in the publication presented in section 2.2. The supplementary methods, figures 

and tables from this publication are presented in section 2.2, with the supplementary dataset provided in Appendix 

1. In addition to this publication, an extended genomic analysis is presented in section 2.3. In the time since this 

publication, WGS data for more than 400 ST239 isolates has become available. The extended analysis presented 
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ABSTRACT Infections caused by highly successful clones of hospital-associated methicillin-resistant Staphylococcus aureus (HA-
MRSA) are a major public health burden. The globally dominant sequence type 239 (ST239) HA-MRSA clone has persisted in the
health care setting for decades, but the basis of its success has not been identified. Taking a collection of 123 ST239 isolates span-
ning 32 years, we have used population-based functional genomics to investigate the evolution of this highly persistent and suc-
cessful clone. Phylogenetic reconstruction and population modeling uncovered a previously unrecognized distinct clade of
ST239 that was introduced into Australia from Asia and has perpetuated the epidemic in this region. Functional analysis demon-
strated attenuated virulence and enhanced resistance to last-line antimicrobials, the result of two different phenomena, adaptive
evolution within the original Australian ST239 clade and the introduction of a new clade displaying shifts in both phenotypes.
The genetic diversity between the clades allowed us to employ genome-wide association testing and identify mutations in other essen-
tial regulatory systems, including walKR, that significantly associate with and may explain these key phenotypes. The phenotypic con-
vergence of two independently evolving ST239 clades highlights the very strong selective pressures acting on HA-MRSA, showing that
hospital environments have favored the accumulation of mutations in essential MRSA genes that increase resistance to antimicrobials,
attenuate virulence, and promote persistence in the health care environment. Combinations of comparative genomics and careful phe-
notypic measurements of longitudinal collections of clinical isolates are giving us the knowledge to intelligently address the impact of
current and future antibiotic usage policies and practices on hospital pathogens globally.

IMPORTANCE Methicillin-resistant Staphylococcus aureus (MRSA) is responsible for innumerable drug-resistant health care-
associated infections globally. This study, the first to investigate the evolutionary response of hospital-associated MRSA (HA-
MRSA) over many decades, demonstrates how MRSA can persist in a region through the reintroduction of a previously unrecog-
nized distinct clade. This study also demonstrates the crucial adaptive responses of HA-MRSA to the highly selective
environment of the health care system, the evolution of MRSA isolates to even higher levels of antibiotic resistance at the cost of
attenuated virulence. However, in vivo persistence is maintained, resulting in a clone of HA-MRSA able to resist almost all anti-
microbial agents and still cause invasive disease in the heavily compromised hosts found in modern health care settings.
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Staphylococcus aureus is one of the most common and problem-
atic causes of infectious disease in humans. The emergence and

spread of epidemic drug-resistant S. aureus clones have often been
referred to as a wave-like phenomenon, with the first wave repre-
senting the development of penicillin-resistant S. aureus, the sec-
ond wave representing that of methicillin-resistant S. aureus
(MRSA), and the third and fourth waves representing the es-

tablishment of the highly successful hospital-associated MRSA
(HA-MRSA) lineages that are encountered today and the ap-
pearance of genetically distinct MRSA clones in the commu-
nity, respectively (1).

Genomic studies are providing new insights into the popula-
tion structure of S. aureus, MRSA in particular, and have shown
that the majority of HA-MRSA infections are the result of a small
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number of dominant, typically multidrug-resistant, clones that
rarely cause disease outside the hospital setting (2, 3). One of the
most successful and persistent clones is the globally dispersed,
multidrug-resistant multilocus sequence type 239 (ST239), a nat-
urally occurring hybrid having originated from a large recombi-
nation event involving descendants of the two major staphylococ-
cal lineages, clonal complexes 8 and 30 (4). The earliest reports of
MRSA ST239 date back to the late 1970s in Australia (5), the
United Kingdom (6), and the United States (7). However,
multidrug-resistant MRSA belonging to phage group III and pos-
sibly representing ST239 has been isolated in Australia since the
1960s (8). From the 1980s, ST239 had been reported as the caus-
ative agent of numerous epidemics in health care institutions
worldwide; the number of regional names given to the ST239
clone attests to its success. These include, but are not limited to,
the Brazilian, British epidemic (EMRSA-1, -4, -7, -9 and -11),
Canadian epidemic (CMRSA-3), Hungarian, Portuguese, Nan-
jing/Taipei, Vienna, and Eastern Australian epidemic (EMRSA-
Aus-2 and -Aus-3) clones.

Recent studies have explored the global population structure
(9–11) and phylogeography (12) of ST239, as well as the role of
recombination and the contribution of other mobile genetic ele-
ments to the spread and survival of this clone (11, 13, 14). How-
ever, the mechanisms underlying the successful adaptation and
survival of ST239 MRSA within the health care environment, in
particular, the phenotypic evolution of this clone, are poorly un-
derstood. There is a high prevalence of reduced glycopeptide sus-
ceptibility among HA-MRSA isolates in Australia (15), where
ST239 has been a dominant MRSA clone for more than 30 years
(16). Additionally, a recent study of S. aureus bacteremia isolates
from Australia demonstrated higher vancomycin MICs for ST239
isolates than for other clones (17), suggesting that the ST239 clone
may be adapted to enhanced antimicrobial resistance.

Using both genomic and integrated phenotypic approaches,
we have explored the evolutionary dynamics of ST239 MRSA in
Australia, revealing that two clades of this highly successful clone
have evolved independently in our region, both contributing to
enhanced antibiotic resistance and attenuated virulence driven by
mutations in highly conserved essential regulatory genes. This
work provides an in-depth insight into the persistence and evolu-
tion of HA-MRSA and highlights a bacterial population level re-
sponse to the long-term and widespread use of antibiotics that is
driving even higher levels of resistance.

RESULTS AND DISCUSSION
Global and regional phylogeny of ST239 MRSA. To recover the
population structure of Australian ST239 MRSA, as well as ex-
plore the evolution of this sequence type within a global phylog-
eny, we collected 87 ST239 isolates from health care institutions in
Australia and New Zealand between 1980 and 2012. The majority
of these isolates (n � 69) were recovered from cases of bacteremia
or tissue infection. We supplemented this collection with the pub-
licly available whole-genome sequence reads of a further 35 inter-
national ST239 isolates from the collection of Harris et al. (10).
These additional isolates were recovered from Asia, Europe, South
America, and North America between 1993 and 2007 and repre-
sented the phylogenetic diversity observed in their population
model. Relevant isolate demographics and a summary of the se-
quencing results are available in Data Set S1 in the supplemental
material.

Alignment of whole-genome sequence reads for all 123 isolates
with reference ST239 isolate TW20 identified 2,716 core genome
single nucleotide polymorphisms (SNPs). A maximum clade
credibility (MCC) tree generated from these core genome SNPs is
presented in Fig. 1A. The population structure proposed by the
MCC tree is robust because of the strong branch support and the
distinct grouping of isolates with shared geographic source creat-
ing regional clades, a finding consistent with previous ST239 phy-
logenetic models. These clades reflect the capacity of ST239 to
undergo extensive local expansion but limited intercontinental
transmission (9–11).

The Australian ST239 isolates followed a similar pattern,
grouping into two distinct clades on the MCC tree (annotated as
Clades 1 and 2). The separation of these clades indicates the indi-
vidual evolutionary paths along which they have developed, while
the distance between them suggests that their core genomes are as
different from each other as those of other continental clades. This
reveals that ST239 MRSA has undergone concurrent but indepen-
dent spread twice within Australia. Clade 1 isolates represented all
of the regions sampled and 27 of the 32 years in the temporal span
of the collection (1980 to 2007). Conversely, Clade 2 isolates were
considerably less diverse; all were recovered in the Australian state
of Victoria, the earliest of which was isolated in 2001. The differ-
ence in the demographic diversity of these two clades is consistent
with Clade 1 being the original Australian ST239 clade and Clade
2 representing a more recent, previously unrecognized, reintro-
duction of ST239 into the Australian region. The more recent
common ancestor shared by Clade 2 and the predominately Asian
isolates, combined with the high posterior probability of major
nodes connecting these groups, is highly supportive of an inter-
continental transmission event between Asia and Australia, result-
ing in the local establishment of Clade 2. Furthermore, the only
four Australian isolates that did not group with either large clade
were located in a small, distinct clade close to Clade 2 and the
Asian isolates. All four isolates were recovered in the Australian
state of Victoria in 2000 and 2001, suggesting that more than one
intercontinental transmission event may have occurred between
the neighboring continents of Australia and Asia.

Genomic characterization of Australian ST239 MRSA. To
further investigate the molecular differences between the two Aus-
tralian ST239 clades, as well as understand the impact of the in-
troduction of Clade 2, we estimated the rate of nucleotide substi-
tution, modeled the population size over time, and examined the
conservation of protein coding sequences (CDS) among the
clades.

Nucleotide substitution rate. An initial global ST239 phylog-
eny, inferred by maximum-likelihood (ML) phylogenetic analy-
sis, demonstrated a temporal gradient when rooted with a non-
ST239 outgroup. This was further supported by the strong
correlation between the branch length and the year of isolation
(R2 � 0.8261, Fig. 1B). A comparison of the MCC and ML topol-
ogies is provided in Fig. S1 in the supplemental material. The
Bayesian analysis estimated the mean rate of nucleotide substitu-
tions for the ST239 clone at 1.6 � 10�6 substitutions per site per
year (ss�1 year�1), with a 95% highest posterior density (HPD)
interval of 1.2 � 10�6 to 2.0 � 10�6 ss�1 year�1. This rate is
marginally slower than previous estimates of 3.3 � 10�6 (95%
confidence interval, 2.5 � 10�6 to 4.0 � 10�6) ss�1 year�1 (10),
and 3.4 � 10�6 (95% HPD interval, 2.7 � 10�6 to 4.1 � 10�6)
ss�1 year�1 (12). Our estimate places the emergence of the ST239
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FIG 1 Global phylogeny and molecular clock of ST239 MRSA. (A) MCC tree, generated in BEAST v1.7.5 from 2,716 SNPs in the core genome of 123 isolates,
illustrating the global phylogeny of ST239 MRSA. Branches are colored to reflect statistical support; those possessing a posterior probability of �95% are red.
Major branches with �95% support are annotated with their respective posterior probabilities. Branch annotations provide isolate names, countries, and years
of recovery and are colored to reflect the source continents (yellow, Australasia; red, Europe; green, South America; blue, Asia). For Australian isolates, the state
of origin is indicated by a colored box (see key). Australian clades are shaded and annotated as Clade 1 and Clade 2. (B) Root-to-tip divergence graph illustrating
the strong correlation between year of recovery and branch length, estimated from an ML phylogenetic model. Data points representing Clade 1 and 2 isolates
are blue and red, respectively. Trend lines are included for all of the data points (black), Clade 1 (blue), and Clade 2 (red) and have been extrapolated to estimate
emergence dates.
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clone in 1946 (95% HPD interval, 1885 to 1973). To ascertain the
mutation rate and emergence date of each Australian clade, the
Bayesian analysis was repeated by testing Clades 1 and 2 indepen-
dently. Clade 1 was found to mutate at a mean rate of 9.2 � 10�7

(95% HPD interval, 5.8 � 10�7 to 1.3 � 10�6) ss�1 year�1, and
Clade 2 was found to mutate at a mean rate of 1.3 � 10�6 (95%
HPD interval, 6.5 � 10�7 to 2.0 � 10�6) ss�1 year�1. From this,
we estimated that Clade 1 emerged in 1962 (95% HPD interval,
1919 to 1981) and Clade 2 emerged in 1986 (95% HPD interval,
1954 to 1998).

Population size. To determine whether Clade 2 had contrib-
uted to the persistence of ST239 in the Australian health care en-
vironment, a Bayesian Skyline model was employed to estimate
changes in the effective population size (EPS) of each clade over
time (18). The EPS is estimated from the observed nucleotide
variation (genetic diversity) in relation to the mutation rate and
can be used to infer changes in the size of a population. These
models, illustrated in Fig. 2A, suggested a steady increase in the
EPS of Clade 1 from the early 1980s to the late 1990s, followed by
a nearly 10-fold decrease over the next 10 years. This result was
highly consistent with the reported dominance of the ST239 clone
among HA-MRSA isolates in Australia over the last 30 years, as
well as the subsequent decrease since 2005 (16). Intriguingly, the
EPS of Clade 2 appeared stable throughout the modeled time
frame of 2000 to 2012 and could be maintaining the ST239 pop-
ulation in Australia. This may partly explain why the ST239 clone
still represents nearly half of HA-MRSA strains encountered in the
health care environment nationally and 70% of those in the state
of Victoria, where Clade 2 appears to be focused (19).

Gene content variation. To investigate larger genomic differ-
ences between the two clades, protein ortholog clustering was
used to examine the variation in gene presence or absence. A mul-
tidimensional scaling (MDS) representation of these data illus-
trated discrete, clade-specific clustering (Fig. 2B), further high-
lighting the genomic divergence in Australian ST239 MRSA. A
total of 67 orthologs were identified that differentiated the two
clades, each being detected in a minimum of 50% of one clade and
absent from all of the isolates of the other clade. It was noted that
eight clade 1 isolates, all recovered in the early 1980s, appeared to

share more protein orthologs with Clade 2, as indicated by their
location in the MDS plot, than any other Clade 1 isolates. When
these eight isolates are excluded, the number of orthologs that
differentiate the two clades increased to 209. Of these, 123 (59%)
were associated with the three prophages identified in TW20
(�Sa1, �Sa3, and �Sa�-like). Orthologs associated with these
prophages were only identified in Clade 2 isolates and the eight
Clade 1 isolates. The �Sa�-like prophage is of interest in the evo-
lution of the ST239 clone because it carries the recently identified
virulence determinant sasX. Located at the 3= end of the �SP�-like
prophage, sasX encodes a small, surface-anchored protein that
enhances nasal colonization, abscess formation, and tissue dam-
age in the lungs during respiratory infection and has been impli-
cated in the rapid spread of ST239 throughout Asia (13). Li et al.
reported that the prevalence of sasX among ST239 MRSA in Asia
increased substantially between 2003 and 2011, suggesting the
preferential uptake of this mobile element. Local alignment iden-
tified sasX in all of the Clade 2 isolates, as well as the eight clade 1
isolates described above. While this may suggest a role for sasX in
the evolution of Clade 2, its absence from most Clade 1 isolates
indicates that it has not been transferred between the two clades.
Furthermore, its presence among only a small number of early
Clade 1 isolates suggests that it has been selectively lost, raising
questions about the role of sasX in the evolution of ST239 MRSA
in Australia. Nonetheless, the conservation of sasX among Clade 2
isolates is further evidence that this clade originated in Asia.

Collectively, these genomic analyses reveal that while both
clades exist and have evolved within the same environment, at a
molecular level, they are distinct. These differences are likely to
have contributed to the successful expansion of Clade 2 after its
reintroduction and the continued persistence of the ST239 clone
in this region. These differences also explain some of the pheno-
typic variation detected in Australian ST239 MRSA.

Changing phenotype of Australian ST239 MRSA. We took
advantage of the 32-year time span of our Australian ST239 MRSA
culture collection to identify changes in clinically relevant pheno-
types (see Fig. S2 in the supplemental material).

Enhanced antimicrobial resistance. Reduced glycopeptide
susceptibility has been commonly reported in Australian MRSA

FIG 2 Genomic characterization of Australian ST239 clades. (A) Bayesian Skyline models illustrating the change in the EPS of Clades 1 (blue) and 2 (red). The
clades were modeled separately, and their EPSs were overlaid onto a single graph. The median EPS is indicated by the central white line, and the 95% HPD interval
is indicated by the colored zone. (B) MDS plot, based on protein ortholog clusters, illustrating the variation in gene content among the Australian isolates from
Clades 1 (blue) and 2 (red). Dim, dimension.
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isolates (15, 20). Intermediate-level resistance to vancomycin
(vancomycin-intermediate S. aureus [VISA]) and teicoplanin was
detected at low levels in our collection (15 and 3%, respectively).
However, a further 19 isolates (21%) were identified as heteroge-
neous VISA (hVISA), indicating that more than a third (36%) of
the collection had reduced glycopeptide susceptibility. Further-
more, daptomycin nonsusceptibility was detected in 15 isolates
(17%). These proportions, although consistent with previous es-
timations of hVISA and VISA in our region (15), may be an over-
representation due to the inclusion of a subset of isolates (n � 24)
with known phenotypes of reduced susceptibility or nonsus-
ceptibility to these agents. They have therefore been excluded
from the following analyses of antimicrobial susceptibility and
bacterial fitness.

A comparison of antimicrobial susceptibility over time and
between phylogenetic clades is presented in Table 1. These analy-
ses demonstrated that the average MIC of vancomycin, teicopla-
nin, and daptomycin for isolates recovered after 1990 was signif-
icantly higher than that for those isolates recovered during the
1980s (P � 0.003 to �0.001). A comparison of the average MICs
for Clades 1 and 2 also showed a statistically significant difference,
with Clade 2 consistently having a higher average MIC of all three
antibiotics (P � 0.016 to �0.001). As Clade 2 contained only
isolates recovered after 2000 and could therefore be creating a bias
in the comparison of older and newer isolates, the comparison of
temporal groups was repeated by testing Clade 1 independently of
Clade 2. While there appeared to be a trend of increasing MICs of
all three antibiotics (see Fig. S3 in the supplemental material),
consistent with the shift observed in the wider data set, a statisti-
cally significant increase was only detected in the average MIC of
daptomycin for Clade 1 isolates recovered after 1990 (P � 0.013),
the P values for vancomycin and teicoplanin MICs being low but
nonsignificant (P � 0.121 and 0.057, respectively).

There has been significant debate in the literature regarding
“MIC creep” in S. aureus (21). Previous studies, while demon-
strating increasing MICs for MRSA isolates over time, have not
performed detailed genotyping to determine if the isolates being
tested are related or not. Here, we provide an example of both
phenomena contributing to “MIC creep” in one MRSA clone in a
single region, adaptive evolution within a clade and the introduc-
tion of a new clade, resulting in high rates of VISA infections
associated with enhanced morbidity and poor treatment re-
sponses (20, 22, 23).

GWAS. To identify the genetic mediators of enhanced antimi-
crobial resistance, in particular to vancomycin, a genome-wide
association study (GWAS) approach was implemented. These
types of studies often require large numbers of isolates to detect
associations, as the significance threshold is adjusted to account
for multiple testing (critical P value, �0.05/n). Therefore, it was
unsurprising that an initial comparison of the frequency of all of
the core genome SNPs resulting in nonsynonymous amino acid
changes between isolates with vancomycin MICs of �2 and
�3 �g/ml (Fig. 3A) failed to detect any significant associations.
Interestingly, the smallest P value achieved in this analysis was that
of an SNP resulting in an RpoBH481Y amino acid substitution (P �
0.00029). This exact mutation within the beta subunit of the RNA

TABLE 1 Comparison of the antimicrobial susceptibility and bacterial fitness of temporal and phylogenetic groupsa

Group (no. of isolates tested)

MIC in �g/mL
Bacterial
Fitness

Vancomycin Teicoplanin Daptomycin
Doubling Time
(mins)

Isolates recovered during 1980s (19) 1.09 0.81 0.24 39.35
Isolates recovered after 1990 (44) 1.45 1.49 0.51 45.62

P � 0.003 P < 0.001 P < 0.001 P < 0.001
Phylogenetic Clade 1 (38) 1.18 0.97 0.35 43.90
Phylogenetic Clade 2 (25) 1.59 1.79 0.52 43.46

P < 0.001 P < 0.001 P � 0.021 P � 0.790
Clade 1 isolates recovered during 1980s (19) 1.09 0.81 0.24 39.35
Clade 1 isolates recovered after 1990 (19) 1.28 1.17 0.50 48.46

P � 0.121 P � 0.057 P � 0.013 P < 0.001
a Each value is the mean result of the respective group. P values were determined with a Welsh two-sample t test with log transformations applied to MIC data prior to comparison.

FIG 3 GWAS of reduced vancomycin susceptibility in ST239 MRSA. Man-
hattan plots illustrate the results of two GWASs comparing isolates with van-
comycin MICs of �2 or �3 �g/ml. The red line indicates the threshold of
significance (P value of �0.05/number of hypotheses tested), as determined by
chi-square analysis. (A) Manhattan plot illustrating the associations between
SNPs and vancomycin MICs. The single red data point represents the SNP
resulting in an RpoBH481Y amino acid substitution. (B) Second Manhattan plot
illustrating the associations of CDSs containing a SNP(s), independent of the
SNP location within the locus, with vancomycin MICs. Highlighted red data
points represent the walK and walR genes, the only significant associations
identified in this analysis.
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polymerase has previously been demonstrated to lead to reduced
vancomycin susceptibility by using genetic manipulation experi-
ments (24) and was also identified in a recent GWAS of reduced
glycopeptide susceptibility (25). In the Australian ST239 collec-
tion, this SNP was identified in three phylogenetically dispersed
isolates with high vancomycin MICs. Furthermore, this analysis
revealed a high number of SNPs within the essential two-
component regulator walKR, all with very low P values (P �
0.00069).

To identify whether walKR, or any other gene, is a hot spot for
mutations associated with increased vancomycin MICs, a modi-
fied GWAS was performed. In this analysis, each CDS was classi-
fied as either “unaffected” or “affected”, the latter being assigned if
a SNP was identified within the locus, regardless of its location.
The frequencies of “affected” CDS in the same MIC groups de-
scribed above were then compared (Fig. 3B). This showed that
variant sequences of both walK and walR were highly associated
with increased vancomycin MICs (P � 2.721 � 10�9 and 2.149 �
10�8, respectively). However, the exact mutations were highly
variable, with three different walR mutations identified in four
isolates and seven different walK mutations identified in seven
isolates (see Table S1 in the supplemental material). The DNA
sequences of rpoB and walKR are highly conserved in S. aureus;
however, mutations in both loci have previously been linked to
not only enhanced glycopeptide resistance (26) but also altera-
tions in virulence and, in the case of rpoB, resistance to the host
innate immune responses (27). The selective pressures driving
resistance to last-line antimicrobials in Australian ST239 MRSA
are therefore also likely to be having an impact on the fitness and
virulence of this clone.

Relative bacterial fitness. To determine whether there has also
been a change in the relative fitness of Australian ST239 MRSA,
the average replication rate of each isolate was measured (see
Fig. S2 in the supplemental material). The mean doubling time of
the Australian collection (n � 87) was 46.51 � 8.48 min or 43.73
� 6.61 min when the subset of isolates (n � 24) with known
resistance phenotypes was excluded. This finding is similar to the
previously published replication rate of five Australian ST239 iso-
lates of 42.2 � 6.5 min (28). A comparison of older and newer
isolates identified a statistically significant increase in the mean
doubling time of isolates recovered after 1990 (P � 0.001) (Ta-
ble 1). This increase was also observed among newer Clade 1 iso-
lates when they were tested independently (P � 0.001). No signif-
icant difference between the mean doubling times of Clades 1 and
2 was observed. However, Clade 2 isolates did demonstrate a sig-
nificantly slower replication rate than Clade 1 isolates recovered in
the 1980s (P � 0.017) but a significantly faster rate than those
recovered after 1990 (P � 0.008). This suggested that reduced
fitness among Australian ST239 MRSA was largely due to an in-
crease in the replication rate of Clade 1. Furthermore, Clade 2,
while demonstrating enhanced antimicrobial resistance, has not
suffered the same loss of fitness, another possible contributor to its
successful establishment within the Australian health care envi-
ronment.

Evolution to attenuated virulence but preserved in vivo per-
sistence in ST239 MRSA. Reduced virulence has been demon-
strated in HA-MRSA clones, particularly those that are multidrug
resistant (29–31); however, the evolution of virulence over time
has not been investigated. To determine the impact of hospital
adaptation on the virulence of Australian ST239 MRSA, the activ-

ity of the accessory gene regulator (agr), the primary global viru-
lence regulatory system in S. aureus, was measured, and the results
were confirmed in a murine infection model.

�-Hemolysin production. The activity of the agr complex
was assessed by determining the phenotypic production of
�-hemolysin (32). Of the 87 isolates in the collection, 40 (46%)
demonstrated �-hemolysis and were thus considered to have an
active agr locus. The remaining 47 (54%) did not demonstrate
�-hemolysis and were therefore considered agr defective. A com-
parison of agr activity and the year of isolation showed a dramatic
shift in the proportion of isolates with an active agr system over
time. Nearly 84% (16/19) of the isolates recovered during the
1980s appeared to have an active agr locus. However, this dropped
to 52% (12/23) of the isolates recovered between 1998 and 2002
and 31% (11/36) of those recovered between 2003 and 2007. All of
the isolates recovered after 2007 appeared to be agr defective, al-
though this time frame has been sparsely sampled. This suggests
strong selection pressure against agr activity in the Australian
health care environment and is consistent with the recent work of
Paulander et al. (33) in which exposure to selected antimicrobials
resulted in increased agr expression and reduced bacterial fitness.
They proposed that certain antibiotics may be indirectly driving
the selection of agr-defective isolates by imposing an RNAIII-
associated fitness cost on isolates with functional loci. When the
agr activities of the phylogenetic clades were compared, it became
apparent that all Clade 2 isolates were potentially agr defective.
When Clade 2 is excluded, a decrease in agr activity over time is
still observed, the percentage of Clade 1 isolates with an active agr
locus dropping from 84% to 75% (12/16) and then to 52% (11/21)
for the pre-1990, 1998-to-2002, and 2003-to-2007 time frames,
respectively.

Reduction of agr activity is most commonly associated with
mutations in the agrABCD locus (32, 34). In the ST239 Australian
collection, only eight SNPs and two single base insertions were
identified within agrABCD but only seven of these resulted in
nonsynonymous amino acid changes (see Table S2 in the supple-
mental material). Intriguingly, a total of 37 isolates were identified
with a defective agr system but there was no mutation in agrABCD
to explain the loss of function. When the presence of agrABCD
mutation was compared to our regional phylogeny, it became ap-
parent that the most common SNPs, resulting in predicted
AgrCR6S and AgrCR393C changes, were found only within Clade 1
isolates (see Fig. S2 in the supplemental material). The predicted
AgrCR6S change was identified in all Clade 1 isolates, regardless of
agr activity. Alternatively, the AgrCR393C change was identified in
a subset of five isolates, all agr defective and all belonging to a
single subclade of Clade 1. The majority of the isolates that we
observed with a defective agr system and no agr mutations iden-
tified belonged to Clade 2.

RNAIII expression. To confirm these findings, reverse
transcription-quantitative PCR was performed with a subset of
isolates randomly selected from three groups, Clade 1 isolates re-
covered during the 1980s, Clade 1 isolates recovered after 1990,
and Clade 2 isolates. RNAIII expression among the representative
Clade 1 isolates revealed a dramatic reduction in the expression of
the agr complex over time (Fig. 4A), consistent with the findings
of the �-hemolysin assay. Isolates recovered in the 1980s showed
very high RNAIII expression, often above that of the strong posi-
tive control JKD6159, a highly virulent ST93 community MRSA
isolate from Australia that produces large amounts of
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�-hemolysin (35), a product positively regulated by RNAIII. The
discovery of isolates with expression levels higher than that of
JKD6159 suggested that early ST239 isolates were potentially
highly virulent but extended evolution within the hospital envi-
ronment has led to less virulent phenotypes. Of these 12 isolates,
only one produced a result inconsistent with the �-hemolysin as-
say. BPH2070 showed no �-hemolysis but expressed RNAIII at
low levels. This suggests that a negative result in the initial
�-hemolysis screen may be indicative of both negative and very-
low-level RNAIII expression. Of the four Clade 1 isolates that did
not express RNAIII, only BPH2095 had an agr mutation that
could account for the loss of activity, carrying a single base inser-
tion within agrC resulting in a reading frameshift. No Clade 2
isolates demonstrated �-hemolysis; however, four of the five rep-
resentative isolates expressed RNAIII at low levels, much like
BPH2070. The single Clade 2 isolate (BPH2016) that did not ex-
press RNAIII carried a single point mutation with a predicted

AgrCP24S amino acid change. These results suggest that most
Clade 2 isolates that do not possess an agrABCD mutation may
express RNAIII at low levels. Furthermore, it highlights that at
least three different mechanisms are contributing to attenuated
virulence in the ST239 clone, mutation within the locus disrupting
its activity, as well as external factors leading to both complete
inactivity and reduced RNAIII expression.

In vivo sepsis model. To determine whether Australian ST239
MRSA was indeed evolving toward attenuated virulence, eight of
the 12 Clade 1 isolates, four from each temporal group, tested for
RNAIII expression were also assessed in an in vivo murine sepsis
model. As the reduction in RNAIII expression over time was ob-
served only in Clade 1, Clade 2 isolates were not tested in this
model. The results of the in vivo murine sepsis model demon-
strated that Clade 1 isolates recovered in the 1980s were signifi-
cantly more virulent (Fig. 4B), in terms of both survival (P �
0.0054) and weight loss at day 2 (P � 0.001), day 3 (P � 0.046),

FIG 4 Evolution of ST239 MRSA toward attenuated virulence. (A) Fold changes in RNAIII expression levels compared to control JKD6159, as determined by
reverse transcription-quantitative PCR. Bar color indicates activity of the AGR complex as determined by the delta-hemolysin assay (black, active; grey, inactive).
Colored boxes below isolate names indicate those isolates that were tested in the in vivo murine sepsis model; colors represent the temporal groups to which they
belong (see panel B). (B) Results obtained with the in vivo sepsis model. (Left) Seven-day survival curves grouped by year of isolation as indicated in the key. Each
group represents four bacterial isolates, each tested in 16 animals. The P value is for a comparison of Kaplan-Meier curves with a log-rank test. (Right) Bacterial
burdens in the kidneys at 7 days postinjection. Each data point represents one animal infected with one isolate. The detection threshold is shown by the grey line;
only values above this level are displayed.
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and day 4 (P � 0.0056), compared to newer clade 1 isolates (see
Fig. S4 in the supplemental material), confirmation of the evolu-
tion of this clade toward attenuated virulence. Additionally, it has
been well demonstrated that RNAIII expression contributes to
virulence (35). Consistent with this, when isolates were regrouped
on the basis of RNAIII expression, those with high-level expres-
sion were more virulent in the murine model than isolates with
moderate or no RNAIII expression, as shown by both survival
(P � 0.0027) and weight loss at day 2 (P � 0.0001) and day 4 (P �
0.0434) (see Fig. S4 in the supplemental material). Interestingly,
there appeared to be no difference in virulence between isolates
with moderate RNAIII expression and those with no RNAIII ex-
pression. The regulation of virulence in S. aureus is multifactorial,
and these results could indicate that lower-level RNAIII expres-
sion may be insufficient in these isolates for the transcriptional
regulation of downstream virulence determinants. Alternatively,
isolates with defective agr loci may have compensatory mecha-
nisms of pathogenesis that are independent of agr and have not
been explored in this study.

Previous studies have shown that isolates with attenuated vir-
ulence are capable of persistent infection (27), with a viable bac-
terial cell count detectable in the kidneys at 7 days postinjection in
a murine sepsis model. We also noted that our isolates were capa-
ble of persistence; however, it was not associated with a specific
phenotypic group (Fig. 4B). Our results suggest that ST239 MRSA
is capable of persistent infection regardless of its relative virulence
level or evolutionary age.

Conclusions. Using detailed genomic and phenotypic analy-
ses, this study has revealed a very clear picture of the localized
evolution of one of the most important global clones of HA-
MRSA. The high resolving power of bacterial genomics has un-
covered a previously unrecognized reimportation of ST239 MRSA
into Australia, perpetuating the ST239 epidemic in our region,
and demonstrated the genomic diversity between the cocirculat-
ing clades. Changes common to these two independent clades
have revealed an adaptation toward increased antimicrobial resis-
tance and a HA-MRSA clone that is primed for higher-level gly-
copeptide and daptomycin resistance. The apparent cost of these
changes has been a significant reduction in the replication rate and
virulence measured by analysis of doubling times, agr activity, and
a murine sepsis model. However, these changes may actually rep-
resent coselected adaptive advantages, as the capacity of the ST239
clone to cause persistent invasive infection remains significant.
These results shed new light on the complex evolution of S. aureus
clones that predominate within the health care environment and
illustrate how projects utilizing both comparative genomic and
functional approaches are essential to understanding the impact
of current antibiotic usage polices on hospital pathogens.

MATERIALS AND METHODS
Bacterial isolates. This study utilized a temporal and geographically dis-
persed collection of 123 ST239 S. aureus isolates. The culture collection
consisted of 87 isolates recovered from the Australia-New Zealand region
between 1980 and 2012. For genomic analyses, this collection was supple-
mented with the genome sequences of an additional 35 isolates from the
international collection of Harris et al. (10). Relevant isolate demograph-
ics are available in Data Set S1 in the supplemental material.

Genome sequencing and analyses. Of the Australian isolates, 71 were
sequenced in this study with MiSeq (Illumina) and a read length of 2 �
150 bp. The genome sequence reads of previously published strains are
available under the following accession numbers: TW20, GenBank acces-

sion no. FN433596; the 35 international ST239 strains, Sequence Read
Archive accession no. ERA000102; JKD6008, GenBank accession no.
CP002120. Genomic and phylogenetic analyses were performed as de-
scribed in Text S1 in the supplemental material.

Phenotypic analyses. The experimental methodology and analysis of
antimicrobial susceptibility, growth rate, functionality of the agr locus and
the in vivo murine sepsis model are described in Text S1 in the supple-
mental material. All animal studies were performed in accordance with
the Animal Research Ethics Committee at the University of Melbourne.

Nucleotide sequence accession number. The sequence reads deter-
mined in this study were submitted to the European Nucleotide Archive
(ENA) under study number ERP009308, and can be accessed via http://
www.ebi.ac.uk/ena/data/view/ERP009308.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBio.00080-15/-/DCSupplemental.

Text S1, PDF file, 0.3 MB.
Data Set S1, PDF file, 0.1 MB.
Figure S1, PDF file, 0.03 MB.
Figure S2, PDF file, 0.1 MB.
Figure S3, PDF file, 0.1 MB.
Figure S4, PDF file, 0.1 MB.
Table S1, PDF file, 0.1 MB.
Table S2, PDF file, 0.1 MB.
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2.2.2 Supplementary Materials 

Baines, S. L., K. E. Holt, M. B. Schultz, T. Seemann, B. O. Howden, S. O. Jensen, S. J. van Hal, G. W. Coombs, 

N. Firth, D. R. Powell, T. P. Stinear and B. P. Howden (2015). "Convergent adaptation in the dominant global 

hospital clone ST239 of methicillin-resistant Staphylococcus aureus." MBio; DOI: 10.1128/mBio.00080-15. 

Available in Appendix 1: Dataset S1 Summary of study isolates and genome sequencing. The relevant 

demographic and whole-genome sequencing information of all isolates included in this study are shown. 

 

Text S1: Supplementary Materials & Methods 

Bacterial Strains & Storage.  

This study utilised a temporal and geographically dispersed collection of 123 ST239 S. aureus isolates.  Of these, 

87 were recovered from the Australian states of Victoria (n=52), New South Wales (n=10), and Queensland 

(n=10), as well as New Zealand (n=2), between 1980 and 2012. These isolates we initially identified as ST239 

using PFGE, or an ST239 specific PCR as previously described (304). Twenty-seven isolates are from previously 

published studies (170, 305, 306), and the remaining 60 are novel. The majority of these represent clinical isolates 

causing either septicaemia (n=50), or tissue infection (n=7) in non-duplicate patients. Twelve represent paired, or 

triplet, isogenic isolates recovered from patients who developed reduced glycopeptide susceptible variants during 

persistent infection. The remaining 17 isolates, all recovered in the early 1980s, had no clinical data available. 

This collection was supplemented with the genome sequences of an additional 35 international ST239 isolates 

(300). Bacterial strains were stored in glycerol broth at -80°C and sub-cultured twice on horse blood agar (Oxoid) 

prior to all testing. If liquid culture was required, the second sub-culture was performed in heart infusion broth.  

Genome Sequencing & Analysis.  

A total of 71 isolates were sequenced in this study. Genomic DNA was extracted using the GenElute Genomic 

DNA Kit (Sigma), multiplex short-read DNA libraries were created with the Nextera XT DNA Preparation Kit 

(Illumina), and whole genome sequencing was performed on the MiSeq (Illumina) using 2 x 150 bp chemistry; 

all performed as per the manufacturer’s recommendations. The genome sequence reads of previously published 

strains are available under the following accession numbers: TW20 (GenBank, FN433596), 35 international 

ST239 strains (Sequence Read Archive, ERA000102), JKD6008 (GenBank, CP002120). All other sequences were 

submitted to the National Centre for Biotechnology Information GenBank and are available under BioProject 

SAMN03083454.  

A read mapping approach was used to align short-read sequences of all 123 strains to reference ST239 strain 

TW20 using SHRiMP v2.0 (307). Identification of mutation in read alignments were performed as previously 

described (308). 

Detection of Recombination. Core genome SNPs potentially introduced by recombination were identified using 

a modified method of that proposed by Croucher et. al. (309). A phylogeny was established using RAxML (310), 
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then SNPs were mapped onto the branches using PAML v4 (311); each branch representing a unique group of 

temporally related SNPs. Each group was examined for spatial clustering using a chi-squared analysis with a 

Bonferroni correction applied to determine significance. Clustered SNPs were removed, and the analysis repeated 

with no further clustering identified.  

Phylogenomic Analyses. An initial global population model was estimated using PhyML v3 (312), under a GTR 

model of nucleotide substitution with 1000 bootstrap replicates and rooted with the  non-ST239 S. aureus strain 

FPR3757 (GenBank, NC_007793.1). This phylogeny was used to assess the correlation between branch length 

and year of isolation with Path-o-Gen v1.3 (313). 

Phylogenetic analysis of the core genome, non-recombinant SNPs was completed using BEAST v1.7.5 (refer to 

http://beast.bio.ed.ac.uk for all software in this paragraph), also using the GTR model. Three molecular clock 

models were initially trialled (strict clock, uncorrelated relaxed log normal (UCLN) and random local clock) with 

the best likelihood achieved using the UCLN model (unpublished data), a result consistent with Gray et. al. (299). 

A constant size tree prior was used for modelling phylogeny and a Bayesian Skyline model for estimating the 

effective population size; run with the default parameters of a piecewise-constant model and 10 groups. For the 

global phylogeny (FIG 1A) three 100 million Monte Carlo Markov Chain (MCMC) analyses were run and 

combined, and for individual clade analysis four 10 million MCMC chains were run and combined, sampling 

every 1000th steps to achieve effective sampling. The burnin was set at the earliest point at which a stable 

likelihood was achieved in each run (interpreted visually in Tracer v1.5). No runs were discarded as the marginal 

likelihoods of all iterations was ≤ 2 (14). Runs were combined using LogCombiner v1.7.5 and re-sampled at a 

frequency that would achieve approximately 10,000 samples. TreeAnnotator v1.7.5 was used to select the 

topology with MCC and annotate the tree with mean heights. Final alterations to tree topology, including branch 

width, colour and annotation, were undertaken in FigTree v1.4.2. The model of population size was generated in 

Tracer v 1.5 using the Bayesian Skyline reconstruction tool. Calculation of the molecular clock as SNPs per site 

per year was completed by multiplying the rate estimated in BEAST with the number of variant sites tested, then 

dividing the total by the approximate size of a S. aureus genome (2.8Mb) (299).  

Gene Presence/Absence. Sequence reads were de novo assembled as previously described (308), and the resulting 

contigs were used to construct an orthologous protein matrix with proteinortho v5 (314), using blastp+ with a 

default e-value of 1x10-5. This matrix was used to generate a multidimensional scaling plot, in FriPan 

(http://drpowell.github.io/FriPan/, unpublished), representing the variation in gene content between strains (FIG 

2B). 

Phenotypic Analysis. 

Antimicrobial Susceptibility Testing. The minimum inhibitory concentration for each strain were determined for 

vancomycin, teicoplanin and daptomycin, using Etests (bioMérieux), following the manufacturer’s 

recommendations. Results were interpreted following the Clinical Laboratory Standards Institute (CLSI) 

guidelines (315). To determine reduced glycopeptide susceptibility Macro-Etests, using a 2.0 McF solution, were 

performed as previously described by Walsh et. al. (316). S. aureus ATCC25923 and Mu3 were included as 

controls.  
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Genome Wide Association Study. Allelic association was performed using the GWAS software Plink (317). 

Phenotypic groups were defined by a vancomycin MIC of ≤ 2 μg/mL or ≥ 3 μg/mL. Core genome SNPs that 

resulted in non-synonymous amino acid changes were compared testing each SNP individually as well as grouping 

SNPs based on location and assigning an allele value for CDS with or without mutation. A Bonferroni correction 

was used to account for multiple hypothesis testing; the critical p-value determined as ≤ 0.05/ number of SNPs or 

CDSs tested. 

Growth Curves. The average doubling time for each strain was determined using growth curves. These were 

performed as previously described (318), with the one exception that Mueller Hinton broth (BD) was used. Strains 

were tested in both biological and technical triplicate. To convert optical density into doubling time, technical 

replicates were averaged and graphed on a log scale. The OD600 at the last time point in which all strains entered 

exponential growth (40 minutes) and first time point at which the first strain entered stationary phase (130 minutes) 

was used as time points 0 and 1, respectively. The following two equations were then applied to each biological 

replicate and the final doubling times averaged for each strain. 

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖 (𝐺𝐺𝐺𝐺) =
𝑙𝑙𝑙𝑙𝑙𝑙10( 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 1 ) −  𝑙𝑙𝑙𝑙𝑙𝑙10( 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 0 )

log10(2)
 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 (𝐷𝐷𝐷𝐷) = (𝐺𝐺𝐺𝐺 ×  ∆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)  × 60 

 

Detection of Delta-Haemolysin. The delta-haemolysin assay was performed as previously described (273). Each 

strain was tested in biological triplicate and any inconsistencies were resolved by accepting the results seen in two 

of the three tests.  

Reverse Transcription - qPCR. Total RNA was extracted from cells grown to an OD600 of 1.0-1.1 in heart 

infusion broth using the RNeasy Mini Kit (Qiagen), as per the manufacturer’s recommendations with the inclusion 

of two on-column DNase I digestion steps. Synthesis of cDNA and qPCR were performed as previously described 

(305), using RNAIII primers from (165). Control strain JKD6159 was used to establish a standard curve, and the 

average Ct from three technical replicates was used to calculate a fold difference for each strain compared to 

JKD6159. The average of two biological replicates is displayed in FIG 4A.  

Murine Sepsis Model. Wild-type 8-week-old female BALB/c mice were injected via the tail vein with 100μl of a 

phosphate buffered saline (PBS) solution containing approximate 1 x 106 colony forming units (CFU) of either 

BPH2032, BPH2057, BPH2070, BPH2073, BPH2080, BPH2086, BPH2095 or BPH2098. Mice were monitored 

every eight hours for signs of illness. Any mice that developed severe illness were euthanized by CO2 inhalation. 

All surviving mice were euthanized at day seven post-injection. Bacterial burden within the liver, kidney and 

spleen were determined by tissue homogenisation in 5ml PBS and serial dilution. The minimum detectable CFU 

count was 5 x 104 CFU/mL. All animal work was performed in accordance with the Animal Research Ethics 

Committee at the University of Melbourne. 
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Statistical Analyses 

All statistical analyses were performed in either R v2.15.3 (319), or Prism GraphPad v6.04 (320). Comparison of 

growth rates and MIC values were conducted in R using a Welsh two sample t-test. Significance was determined 

as a p-values ≤ 0.05. In both analyses, the results from the four strains belonging to the small clade (BPH2006, 

BPH2008, BPH2010 and BPH2011) were included with Group 2. A log transformation was applied to MIC values 

during comparison. Analysis of results from the in vivo sepsis model was completed using Prism Graphpad. 

Kaplan-Meier curves were established, and log-rank tests used to compare survival. Differences in percentage 

weight loss from pre-injection weight was completed using either an unpaired t-test for comparison of year groups 

or a one-way ANOVA for RNA III expression groups. Significance was determined as a p value ≤ 0.05. 

All images were compiled and finalised using Inkscape v0.48.5 (321). 
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FIG S1 Comparison of the global phylogeny of ST239 MRSA inferred by Bayesian and ML methods. This 

tanglegram, generated in Dendroscope v3.2.10, compares the topology of the ST239 MRSA global phylogeny 

inferred by Bayesian (A) and ML (B) analyses. Both trees are displayed as cladograms. Branch annotations 

provide isolate names, continents, and years recovered and are joined by a grey line to indicate their location 

within the respective trees. 
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FIG S2 Phenotypic characterization of Australian ST239 S. aureus strains. (A) Global ST239 phylogeny 

presented in FIG 1A. Phenotypic data are presented for Australian isolates only, grouped into clades and ordered 

as they appear in the global phylogeny. Each isolate name is followed by the institution (three-letter code) at 

which it was isolated and then the year in which it was recovered. The Australian state is indicated by the coloured 

box (see key). (B) Heat maps representing the isolate specific phenotypes for doubling time (minutes; gradient of 

red [32.3] to yellow [76.1]) and MICs (µg/ml; gradient of blue to red) of vancomycin (0.5 to 4.0), teicoplanin 

(0.25 to 12.0), and daptomycin (0.094 to 4.0). Reduced glycopeptide susceptibility is indicated by a grey (hVISA) 

or black (VISA) circle. On the right, the function of the agr system, as determined by δ-hemolysin production, is 

shown. Mutations within the locus are displayed adjacent to the heat map (see key). 
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FIG S3 Increasing antimicrobial resistance of ST239 MRSA. The graphs illustrate changes in the MICs of 

vancomycin (A), teicoplanin (B), and daptomycin (C) for Australian ST239 MRSA over time. MICs are graphed 

on a log2 scale. The temporal and phylogenetic clade of each isolate is indicated by the inner and outline colours 

of the data point, respectively (see key). Log trend lines used to estimate the MIC changes over time across the 

whole data set (black), Clade 1 (blue), and Clade 2 (red) are included. 
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FIG S4 Evolution of ST239 S. aureus toward attenuated virulence. (A) Graphs showing the results of in vivo 

sepsis model analyses including 7-day survival curves and respective weight loss data for days 2, 3, and 4 

post-injection, grouped by year of isolation. Each group represents four bacterial isolates, each tested in 16 

animals. (B) Graphs illustrating the same data regrouped by RNAIII expression levels. The “high” and “medium” 

groups each represent three isolates, and the “low” group represents two isolates. In survival curves, P values are 

for comparisons of Kaplan-Meier curves with a log-rank test. In weight loss graphs, P values are for average 

weight loss comparisons of groups with an unpaired t test for year groups and one-way analysis of variance for 

RNAIII expression groups. Error bars show the standard errors of the means. (C) Bacterial burdens in the liver, 

kidneys, and spleen at 7 days post-injection. Each data point represents one animal infected with one isolate; 

however, each result is represented twice in the graph, once for the year group and once for each RNAIII 

expression group. The detection threshold is shown as a grey line; only values above this level are displayed. 
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2.3 Extended Analysis 
One of the key findings of the study presented in section 2.2 was the discovery that two genetically distinct clades 

of ST239 circulated in Australia, the original clade (Clade 1) and a more recently introduced, genetically distinct 

clade (Clade 2), which from this point on will be referred to as the “Australian” and “Asian-Australian” clades, 

respectively. Due to the small number of isolates included in the publication, notably for the Asian-Australian 

clade, there was uncertainty surrounding the emergence date and geographic origin of the new clade. It was also 

unclear how far the Asian-Australian clone had spread within Australia. Since this work was conducted, the 

sequence data for more than 400 local and international ST239 isolates had become available. This extended 

analysis, utilising this new collection of 531 isolates, was performed to improve the phylogenetic modelling 

conducted in the original publication, and provide an updated description of ST239 MRSA in Australia. 

 

2.3.1 Materials & Methods 

Bacterial Isolates. This extended analysis utilised the genome sequence data for a total collection of 534 ST239 

isolates. The source of these isolates and selection criteria are described below. Isolate specific information is 

available in Appendix 1. In the case of published isolates only the genome sequence data was utilised and sourced 

from public sequence archives. For all unpublished isolates, details have been provided about the storage, genomic 

DNA extraction and sequencing conditions. 

Published sequence data 

• The complete genomes of nine ST239 isolates were sourced from (216, 322-329).  

• Seventy-nine isolates were sourced from the publication provided in section 2.2 (137). Of the original 86 

isolates in this dataset, seven were excluded. These isolates had new sequence data generated as part of 

a separate study; new sequences have been included here as unpublished data. 

• One hundred and seventy-seven isolates were sourced from the collections of (300, 301, 330-334). All 

ST239 isolates that could be accessed from these studies were included. 

• Seventy-eight isolates were sourced from the collections of (31, 303). A limited number of isolates were 

included from both studies, selected to maximise the temporal and geographic diversity of these 

collections. 

Unpublished sequence data 

• One hundred and four isolates were sourced from the collection of the Australian and New Zealand 

Cooperative on Outcome in Staphylococcal Sepsis (ANZCOSS) study (335). All ST239 isolates from 

unique patients selected for an ANZCOSS sub-study were included (306). 

• Twenty-nine isolates were sourced from the 2015 Australian Staphylococcal Sepsis Outcome Program 

(ASSOP). Sequence data for all ST239 isolates was kindly provided by the Australian Group on 

Antimicrobial Resistance (http://agargroup.org.au/agar-surveys). 

http://agargroup.org.au/agar-surveys
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• Sixteen isolates were sourced from the collection of the Vancomycin Efficacy in Staphylococcal Sepsis 

in Australasia (VANESSA) study (336). All ST239 isolates from unique patients were included. 

• Forty-two isolates were sourced from historic collections (1989 – 1994) housed at the Microbiological 

Diagnostic Unit Public Health Laboratory (MDUPHL), Melbourne, Australia. All ST239 isolates from 

unique patients that could be accessed were included.  

Storage & Whole Genome Sequencing. Bacterial isolates sourced from the ANZCOSS, VANESSA and 

MDUPHL collections were stored in glycerol broth at -80°C and sub-cultured twice on to horse blood agar 

(Oxoid). Genomic DNA was extracted with the JANUS Automated Workstation, using the Chemagic DNA/RNA 

kit (Perkin Elmer). Unique dual index libraries were prepared using the Nextera XT DNA preparation kit 

(Illumina). Libraries were sequenced on a NextSeq or HiSeq platform (Illumina) with 2 x 150 bp chemistry, or a 

MiSeq platform (Illumina) with 2 x 250 bp chemistry (Appendix 1), as per the manufacturer’s instructions. 

To generate a compete reference genome representative of the Asian-Australian lineage, isolate BPH2947 

underwent long-read sequencing. Genomic DNA was extracted using the DNeasy Blood & Tissue extraction kit 

(Qiagen) and sequenced on the PacBio RS-II platform using P6-C4 chemistry, as per the manufacturer’s 

instructions (Pacific Biosciences).  

Genome Assembly of Reference BPH2947. The complete genome of BPH2947 was assembled using the SMRT 

Analysis System v2.3.0.140936 (Pacific Biosciences). Raw sequence data was de novo assembled using the 

HGAP v3 protocol, with a minimum seed read length of 10 Kb, genome size of 3 Mb, target coverage of 10 and 

an overlapper error rate of 0.04. A single contig was generated. This contig underwent a second round of error 

correction using Quiver v1 and was circularised with the overlap removed in Geneious v8.1.5 (Biomatters). Raw 

long-reads were aligned to the assembly using BridgeMapper v1 and the alignment surrounding the contig overlap 

and ribosomal RNA regions were checked manually for assembly errors. The consensus sequence from this 

alignment underwent a final round of error correction, using Snippy v3.2-dev 

(https://github.com/tseemann/snippy), with short-read data generated on a MiSeq platform from the same genomic 

DNA extraction. The final sequence was annotated with Prokka v1.12 (337).  

Phylogenetic Analysis. The Illumina short-read sequence data for all 534 ST239 isolates was mapped to reference 

genome BPH2947, using Snippy v3.2-dev. In the case of the nine complete genomes, pseudo short-reads (150 bp 

paired-end) were generated prior to mapping using the option “--ctgs” in Snippy v3.2-dev. A whole genome 

alignment was generated, using a minimum coverage of 10 reads and base-call stringency of 90% to call 

nucleotide variants. Examination of this alignment found three isolates to be highly divergent (data not shown). 

These isolates (GRE108, HU25, and TUR9) were excluded from further analysis. The whole genome alignment 

was reconstructed with the remaining 531 isolates. Recombination was assessed using ClonalFrameML v.1.11 

(338). However, as so few recombinant events were detected, masking these sites prior to temporal phylogenetic 

analysis was not required. Testing of nucleotide substitution models was performed on the whole genome 

alignment using IQ-TREE v1.6.1 (339), with the GTR nucleotide substitution model producing the highest 

likelihood. 
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The package BEAST v2.4.7 (340), was used to construct a time-aware phylogenetic model. The whole genome 

alignment was adjusted to create two smaller alignments, comprising only core genome SNPs; the core genome 

defined as a nucleotide site with a base called in every isolate within the alignment. These alignments represented: 

(i) All ST239 isolates (n=531, 7933 core SNPs), and (ii) all Australasian isolates (n=272, 3342 core SNPs). For 

each alignment, these core SNPs were grouped into a single partition and modelled using the following 

parameters. The year of isolation was provided as a prior. The GTR model of nucleotide substitution was selected, 

with the substitution rate estimated using four gamma categories. A UCLN clock model and a coalescent constant 

population model were selected [based on previous studies (137, 299)]. To model temporal changes in EPS in the 

Australian and Asian-Australian clades, the alignment of the Australasian isolates was split. Both alignments were 

modelled using the same parameters described above with the exception that the population model was set as a 

coalescent Bayesian skyline model. Invariant sites were included in all alignments as a constant pattern and 

weighted based on the nucleotide proportions of reference BPH2947 (A 33.4%, C 16.4%, G 16.4%, T 33.8%). 

Five 50 million step iterations were run for each alignment and then examined for convergence in Tracer v1.6 

(http://tree.bio.ed.ac.uk/software/tracer/). The burnin was adjusted for each run to a point at which a stable 

likelihood was achieved. All runs converged and none were discarded based on the comparisons of Bayes Factors, 

calculated from the harmonic means of the run likelihoods, and the attainment of effective sample sizes (>200) in 

all measurements. Runs were joined and re-sampled at a frequency that would achieve 10,000 trees using 

LogCombiner. Bayesian skyline plots were generated in Tracer v1.6 using default parameters. MCC trees with 

median node heights were generated in TreeAnnotator and viewed in FigTree v1.4.3 

(http://tree.bio.ed.ac.uk/software/figtree/). All alterations to the aesthetics of the phylogenetic trees and Bayesian 

skyline plots were performed in either FigTree v1.4.3 or Inkscape v0.91 (https://inkscape.org/en/). Variation in 

the topology of the population model for all ST239 isolates was assessed for a sub-sample of 1,000 trees and 

visualised using DensiTree (341). 
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2.3.2 Results & Discussion 

To re-examine the population structure of ST239 MRSA in Australia, the collection examined in the original 

publication (137), was supplemented with the sequence data for an additional 408 ST239 isolates. This collection 

of 531 isolates represented a time span of 35 years (1980 to 2015) and 31 countries across nine geographic regions: 

Africa (n = 2, Egypt and the Gambia), Australasia (n = 272, Australia and New Zealand), East Asia (n = 12, China 

and Taiwan), South-East Asia (n = 113, Malaysia, Singapore, Thailand and Vietnam), South Asia (n = 2, India 

and Sri Lanka), West Asia (n = 70, Syria and Turkey), Europe (n = 38, Czech Republic, Denmark, England, 

Germany, Greece, Hungary, Lithuania, Poland, Portugal, Romania and Spain), North America (n = 5, Canada and 

the United States), and South America (n = 17, Argentina, Brazil, Chile and Uruguay).  

There has been strong agreement amongst population genomic studies that the global ST239 MRSA population 

structure is one of occasional intercontinental transmission, which has seeded this clone into new environments, 

followed by extensive local expansion, often displacing other HA-MRSA clones in the region (137, 300-302). 

The MCC tree, inferred from the 7,933 core genome SNPs of the 531 ST239 isolates was in agreement with this 

model and demonstrated a highly similar population structure (Figure 2.1). The large majority of isolates fell 

within one of six distinct clades (termed “lineages” in Figure 2.1): the European, South America, West-Asian, 

South-East Asian, and the Australian and Asian-Australian lineages. These represented the regional clades of 

ST239, each having arisen from a successful intercontinental transmission event and, for the most part, each clade 

represented only a single geographic region.  

The inclusion of an additional 185 ST239 isolates from Australia, predominantly sourced from national cohorts, 

corroborates the findings of the original study in that there are three genetically distinct clades of Australian ST239 

isolates, representing two lineages. These are the Australian lineage, which represented the original ST239 clone 

in Australia, and the Asian-Australian lineage, which represented two recent and independent introductions of the 

South-East Asian lineage into the Australian state of Victoria, with only one of these events proceeded by 

extensive local expansion (Figure 2.1 G, I). From this extended dataset, improved temporal estimates for the 

emergence dates of these linages were obtained. The most recent common ancestor (MRCA) of the Australian 

lineage was estimated at 1971.11 (95% HPD range of 1967.41 to 1974.75) (Figure 2.2), a date consistent with 

early reports of ST239 in Australia (130, 296, 342). Whereas the MRCA of the Asian-Australian lineage was 

1996.80 (95% HPD range of 1995.69 to 1998.68) for the larger clade (Figure 2.3 I). Both Asian-Australian clades 

shared core-genome similarity with isolates that had been recovered from Singapore (Figure 2.3). There was 

strong posterior support for the clustering of the larger Asian-Australian clade and two South-East Asian clades, 

that represented isolates recovered predominantly from healthcare institutions in Singapore between 2000-2010 

(designated by point “H” in Figure 2.1, 2.3 and 2.4). Based on this analysis and the currently available sequence 

data, Singapore is the probable geographic origin for the two introductions of the Asian-Australian into Australia. 

There was less certainty around the geographic origin of the Australian lineage as there were no isolates in the 

collection recovered prior to 1980. This lineage appeared to be related, although distantly, to isolates that had 

been recovered from the United States (Figure 2.2). Further phylogeographic modelling of this clade is required.  
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Figure 2.1 Global phylogeny of ST239 MRSA. Maximum clade credibility tree inferred from the 7,933 core 

genome SNPs of 531 ST239 isolates. Nodes with < 95% posterior support are indicated by a red circle. Geographic 

region of isolation for each isolate is indicated by the branch tip colour (refer to key). Nodes for regional clades 

are labelled: (A) divergent European clade (Greece), (B) Australian lineage, (C) West-Asian lineage (Turkey), 

(D) European lineage (pre-1997), (E) South American lineage, (F) South-East Asian lineage, (G) Asian-Australian 

lineage (small clade), (H) a clade of the South-East Asian lineage (Singapore) from which (I) the Asian-Australian 

lineage (large clade) has emerged. These regional clade labels are conserved across Figures 2.2, 2.3 and 2.4. Note, 

this figure is amended from FIG 1 of the publication presented in Chapter 4 (204). 
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Figure 2.2 Population structure of the Australasian lineage. Maximum clade credibility tree is from Figure 

2.1, with only the Australasian lineage displayed (yellow box). Nodes with < 95% posterior support are indicated 

by a red circle. Blue node bars illustrate the 95% HPD for the node height. Geographic region of isolation for each 

isolate is indicated by the branch tip colour (refer to key). The age and 95% HPD for the MRCA of the Australian 

lineage at node (B) is provided. An intercontinental transmission event of the Australian lineage into the United 

States is indicated. 
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Figure 2.3 Population structure of the Asian-Australasian lineage. Maximum clade credibility tree is from 

Figure 2.1, with the Asian-Australasian lineage (yellow box) and closely related South-East Asian clades 

displayed. Nodes with < 95% posterior support are indicated by a red circle. Blue node bars illustrate the 95% 

HPD for the node height. Geographic region of isolation for each isolate is indicated by the branch tip colour 

(refer to key). The age and 95% HPD for the MRCA of the two Asian-Australian clades at node (G) and (I) is 

provided. Interstate transmission of the Asian-Australian lineage from the state of Victoria into Queensland is 

indicated. 
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As of 2015, the Australian lineage continued to circulate in the Australian states of New South Wales, South 

Australia, Queensland and the Northern Territories (Figure 2.2). The Asian-Australian lineage remained restricted 

to the state of Victoria, with only a single interstate transmission event into Queensland detected (Figure 2.3). The 

geographic restriction of this lineage may in part be due to the autonomy of the healthcare services in the different 

Australian states, with the rarity of interstate patient transfer minimising the opportunity for interstate movement 

of ST239 MRSA.  Furthermore, the prevalence of ST239 amongst HA-MRSA has decreased over the last two 

decades, from 86.8% in 2003 to only 21.2 % in 2017 (http://agargroup.org.au/agar-surveys). This decrease in 

prevalence was also observed in the EPS modelling for the Australian and Asian-Australian lineages (Figure 2.5). 

The temporal EPS trend for the Australian lineage demonstrated a clear peak in population genetic diversity 

around the late 1980s and early 1990s, which suggested population expansion during this time. However, from 

the 1990s the EPS decreased and then plateaued. The introduction of the Asian-Australian lineage in the mid-

1990s boosted the population during the early 2000s but it has also since plateaued (Figure 2.5). These patterns 

suggested that the genetic diversity of the ST239 population is currently stable. Although the data from national 

surveillance programs indicates that the prevalence of ST239 is still in decline, whilst the total incidence of MRSA 

has decreased to a lesser extent (http://agargroup.org.au/agar-surveys). This discrepancy between the EPS models 

and national surveillance data may reflect the fact that the contemporary ST239 population in this collection (those 

isolates recovered between 2010 – 2015) represented the same genetic diversity as the population from the 

preceding decade (2000 – 2010) (Figure 2.2), simply in reduced numbers. If this population decrease continues, 

the population genetic diversity will likely diminish further and ST239 MRSA may even disappear completely 

from Australian hospitals. 

http://agargroup.org.au/agar-surveys
http://agargroup.org.au/agar-surveys
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Figure 2.4 Topological variation in the global phylogeny of ST239 MRSA. Displayed is an overlay of 1000 

trees sampled from the same Bayesian analysis used to generate MCC tree in Figure 2.1, visualised with Densitree. 

Blue, red and light green lines indicate the topologies with highest likelihoods (in that order). All other topologies 

are coloured dark green. Node labels are the same as those in Figure 2.1, indicating regional clades. Major lineages 

are annotated alongside the phylogeny for reference.  

 

 

 

 

Figure 2.5 Fluctuations in effective population size overtime. Bayesian skyline plots, inferred from the 3,342 

core genome SNPs of 272 Australasian ST239 isolates, illustrate fluctuations in the EPS over time in the 

Australian and Asian-Australian lineages. Central black line indicates the median effective population size, and 

the purple boundary indicates the 95% HPD. 
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2.4 Conclusion 

Using a combination of population and functional genomics this work has provided insight into the local evolution 

of one of the most globally significant HA-MRSA lineages. Australia has not only one but two successful lineages 

of ST239 that co-circulate. The previously unrecognised importation of ST239 MRSA into Australia from 

South-East Asia in the late 1990s had contributed to the persistence of this multidrug resistant staphylococcal 

lineage as a cause of healthcare-associated infection. In the context of a geographically diverse dataset, it appeared 

that the Asian-Australian lineage originated in Singapore. Phenotypically it displayed enhanced antimicrobial 

resistance, in particular against key anti-MRSA antibiotics, and this has likely provided it with an evolutionary 

advantage within the healthcare environment. This highly selective environment also appears to have influenced 

the evolution of the original Australian lineage, favouring the selection of isolates within the population that 

demonstrate reduced antibiotic susceptibility. The strong selective pressures imposed by healthcare environments 

is evident and reinforced by the convergent evolution in these two lineages. The apparent cost of adaptive 

evolution in ST239 towards increased antimicrobial resistance appears to be a significant reduction in virulence 

potential and replicative fitness. Whether this is a true evolutionary consequence or co-selected adaptation remains 

unclear, as the capacity of ST239 to cause persistent infection remains significant. Together these results reveal 

the complexity of the evolutionary dynamics surrounding MRSA lineages that predominate within healthcare 

environments and illustrates the benefit of utilising a combination of genomic and phenotypic investigation to 

enhance our understanding of the mechanisms and environmental factors influencing the adaptation of microbial 

populations. 
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3.1 Introduction 
Skin and soft tissue infection is the most common clinical manifestation of S. aureus disease, and reports from 

multiple regions suggest that the incidence of SSTI is increasing (34-37). New Zealand has one of the highest 

rates of SSTI in the industrial world, and S. aureus is the leading bacterial cause of SSTI-associated morbidity 

and mortality in the region (37, 343). Methicillin-susceptible S. aureus (MSSA) is responsible for the great 

majority of staphylococcal disease in New Zealand, with rates of MRSA having remained stable at approximately 

8-10% (https://surv.esr.cri.nz/antimicrobial/staphylococcus_aureus.php). 

The majority of SSTIs occur in the community and treatment may involve the use of a topical antibiotic (344); 

the use of either topical fusidic acid (FA) or mupirocin found to be superior to a placebo in the context of mild to 

moderate impetigo (179). FA is both a topical and systemic antibiotic active against many Gram-positive bacterial 

species and the most commonly prescribed topical antibiotic in New Zealand (39). However, its unrestricted use 

in the community has seen resistance rates rise amongst S. aureus, from 17% in 1999 to 25-28% in 2013-2014 

(39). This increase in resistance was associated with the emergence of three FA-resistant clones: ST5 MRSA 

(colloquially known as “AK3”), a ST1 MRSA (“AK1”) and a ST1 MSSA (345). In all three clones, resistance is 

mediated by the presence of fusC, an acquired resistance gene that is invariably carried by SCC elements and has 

been identified in S. aureus isolates recovered from multiple regions (47, 193, 346, 347). 

Prior to this work the origin of these FA-resistant clones in New Zealand and the genetic context and role of fusC 

in their emergence had not been explored. It was unclear if the high population level use of FA had created an 

environment that promoted the local development of these resistant lineages or provided an opportunity for an 

imported clone to thrive, where FA resistance provided an adaptive advantage over local circulating clones. 

Understanding the evolutionary dynamics surrounding the recent and rapid emergence of these S. aureus clones 

in the community environment is crucial in informing decisions regarding the regulation of topical FA to reduce 

the development and further spread of resistance. 

https://surv.esr.cri.nz/antimicrobial/staphylococcus_aureus.php


Chapter 3 | Emergence of AK3 MRSA 
 

62 

3.1.1 Project Aims 

The previous chapter explored the evolutionary dynamics of a globally dispersed clone of MRSA that has become 

well adapted to the healthcare environment. However, MRSA is also a growing problem in the community setting. 

The primary aim of the work presented in this chapter was to use population genomics to explore the evolutionary 

dynamics surrounding the recent and very rapid emergence of a new multiply antibiotic resistant MRSA clone in 

the New Zealand community. This included: (i) generating a population model for FA-resistant ST5 MRSA, both 

locally and in the context of a globally diverse dataset, in order to gain a deeper understanding of the geographic 

origin and local expansion of this clone; (ii) exploring the genetic context surrounding fusC in FA-resistant MRSA 

in New Zealand. This includes a comparison to what has been observed internationally in order to further 

investigate the role of the SCC in the global dissemination of fusC and provide insight into the consequences 

surrounding the emergence and spread of FA-resistant S. aureus in populations with high-level and unregulated 

FA use. 

3.1.2 Chapter Overview 

Presented in this chapter are the results of experiments conducted to address the two objectives described above, 

both of which have been answered in the publication presented in section 3.2. The supplementary figure from this 

publication is presented in section 3.3, with the supplementary dataset provided in Appendix 2. In addition to this 

publication, an extended genomic analysis is presented in section 3.3. This extended analysis makes use of the 

sequence data for an additional 376 CC5 isolates that had recently become available to revisit the emergence of 

FA-resistant ST5 MRSA in New Zealand in the context of a large international dataset. A final summary of this 

chapter is presented in section 3.4. The implications and limitations of this work within the wider context of this 

thesis are discussed in Chapter 5. 

 

3.2 Results 

3.2.1 Publication: Rapid emergence and evolution of Staphylococcus aureus 
clones harboring fusC-containing staphylococcal cassette chromosome 
elements 

Baines, S. L., B. P. Howden, H. Heffernan, T. P. Stinear, G. P. Carter, T. Seemann, J. C. Kwong, S. R. Ritchie 

and D. A. Williamson (2016). Antimicrobial Agents and Chemotherapy. DOI: 10.1128/AAC.03020-15. 



Rapid Emergence and Evolution of Staphylococcus aureus Clones
Harboring fusC-Containing Staphylococcal Cassette Chromosome
Elements

Sarah L. Baines,a,b Benjamin P. Howden,a,b,c Helen Heffernan,d Timothy P. Stinear,a,b Glen P. Carter,a,b Torsten Seemann,a,e

Jason C. Kwong,a,b,c Stephen R. Ritchie,f Deborah A. Williamsona,b,d

Doherty Applied Microbial Genomics, Department of Microbiology & Immunology, The University of Melbourne at The Doherty Institute for Infection and Immunity,
Melbourne, Australiaa; Microbiological Diagnostic Unit Public Health Laboratory, Department of Microbiology & Immunology, The University of Melbourne at The Doherty
Institute for Infection and Immunity, Melbourne, Australiab; Infectious Diseases Department, Austin Health, Melbourne, Australiac; Institute of Environmental Science and
Research, Wellington, New Zealandd; Victorian Life Sciences Computation Initiative, The University of Melbourne, Melbourne, Australiae; School of Medical Sciences,
University of Auckland, Auckland, New Zealandf

The prevalence of fusidic acid (FA) resistance among Staphylococcus aureus strains in New Zealand (NZ) is among the highest
reported globally, with a recent study describing a resistance rate of approximately 28%. Three FA-resistant S. aureus clones
(ST5 MRSA, ST1 MSSA, and ST1 MRSA) have emerged over the past decade and now predominate in NZ, and in all three clones
FA resistance is mediated by the fusC gene. In particular, ST5 MRSA has rapidly become the dominant MRSA clone in NZ, al-
though the origin of FA-resistant ST5 MRSA has not been explored, and the genetic context of fusC in FA-resistant NZ isolates is
unknown. To better understand the rapid emergence of FA-resistant S. aureus, we used population-based comparative genomics
to characterize a collection of FA-resistant and FA-susceptible isolates from NZ. FA-resistant NZ ST5 MRSA displayed minimal
genetic diversity and represented a phylogenetically distinct clade within a global population model of clonal complex 5 (CC5) S.
aureus. In all lineages, fusC was invariably located within staphylococcal cassette chromosome (SCC) elements, suggesting that
SCC-mediated horizontal transfer is the primary mechanism of fusC dissemination. The genotypic association of fusC with mecA
has important implications for the emergence of MRSA clones in populations with high usage of fusidic acid. In addition, we
found that fusC was colocated with a recently described virulence factor (tirS) in dominant NZ S. aureus clones, suggesting a
fitness advantage. This study points to the likely molecular mechanisms responsible for the successful emergence and spread of
FA-resistant S. aureus.

The commonest clinical manifestation of Staphylococcus aureus
disease is skin and soft-tissue infection (SSTI). In most cases,

S. aureus SSTI is diagnosed and managed in the primary care set-
ting, and depending on the clinical manifestation, treatment may
involve the administration of a topical antimicrobial agent, such
as fusidic acid (FA) (1). FA is a topical and systemic antimicrobial
and is active against several Gram-positive organisms. Recently
licensed in the United States, FA has been used extensively in
several settings for the topical treatment of superficial S. aureus
SSTI (2). We have recently described a significant increase in top-
ical FA use in New Zealand (NZ), concurrent with an increase in
FA resistance rates in S. aureus, from 17% in 1999 to 28% in 2013
(2). This increase in resistance was associated with the emergence
of three specific S. aureus clones: multilocus sequence type 5 (ST5)
methicillin-resistant S. aureus (MRSA), ST1 methicillin-suscepti-
ble S. aureus (MSSA), and ST1 MRSA. In particular, an ST5 MRSA
clone (colloquially known as AK3 ST5 MRSA) has emerged over
the past decade to become the dominant community- and hospi-
tal-associated MRSA clone in NZ (3). First reported in 2005, AK3
ST5 MRSA strains harbor a type IV staphylococcal cassette chromo-
some (SCC) mec and, in addition to being resistant to penicillin and
oxacillin, generally are resistant to FA, with one recent study describ-
ing an FA resistance rate of 89% in this clone (2). To date, however,
the origin and evolutionary history of AK3 ST5 MRSA has not been
determined, and it is unknown whether this clone has emerged from
locally circulating ST5 MSSA or, alternatively, has been imported into
NZ with subsequent regional transmission.

In all three clones (AK3 ST5 MRSA, ST1 MSSA, and ST1
MRSA), FA resistance is associated with the presence of the fusC
gene (2). However, the origin and genetic context of the fusC
resistance locus has not been investigated previously in S. aureus
from NZ. To date, only a few studies have previously described the
genetic context of fusC among small numbers of S. aureus lineages
(4–7). Furthermore, the extent to which common mobile genetic
elements are shared among fusC-harboring S. aureus clones glob-
ally has not been investigated previously but could provide impor-
tant insights into the mechanisms of emerging resistance to topi-
cal antimicrobials across different S. aureus lineages.

Received 19 December 2015 Returned for modification 7 January 2016
Accepted 22 January 2016

Accepted manuscript posted online 8 February 2016

Citation Baines SL, Howden BP, Heffernan H, Stinear TP, Carter GP, Seemann T,
Kwong JC, Ritchie SR, Williamson DA. 2016. Rapid emergence and evolution of
Staphylococcus aureus clones harboring fusC-containing staphylococcal cassette
chromosome elements. Antimicrob Agents Chemother 60:2359 –2365.
doi:10.1128/AAC.03020-15.

Address correspondence to Deborah A Williamson,
deborah.williamson@unimelb.edu.au.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AAC.03020-15.

Copyright © 2016 Baines et al. This is an open-access article distributed under the
terms of the Creative Commons Attribution 4.0 International license.

April 2016 Volume 60 Number 4 aac.asm.org 2359Antimicrobial Agents and Chemotherapy

http://orcid.org/0000-0002-6298-7942
http://dx.doi.org/10.1128/AAC.03020-15
http://dx.doi.org/10.1128/AAC.03020-15
http://dx.doi.org/10.1128/AAC.03020-15
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.03020-15&domain=pdf&date_stamp=2016-2-8
http://aac.asm.org
http://aac.asm.org/


Accordingly, the objectives of this study were to (i) investigate
the evolution of the AK3 ST5 MRSA clone in NZ, (ii) characterize
the genetic context of the fusC gene in dominant FA-resistant
clones in NZ, namely, AK3 ST5 MRSA, ST1 MSSA, and ST1
MRSA, and (iii) compare these to international fusC-harboring
isolates of S. aureus to better understand the rapid emergence of
FA-resistant S. aureus.

MATERIALS AND METHODS
Bacterial isolates. A total of 46 isolates of S. aureus recovered in NZ were
used in this study. These isolates were sourced from (i) national surveys of
MRSA carried out between 2005 and 2013 (n � 34) (https://surv.esr.cri
.nz/antimicrobial/mrsa_annual.php) and (ii) a contemporary molecular
epidemiological survey of S. aureus carried out in Auckland, NZ, in 2013
(n � 12) (2). Between two and six representatives of clonal complex 5
(CC5) were selected from each survey year, and six representatives of both
ST5 and ST1 were selected from the contemporary molecular epidemio-
logical survey. This collection additionally was supplemented with the
fully assembled genomes of 11 S. aureus strains belonging to CC5 (8–16),
the CC1 strain MSSA476 (4), and the genome sequence reads of 12 FA-
resistant S. aureus strains from a recent study in the United Kingdom
(UK) (6). All CC5 S. aureus strains from this study were included, as well
as a single representative for each SCC element described for other S.
aureus lineages. Further information for each isolate is available in Table
S1 in the supplemental material.

Genome sequencing. Genomic DNA was extracted using the DNeasy
blood and tissue extraction kit (Qiagen), and DNA libraries were created
using the Nextera XT DNA preparation kit (Illumina). Sequencing was
performed on either the HiSeq platform (Illumina) with 2- by 100-bp
paired-end chemistry or the MiSeq platform (Illumina) with 2- by 250-bp
paired-end chemistry. S. aureus isolate NZAK3 was sequenced on the
Pacific Biosciences RS-II platform.

Genome assembly of NZAK3. The complete genome assembly of S.
aureus reference strain NZAK3 was performed using the SMRT analysis
system v2.3.0.140936 (Pacific Biosciences). Raw sequence data were de
novo assembled using the HGAP3 protocol, with a minimum seed read
length of 5,000, genome size of 3 Mb, target coverage of 10, and overlapper
error rate of 0.04. Polished contigs were further error corrected using
Quiver v1. The read alignments were visually assessed, and one rRNA
region was found to have poor support; subsequently, the contig was cut
at this region. The resulting contigs then were ordered against S. aureus
N315 (8) using Mauve (17) and joined in Geneious v8.1.5 (Biomatters);
the altered assembly around the rRNA locus was confirmed with long-
range PCR. The final assembly was checked using BridgeMapper v1 in the
SMRT analysis system, and the consensus sequence was corrected with
short-read Illumina data using Snippy v2.5 (https://github.com
/tseemann/snippy). The final sequences were annotated using Prokka
v1.11 (18), and in silico multilocus sequence typing (MLST) was per-
formed using MLST v1.2 (https://github.com/tseemann/mlst). Sequence
data for NZAK3 have been deposited in the European Nucleotide Archive
(ENA) under primary accession PRJEB12333.

Phylogenetic analysis. The genomes of the 11 assembled CC5 S. au-
reus strains first were shredded into 100-bp pseudoreads with 50� cover-
age using Nesoni v0.130 (https://github.com/Victorian-Bioinformatics
-Consortium/nesoni). The sequence reads of all CC5 S. aureus strains then
were mapped to reference strain NZAK3, and single-nucleotide polymor-
phisms (SNPs) were detected using Snippy v2.5 with a minimum coverage
depth of 10 and base call stringency of 90%. A maximum likelihood (ML)
phylogenetic tree was constructed from core genome SNPs using PhyML
v3.0 (19) run under a general time-reversible model with 1,000 bootstrap
replicates.

Analysis of the genetic context of fusC and alignment of fusC-con-
taining SCC elements. The genome sequence reads of all unassembled
isolates were de novo assembled using SPAdes v3.6.1 (20). The program
contig-puller (https://github.com/kwongj/contig-puller) then was used

to identify, extract, and annotate contigs that contained a fusC gene with
99% sequence identity to that present in S. aureus MSSA476 (GenBank
accession number BX571857, locus tag SAS0043). These contigs were
manually examined in Geneious v8.1.5 (Biomatters). Sequence alignments
were performed using ClustalW v2.1 (21) and the Artemis comparison
tool v16.0.11 (22).

BioProject sequence accession number. All sequence data are avail-
able at the ENA under primary accession no. PRJEB12333.

RESULTS AND DISCUSSION
Complete genome sequence of S. aureus NZAK3. To character-
ize AK3 ST5 MRSA and provide a closely related reference genome
for subsequent phylogenetic analysis, the first reported strain of
AK3 ST5 MRSA was sequenced and completely assembled using
PacBio sequencing. This strain, subsequently referred to as
NZAK3, was isolated in Auckland, NZ, in 2005 from a patient with
SSTI. To our knowledge, this is the earliest isolation of this FA-
resistant AK3 ST5 MRSA clone globally.

The genome of NZAK3 comprises a circular chromosome
spanning 2,831,681 bp (GC content of 32.8%) and a single circular
plasmid (pNZAK3) spanning 25,689 bp (GC content of 29.5%). A
total of 2,607 protein-coding regions (CDS) were identified in the
chromosome, and 30 CDS were identified in pNZAK3. The chro-
mosome contained five rRNA operons and 62 tRNA genes. In
silico MLST confirmed that this isolate belonged to ST5.

Comparison of the chromosome of NZAK3 to all other com-
pletely assembled S. aureus genomes belonging to CC5 (n � 11)
illustrated a high level of sequence conservation among members
of this lineage (Fig. 1). The accessory CC5 genome consisted pri-
marily of mobile elements, specifically the SCCmec locus, a chro-
mosomal copy of blaZ, and two complete prophages. These pro-
phages were presumptively identified as phiETA2 (GenBank
accession no. NC_008798) and phiN315 (GenBank accession no.
NC_004740) based on a predominance of high-identity BLAST
matches to each of these elements. The plasmid pNZAK3 was
mostly unique, with only 45% (11,588/25,689 bp) of the sequence
matching a previously published plasmid sequence with 99%
DNA identity (plasmid SAP059A; GenBank accession no.
GQ900480.1). The remaining region in pNZAK3 contained a cad-
mium resistance locus but no other known resistance or virulence
determinants.

Population structure and evolution of AK3 ST5 MRSA. To
characterize the population structure of the AK3 clone and inves-
tigate its evolutionary origins, 39 isolates of S. aureus recovered in
NZ and belonging to CC5 underwent whole-genome sequencing.
To maximize temporal and geographic diversity within the collec-
tion, between two and six isolates were selected from each year
between 2006 and 2013 and from different regions in NZ (detailed
in Materials and Methods). This collection also was supplemented
with the 11 fully assembled CC5 genome sequences described
above and the genome sequence reads of eight CC5 MRSA isolates
from a recent study of FA-resistant S. aureus in the United King-
dom (6). Details of these isolates are available in Table S1 in the
supplemental material.

Mapping of the genome sequence data of these 58 CC5 S. au-
reus strains to reference strain NZAK3 identified a total of 14,584
SNPs, of which 4,233 were present within the core genome (87.3%
of reference strain NZAK3). The 4,233 core genome SNPs were
used to construct an ML phylogenetic tree (Fig. 2).

This collection of CC5 S. aureus isolates represented five se-
quence types: ST5, ST73, ST105, ST149, and ST835 (Fig. 2). Iso-
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lates of the same ST typically grouped together in ST-specific
clades, the only exception being ST5, which represented multiple
distinct clades and singletons. In general, isolates from NZ clus-
tered together, and only one isolate, recovered outside NZ, was
found to cluster with an NZ-specific clade (Fig. 2). This NZ clade
represented the AK3 ST5 MRSA clone, and all FA-resistant CC5
isolates recovered from NZ resided within this clade. The median
core genome pairwise SNP distance between two isolates in this
clade was only 49 SNPs, with a minimum distance of five SNPs and
a maximum distance of 96 SNPs, highlighting the extremely re-
stricted genetic diversity of FA-resistant ST5 MRSA in NZ. The
single international isolate to cluster with the AK3 ST5 MRSA
clade was an FA-resistant MRSA isolate (MRSA10) recovered in
the UK during 2011 to 2012 (6). MRSA10 had a median core
genome pairwise SNP distance of only 59 SNPs to other AK3 iso-
lates. Interestingly, the other CC5 FA-resistant isolates from the
United Kingdom formed a single ST149 clade (n � 6) and one ST5
singleton. Taken together, these findings suggest that AK3 ST5
MRSA forms a genetically distinct clone within ST5, as indicated
by the genetic distance between the AK3 clade and representative

international ST5 isolates. Furthermore, the location of UK isolate
MRSA10 in the AK3 clade suggests potential recent intercontinen-
tal transmission between these two countries.

The inclusion of FA-susceptible isolates in this population
model also enabled an investigation into the origin of the AK3 ST5
MRSA clone. The phylogenetic proximity of the AK3 ST5 MRSA
clade to four ST5 MSSA isolates recovered from NZ suggests that
this clone emerged from locally circulating MSSA rather than be-
ing imported from overseas (Fig. 2), as has been described for ST5
MRSA in other settings (23). Furthermore, locally circulating
ST149 S. aureus strains (belonging to CC5) also were found to be
more similar at a core genome level to AK3 ST5 MRSA than to
representative international lineages of ST5. The hypothesis that
AK3 ST5 MRSA emerged from local ST5 MSSA also was sup-
ported by the absence of any remnants of an SCCmec element in
the four NZ ST5 MSSA strains. As described below, the fusC gene
was present in all FA-resistant AK3 ST5 MRSA isolates as part of a
chimeric SCCmec-SCC mobile element integrated into the chro-
mosome at orfX. The inspection of the region surrounding orfX
found it to be intact in all four ST5 MSSA isolates (see Fig. S1 in the

FIG 1 Sequence comparison of all complete genomes of clonal complex 5 (CC5) S. aureus strains. A BLAST-based comparison of all complete CC5 S. aureus
genomes against representative FA-resistant strain NZAK3, visualized with BRIG, illustrates a high level of sequence conservation among members of the CC5
lineage. Genomic regions in NZAK3 that were variably present in other CC5 S. aureus strains include the SCCmec-fus II mobile element, a chromosomal copy of
the blaRZ locus, and two complete phage regions, which were identified using PHAST as a presumptive phiETA2 (NC_008798) and phiN315 (NC_004740).

fusC in SCC Elements in S. aureus
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supplemental material), suggesting that these isolates had not pre-
viously carried an SCC element in their ancestral genome. There-
fore, it is possible that the acquisition of fusC in the AK3 ST5
MRSA clone occurred more recently, following its divergence
from locally circulating ST5 MSSA, although this hypothesis
should be explored further in the framework of a larger sample of
international ST5 MSSA.

Genetic context of fusC in ST1 and ST5 S. aureus isolates. In
order to elucidate the genetic context of the fusC gene among NZ
lineages of S. aureus and to compare it to other described CC5 and
ST1 fusC-containing SCC elements, the genomes of fusC-harbor-
ing isolates were de novo assembled. These included 23 isolates
belonging to the AK3 ST5 MRSA clade and six fusC-harboring ST1
S. aureus isolates recovered in New Zealand. In addition, six rep-
resentative CC5 and ST1 S. aureus isolates from published studies
were included. These isolates contained previously described
fusC-containing mobile elements, including SCC476 in MSSA476
(ST1) (4), and previously described elements from a recent study
(6), namely, the composite elements SCCmecIVa-SCC476 in iso-
late MRSA2 (ST1 MRSA), SCC149-SCCmecIVa in isolate MRSA17
(ST149 MRSA), and the chimeric elements SCCmec-fusI in isolate
MRSA3 (ST1 MRSA), SCCmec-fusII in isolate MRSA10 (ST5
MRSA), and SCCmec-fusIII in isolate MRSA7 (ST1 MRSA) (see
Table S1 in the supplemental material). In a previous study by
Ellington et al. (6), the chimeric elements SCCmec-fusII (29.1 kb)
and SCCmec-fusIII (25.4 kb) were reported to have been identified
in isolates MRSA7 (ENA accession number ERR108061) and
MRSA10 (ENA accession number ERR108040), respectively.
However, we found this to be the reverse, with the sequence reads
available for isolate MRSA7 containing the shorter SCCmec-fusIII

element and for MRSA10 containing the longer SCCmec-fusII el-
ement. Subsequently, we refer to these chimeric elements with the
annotations previously reported (6) but with the isolate names
reversed.

Among ST5 MRSA isolates, reference strain NZAK3 contained
a chimeric SCCmecIV-SCC476 element spanning 29,120 bp that
displayed 99.9% nucleotide sequence to the SCCmec-fusII ele-
ment identified in isolate MRSA10 from the previous UK study
(6) (Fig. 3). This finding further supports the likely intercontinen-
tal spread of this clone, as suggested by the population model. The
examination of the draft assemblies of the other 23 AK3 ST5
MRSA isolates found that they all carried fusC as part of a chimeric
SCCmec-SCC476 element, although in 15 isolates this element was
fragmented and located across two contigs. The longest fragment
ranged in length from 78% to 87% of the full length of the fusC-
containing chimeric SCCmecIV-SCC476 and displayed �99.7%
nucleotide sequence identity to the chimeric SCCmecIV-SCC476

element found in NZAK3. Of the eight isolates with a complete
SCCmec-SCC476 element, seven displayed �99.9% nucleotide se-
quence identity to the chimeric SCCmecIV-SCC476 element in
NZAK3. The single AK3 ST5 MRSA isolate with a different chi-
meric SCCmecIV-SCC476 element was isolate NZ5029, which dis-
played only 89.9% nucleotide identity to the chimeric SCCmecIV-
SCC476 element in NZAK3. A visual assessment of this alignment
identified that the chimeric SCCmecIV-SCC476 element in
NZ5029 contained a previously unreported transposon insertion
within the SCCmecIV portion upstream of mecA (Fig. 3). This
transposon was flanked by two copies of IS431, and the interven-
ing region encoded two genes annotated as a repL (firmicute plas-
mid replication protein) and ksgA (dimethyladenosine trans-

FIG 2 Population structure of fusidic acid-resistant CC5 S. aureus. (A) The maximum likelihood tree, constructed from core genome SNPs, illustrates the
population structure of a representative global population of CC5 S. aureus strains. Terminal branch symbols indicate the location from which isolates were
recovered and both methicillin and fusidic acid resistance phenotypes. Symbol shape: circle, MRSA; square, MSSA. Inner symbol color: black, recovered in New
Zealand; white, recovered outside New Zealand. Outer symbol color: red, fusidic acid resistant; black, fusidic acid susceptible. (B) Enlarged view of the population
structure for the AK3 ST5 MRSA clade and a locally circulating ST5 MSSA clade. The core genome pairwise SNP distances, calculated from the SNP matrix used
to construct this tree, indicates the median and range of SNPs that separate any two isolates within the AK3 ST5 MRSA clade, the ST5 MSSA clade, and between
the two clades. In both panels A and B, branches with less than 70% bootstrap support are colored red, and the exact support percentage is provided.
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ferase). This insertion was exclusive to this strain, as a nucleotide
BLAST search for the ksgA gene returned no hits among the other
AK3 ST5 MRSA isolates.

Importantly, the high level of nucleotide identity between
fusC-containing SCC elements in AK3 ST5 MRSA isolates sup-
ports the hypothesis that the AK3 ST5 MRSA clone emerged fol-
lowing a single acquisition of the chimeric fusC-containing
SCCmecIV-SCC476 element with subsequent clonal expansion.
Furthermore, the colocation of fusC in the same mobile element as
mecA is of particular concern in NZ, where the extensive use of
topical FA in NZ appears not only to be selecting for FA-resistant
S. aureus but also coselecting for MRSA. Therefore, the genotypic
association of fusC with mecA has important implications for the
emergence of MRSA clones in populations with high usage of
fusidic acid.

In addition to ST5 MRSA, the two other dominant FA-resis-
tant S. aureus lineages identified in NZ were ST1 MSSA and ST1
MRSA (2). To determine the genetic context of the fusC gene in
these clones, six representative ST1 isolates were sequenced. Of
these six isolates, five were MSSA and all carried fusC as part of an
SCC element that displayed �99.8% nucleotide sequence identity
to the previously described 23.3-kb SCC476 element identified in
strain MSSA476 (4). In a recent survey, FA-resistant ST1 MSSA
was the dominant MSSA clone circulating in the NZ community,
accounting for 15% of all MSSA strains (2). This further supports
the notion that high population use of FA has selected for domi-
nant FA-resistant clones, resulting in marked changes in the mo-
lecular epidemiology of S. aureus in NZ (2, 3). The single ST1
MRSA isolate contained a composite SCCmec-SCC476 element
(42,116 bp) but had only 88.9% nucleotide sequence identity to
the only previously described composite element in ST1 MRSA,

the SCCmecIVa-SCC476 element previously identified in isolate
MRSA2 (6) (Fig. 3).

A comparison of the four different SCC elements identified in
ST5 and ST1 S. aureus isolates in NZ and the two genetically sim-
ilar SCC elements identified in isolates from the United Kingdom
is presented in Fig. 3. The fusC gene was located consistently
within the joining (J1) region between the ccrAB2 genes and the
downstream direct-repeat (DR) region of an SCC476 type element.
Of note, among these six SCC elements, there was an �5-kb re-
gion with �99% nucleotide sequence identity upstream of fusC,
suggesting a common ancestral origin for this specific sequence.
Moreover, within this region was a tirS gene encoding a TlR do-
main named TirS. Recent work has suggested that TirS contrib-
utes to bacterial virulence by interfering with TLR2 signaling
pathways and enhancing bacterial survival within the host (24). It
is possible that, in addition to the presence of the fusC gene, the
presence of TirS also confers a selective advantage for these dom-
inant clones, although it is presently unknown whether clinical
infections caused by TirS-producing S. aureus strains are more
severe than those of TirS-deficient isolates. However, it is of con-
cern that, in addition to the presence of genes encoding antimi-
crobial resistance, there is also evidence of horizontal transfer of a
colocated putative virulence factor.

Association of fusC with SCC-type elements in diverse lin-
eages of S. aureus. In this study, we found that fusC was invariably
present within an SCC element, with or without the mecA gene.
This also was found to be the case for other published fusC-har-
boring sequences deposited in the GenBank database, including
SCC elements from Ireland (5) and Taiwan (7). This finding sug-
gests that, similar to mecA transmission, SCC-mediated horizon-
tal gene transfer is the major mechanism of fusC dissemination.

FIG 3 Comparison of fusC-containing staphylococcal cassette chromosome elements in ST1 and ST5 lineages of S. aureus. Schematic diagram illustrating the
genetic organization of the SCC 476 (SCC476) element in ST1 MSSA (represented by strain NZ1003), the chimeric SCCmecIV-SCC476 element in ST5 MRSA
(strain NZAK3), and the composite SCCmec-SCC476 element in ST1 MRSA (strain NZ1001). The transposon-containing region within the chimeric SCCmecIV-
SCC476 element in strain NZ5029 also is illustrated. The SCCmec elements from MRSA2 and MRSA10 from a previous study (6) are included for comparison.
Blue or purple arrows indicate sequences present within SCCmec regions. The direction of the arrows indicates the direction of transcription for open reading
frames. Only coding sequences of �200 bp are shown. Gray shaded areas represent regions that share �99% nucleotide sequence identity.
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This is distinct from the mechanism of dissemination of the other
major acquired FA resistance gene, fusB, which is transferred pri-
marily on plasmids, such as pUB101 and pUB102 (25, 26) and
p11819-97, among CC80 S. aureus strains in Europe (27).

Of further interest was our finding that, in all previously iden-
tified fusC-containing SCC elements, both in this study and in
other published sequences (4–7), fusC was always present within a
conserved �1.3-kb region, which shared one upstream putative
CDS (Fig. 2). A BLASTX and Pfam search did not assign any
functional roles for these putative proteins. However, given the
consistent finding of this CDS in association with fusC, it is possi-
ble that this protein plays a role in the regulation or modulation of
fusC transcription. Future work should attempt to elucidate the
function of these proteins in relation to fusC expression.

Conclusions. In this study, we described the emergence and
possible origins of fusidic acid-resistant AK3 ST5 MRSA, the most
prevalent MRSA clone in NZ. On the basis of population-based
comparative genomics, it is likely that this clone has emerged from
locally circulating ST5 MSSA strains in New Zealand. The AK3
ST5 MRSA clone carries a chimeric SCCmecIV-SCC476 element
harboring fusC, which appears to have been acquired once and
maintained among members of this clone. The invariable pres-
ence of fusC within an SCC-type element indicates that SCC-me-
diated horizontal transfer is the primary mechanism for dissemi-
nation of fusC. The genotypic association of fusC with mecA has
important implications for the emergence of MRSA in popula-
tions with high usage of fusidic acid, and the colocation of fusC
with tirS may confer an additional fitness advantage. The finding
of AK3 ST5 MRSA in the United Kingdom suggests interconti-
nental transmission, which should be of concern to other regions
that use topical FA to treat superficial SSTI. This study has re-
vealed the rapidity and process by which an S. aureus population
evolved and expanded in response to a human therapeutic inter-
vention, in this case the increased use of topical FA. In the face of
these data and those of related studies, it is clear that all of our
efforts to control bacterial infections with antibiotics, disinfec-
tants, and even vaccines are being met by swift Darwinian re-
sponses. The use of genomics for the prospective surveillance of
clinical bacterial populations will be a critical monitoring tool in
an imminent postantibiotic era.
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3.2.2 Supplementary Material 

Baines, S. L., B. P. Howden, H. Heffernan, T. P. Stinear, G. P. Carter, T. Seemann, J. C. Kwong, S. R. Ritchie 

and D. A. Williamson (2016). "Rapid emergence and evolution of Staphylococcus aureus clones harboring 

fusC-containing staphylococcal cassette chromosome elements." Antimicrobial Agents and Chemotherapy; DOI: 

10.1128/AAC.03020-15. 

Available in Appendix 1: Supplementary Dataset S1. Demographic and genome sequencing information for all 

bacterial isolates used in this study. 

 

 

 

 

FIG S1 Alignment of region surrounding orfX demonstrating the intact orfX gene in ST5 MSSA from New 

Zealand that are closely related to NZAK3. 
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3.3 Extended Analysis 
The original publication described the evolution of the AK3 MRSA clone in New Zealand, a FA-resistant lineage 

that has recently emerged in the region and become the dominant MRSA clone in both community and healthcare 

environments. One of the limitations of this study was the inclusion of a limited number of sequences representing 

international isolates, reducing the phylogeographic inferences that could be made. As with the previous chapter, 

sequence data representing 376 CC5 S. aureus had become available since this work was published. This extended 

analysis was conducted to revisit the evolution of AK3 MRSA in a more globally diverse dataset and continue to 

explore the association of fusC with the SCC element.  

 

3.3.1 Materials & Methods 

Bacterial Isolates. This extended analysis utilised the genome sequence data for a total of 408 CC5 S. aureus 

isolates. The source of these isolates and selection criteria are detailed below, and isolate specific information is 

available in Appendix 2. For all unpublished isolates detail is provided about the storage, genomic DNA extraction 

and sequencing conditions. 

Published sequence data 

• The complete genomes of 21 CC5 S. aureus isolates were sourced from (40, 45, 194, 348-356). The 

complete genome of MSSA476 (ST1 MSSA) was also included (47). 

• Thirty-nine isolates were sourced from the publication provided in section 3.2 (194). All CC5 isolates 

from this study were included. 

• One hundred and fifty-two isolates were sourced from the collections of (193, 331-334, 357-360). All 

CC5 isolates that could be accessed from these studies were included. 

• Thirty-five isolates were sourced from the collection of (361). A limited number of CC5 isolates were 

included and selected to maximise the temporal and geographic diversity of this collection. 

Unpublished sequence data 

• The sequence data for 22 isolates were provided by the Institute of Environmental Science and Research, 

New Zealand. These represented additional CC5 S. aureus recovered from clinical cases of SSTI in New 

Zealand around the same time as the original collection (2006 to 2013).  

• Sixty-three isolates were sourced from the ANZCOSS study (335). All CC5 isolates from unique patients 

selected for an ANZCOSS sub-study were included (306). 

• Forty-five isolates were sourced from the 2015 ASSOP collection. Sequence data for all CC5 isolates 

was kindly provided by the Australian Group on Antimicrobial Resistance (http://agargroup.org.au/agar-

surveys). 

• Thirty isolates were sourced from the VANESSA study (336). All CC5 isolates from unique patients 

were included. 

http://agargroup.org.au/agar-surveys
http://agargroup.org.au/agar-surveys
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Storage & Whole Genome Sequencing. Bacterial isolates sourced from the ANZCOSS and VANESSA 

collections were stored and sequenced as described in section 2.3.1.  

Genome Assembly and Detection of fusC. De novo assembly was performed for all 386 isolates with short-read 

sequence data using SPAdes v3.11.0 (Bankevich, Nurk et al. 2012), excluding the pre-assembly error correction 

(“--only-assembler”), including post-assembly error correction (“--careful”) and a minimum coverage threshold 

of five (“--cov-cutoff”) to remove potential contaminants. The detection of fusC and recovery of the surrounding 

genomic context was performed using contig-puller (http://github.com/kwongj/contig-puller/). Contigs that 

contained a match to the fusC sequence of reference NZAK3 (Genbank accession LT009690), with a nucleotide 

identity threshold of ≥ 98%, were aligned and annotated to create a multi-genbank file that was investigated using 

Geneious v8.1.5 (Biomatters). 

Phylogenetic Analysis. The Illumina short-read data for all 407 CC5 S. aureus isolates was mapped to reference 

genome NZAK3, using Snippy v3.2-dev (https://github.com/tseemann/snippy). In the case of the 20 complete 

genomes, pseudo short-reads (150 bp paired-end) were generated prior to mapping using the option “--ctgs” in 

Snippy v3.2-dev. A whole genome alignment was generated using a minimum coverage of 10 reads and base-call 

stringency of 90% to call nucleotide variants. Examination of this alignment found one isolate to be highly 

divergent (data not shown). This isolate (“87”) was excluded from further analysis. The whole genome alignment 

was reconstructed with the remaining 406 isolates. Recombination was assessed using ClonalFrameML v.1.11 

(338). However as so few recombinant events were detected, masking these sites prior to phylogenetic analysis 

was not required. Testing of nucleotide substitution models was performed on the whole genome alignment using 

IQ-TREE v1.6.1 (339), with the GTR nucleotide substitution model producing the highest likelihood. A second 

alignment was generated by mapping the short-read data for all 50 fusC-harbouring isolates against the SCC476 

sequence of S. aureus MSSA476 (Genbank accession BX571857). ML phylogenetic trees were constructed from 

both alignments using IQ-TREE v1.6.1, run under a “GTR+G4” model with 10,000 bootstrap replicates. The 

phylogeny of all isolates was rooted using information gained by the inclusion of four diverse S. aureus genomes 

(data not shown). A mid-point root was applied to the SCC476 phylogeny. All alterations to the aesthetics of the 

phylogenetic trees presented were performed in either FigTree v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/) 

or Inkscape v0.91 (https://inkscape.org/en/). 

https://inkscape.org/en/
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3.3.2 Results & Discussion 

To re-examine the origins of the AK3 MRSA clones in New Zealand, the CC5 collection examined in (194) was 

supplemented with the sequence data of an additional 376 local and international CC5 isolates. This collection of 

406 isolates represented a time span of 33 years (1982 to 2015) and 15 countries across six continents: Australasia 

(n = 200, Australia and New Zealand), North America (n = 91, United States), Europe (n = 90, United Kingdom 

and Ireland, Germany, Sweden, and Switzerland), Africa (n = 14, Gambia and Ghana), Asia (n = 9, Japan and 

Thailand), South America (n = 1, Brazil), and one isolate of unknown geographic origin.  

Clonal Complex 5 represents a large genetically diverse and geographically dispersed lineage of S. aureus with 

highly successful hospital- and community-associated clones (69, 141, 362). A maximum likelihood phylogenetic 

tree, inferred from the whole genome alignment of 406 CC5 isolates, is presented in Figure 3.1. It has been 

previously proposed that the evolution of CC5 MRSA is dominated by the frequent loss and acquisition of the 

SCCmec element into geographically established and genetically divergent CC5 backgrounds, which appear as 

distinct geographic clades encompassing both MRSA and MSSA isolates in a phylogenetic model (362). This is 

in contrast to an alternative hypothesis in which regular intercontinental transmission seeds CC5 MRSA into new 

regions. In this instance, phylogenetic clades would be observed to have a stronger association with the presence 

of SCCmec over geographic origin.  The population structure illustrated in Figure 3.1 showed a mixture of these 

models, with some clades demonstrating a strong geographic signal and mixed MRSA/MSSA genotypes, while 

others demonstrate one predominant genotype with a mixture of geographic sources. This finding is both 

consistent with the publication by (362), but suggests that intercontinental transmission may have a greater impact 

on the evolution of CC5 than previously thought. However, because this collection included isolates from a range 

of studies with different and potentially biased sampling approaches, further work is needed to comprehend the 

true extent to which intercontinental transmission may influence the global dissemination of CC5 S. aureus.  

In this population model, the CC5 isolates from New Zealand largely fell within a single clade (Figure 3.1A), 

which included all 37 fusC-harbouring isolates. All New Zealand isolates that clustered elsewhere in the tree did 

not harbour fusC. Three additional clusters of fusC-harbouring isolates were identified. This included a ST149 

clade, predominantly composed of isolates from the United Kingdom, that had been previously described in the 

work of (193), and had also been observed in the original publication (194). The other two groups of 

fusC-harbouring isolates were all ST5 MRSA, and were recovered from Australia, Germany and the United 

Kingdom. No fusC-harbouring CC5 MSSA where identified in this collection. 

Consistent with the original publication, closer inspection of the population structure surrounding the 50 

fusC-harbouring isolates revealed that all New Zealand isolates formed a single monophyletic clade, representing 

the AK3 clone (Figure 3.2A). This clade was most closely related to a clade of ST5 MSSA from New Zealand. 

All AK3 isolates contained nearly identical copies of the chimeric SCCmecIVa-fusC II element (Figure 3.2B, 

Table 3.1), apart from the single isolate that was described in the original publication to carry a structural variant 

of SCCmecIVa-fusC II (194). These data further supported that the AK3 clone had emerged locally, following the 

acquisition of a SCCmecIVa-fusC II element into a local circulating ST5 MSSA lineage. The FA resistance 

mediated by the acquisition of fusC has likely provided AK3 MRSA with an adaptive advantage, allowing it to 

spread in a community with high FA use.  
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Figure 3.1 Global phylogeny of CC5 S. aureus. Maximum likelihood tree, inferred from the whole genome 

alignment of 406 isolates, illustrates the global population structure of CC5 S. aureus. Branches with < 70% 

bootstrap support are coloured red. Branch tips are coloured based on (A) geographic region of isolation, and (B) 

presence or absence of mecA and fusC genes (refer to key). 
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Figure 3.2 Comparison of the population structure of fusidic acid resistant CC5 MRSA and SCC476. (A) 

The ML phylogeny is that from Figure 3.1, with only the regions containing fusC-harbouring isolates displayed. 

Branch tips are coloured to represent the geographic region of isolation (first circle), and the presence or absence 

of mecA and fusC genes (second circle, refer to key). Clades of non-fusC containing MRSA or MSSA with 

identical geographic source have been collapsed (grey wedge). (B) Presented is a ML phylogeny, inferred from 

the whole SCC476 alignment of all 50 fusC-harbouring CC5 MRSA isolates. Branch tips are coloured to represent 

the type of SCC element (refer to key). In both phylogenetic trees, branches with < 70% bootstrap support are 

coloured red. Connections between isolates and their respective SCC element are illustrated. White star indicates 

the location of the structural variant of SCCmecIVa-fusC II.  
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Of interest in the original publication was the identification of the isolate MRSA10, a FA-resistant ST5 MRSA 

recovered in the United Kingdom between 2011 and 2012, that clustered with the AK3 clade (193, 194). This 

finding indicated that intercontinental transmission of the AK3 clone had occurred between New Zealand and the 

United Kingdom. Although no further isolates from the United Kingdom were found in the AK3 clade, two 

isolates from Australia were identified (Figure 3.2). Both were FA-susceptible MSSA and their location with the 

AK3 clade indicated that intercontinental transmission of this CC5 lineage had also occurred between New 

Zealand and Australia. These two isolates lacked the SCCmecIVa-fusC II element, accounting for the variant 

phenotype. There was no detectable disruption to the region surrounding orfX to suggest previous carriage of a 

fusC-containing SCC element. Although, SCC elements are capable of seamless excision, complicating attempts 

to predict previous carriage. Subsequently, the direction of transmission could not confidently be inferred in this 

case and it remains unclear whether these isolates represented intercontinental transmission of the AK3 clone with 

the subsequent loss of the SCCmecIVa-fusC II element or transmission of the ancestral FA-susceptible MSSA 

lineage from which AK3 had emerged. Temporal dating of the ancestral nodes for these isolates could not be 

performed due to the absence of a strong molecular clock signal in this dataset.  

Examination of the other FA-resistant MRSA isolates indicated that they represented four unique SCC acquisition 

events (Figure 3.2B). All FA-resistant ST149 MRSA carried the composite SCC149-SCCmecIVa element, 

previously describe by (193). As these isolates formed a monophyletic clade in both the whole genome phylogeny 

and the SCC476 phylogeny, it suggested a single acquisition of SCC149-SCCmecIVa followed by the local 

expansion of this clone in the United Kingdom. A single ST149 isolate from Australia was also identified in this 

clade but it lacked the SCC149-SCCmecIVa element. The remaining clade in the SCC476 phylogeny represented 

the SCCmecIVa-fusC III element, also previously describe by (193). This element appeared to have been acquired 

by genetically distinct ST5 isolates on at least two independent occasions (Figure 3.2). A single fusC-harbouring 

SCC element was identified in an isolate recovered from Australia (Figure 3.2). It was genetically distinct from 

the other fusC-harbouring SCC elements but could not be classified due to fragmentation in the assembly.  

Consistent with previous studies, the fusC gene was invariably located within either a composite 

(SCC149-SCCmecIVa) or chimeric (SCCmecIVa-fusC II and SCCmecIVa-fusC III) SCC element in all 

FA-resistant MRSA in this collection. This finding further supports that SCC-mediated HGT is likely the sole 

mechanism of dissemination for fusC in S. aureus. In CC5, fusC is consistently co-located with mecA, the genetic 

mediator of methicillin resistance, and tirS, a virulence associated gene which modulates the eukaryotic immune 

response (250). Co-location of these genes has important implications for the emergence of multidrug resistant 

S. aureus with potential enhanced immune evasion properties in communities with high FA use, and with what 

has been observed in New Zealand, can rapid alter the local epidemiology of S. aureus. 
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Table 3.1. Classification of fusC-harbouring CC5 S. aureus in this collection 

 Isolates (n=50) ST Geographic Location (n) 

Composite Elements    

SCC149-SCCmecIVa 7 149 United Kingdom (7) 

Chimeric Elements    

SCCmecIVa-fusC II 38 5 New Zealand (37), United Kingdom (1) 

SCCmecIVa-fusC III 4 5 United Kingdom (2), Germany (2) 

Other    

Unknown 1 5 Australia (1) 

 

3.4 Conclusion 

The emergence and spread of FA-resistant S. aureus poses a significant threat to the prevention and management 

of staphylococcal disease, especially SSTI. The work presented in this chapter provides insight into the 

evolutionary dynamics surrounding the emergence and spread of FA-resistant S. aureus in New Zealand, with a 

focus on ST5 MRSA. The recent and very rapid emergence of the AK3 clone appears to be the result of local 

acquisition of a fusC-harbouring SCCmec element (SCCmecIVa-fusC II) followed by extensive local expansion; 

the high-level and increasing use of FA in the region having fostered an environment in which AK3 has an 

adaptive advantage over FA-susceptible S. aureus clones. Although not reported in this chapter, both the 

FA-resistant ST1 MRSA and MSSA clones circulating in New Zealand exhibit similar evolutionary characteristics 

(228), illustrating the substantial influence unregulated FA use has had on the local S. aureus population. 

Intercontinental transmission may not have played a significant role in the spread of FA-resistant CC5 MRSA 

globally, but it has occurred and if more countries opt to licence and allow unrestricted use of FA it will likely 

contribute to the ongoing evolution of FA-resistant S. aureus. The convergent evolution of FA-resistant CC5 

MRSA in New Zealand and the United Kingdom demonstrates the strong selective pressure imposed by the use 

of this topical antimicrobial. Furthermore, its use in these countries has led to the development of MGEs that 

co-locate fusC, mecA, tirS, and other antibiotic resistance encoding genes. While co-location of multiple resistance 

and virulence-associated genes is not a novel finding, nor is it an uncommon occurrence in pathogenic bacteria, it 

has significant consequences; the use of a single antibiotic can theoretically select for the combination of genes 

and promote the spread of lineages that are multidrug resistant and potential more pathogenic. 
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4.1 Introduction 
Plasmids play a central role in microbial evolution as they can mediate the transfer and dissemination of genes 

within and between populations, allowing for rapid adaptation to new or changing environments (363, 364). 

However, there are multiple challenges to studying plasmid sequences. (i) Plasmids are mobile resulting in their 

often-variable presence within a population. (ii) Plasmid architecture is significantly more flexible than the 

chromosome and is capable of drastic structural change in a short period of time.  Further, (iii) the evolutionary 

history or the gene content of a plasmid may not reflect that of the bacterial isolate from which it was recovered, 

but rather the multiple clones and species that it has associated with (365-367).  

In Australia, the two genetically distinct ST239 MRSA clades, the Australian and Asian-Australian clades, are 

known to harbour plasmids, specifically multidrug resistant plasmids that contribute to the antimicrobial resistance 

profiles of the two populations. The Australian clade was first recognised because it displayed resistance to 

gentamicin (296), a phenotypic feature that distinguished it from the MRSA clones circulating at the time, later 

identified as ST250 MRSA (368). Gentamicin resistance in these early ST239 isolates was encoded for by a 

bifunctional acetyltransferase-phosphotransferase [aac(6’)-aph(2”)], commonly carried on a plasmid called pSK1 

(215, 289, 369, 370). The pSK1 plasmid has been the focus of multiple published studies and is now recognised 

as the prototype for a family of intermediate sized (20-40 kb), theta-replicating, class II staphylococcal plasmids, 

and have been recovered in Australia and the United Kingdom (71, 289, 297, 371-373).  Multiple antibiotic 

resistance and biocide tolerance mechanism are variably encoded for on pSK1 family plasmids, including an 

insensitive dihydrofolate reductase [drfA] (230, 280), a penicillinase [blaZ, carried as part of Tn552] (288, 372, 

374), and a quaternary ammonium compound (QAC) multi-efflux pump [qacA] (198, 291).  

The pSK1 plasmid family frequently carry multiple copies of IS-bound transposons, with the repetitive nature of 

the IS sequences having created a bioinformatic hurdle to reconstructing these plasmids in silico. The gene content 

of these plasmids, in particular the encoded resistance mechanisms and transposons in which they are carried have 

been well studied as independent elements. However there remains an incomplete understanding of the 

mechanisms underlying the emergence of the structurally distinct plasmid variants that are encompassed in the 

pSK1 family. Further, these plasmids have frequently been studied in isolation from the staphylococcal population 

from which they were recovered. Subsequently, the evolutionary dynamics surrounding the pSK1 plasmid family 

and the impact that plasmid evolution has had on the wider bacterial population is largely unknown.  
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4.1.1 Project Aims 

The population genomics conducted in the two previous chapters of this thesis focused on the evolution of the 

core genome of the HA-MRSA clone ST239 in Australia and the CA-MRSA clone AK3 (ST5) in New Zealand, 

with the latter delving in to the structure of the autonomously mobile but chromosomally integrated 

fusC-harbouring SCC elements. Neither of these studies examined plasmids, nor their contribution to the evolution 

of multidrug resistant S. aureus. Therefore, the primary aims of this work were to explore the evolution dynamics 

surrounding the pSK1 plasmid family and the impact that this has had on antimicrobial resistance in ST239 

MRSA. This involved using a combined genomic and phenotypic approach to: (i) reconstruct the pSK1 family 

plasmids circulating in this population, characterise the different structural variants and uncover the underlying 

mechanisms for these changes; (ii) develop a model for the evolution of this plasmid family and compare that to 

a model inferred from the ST239 core genome; and (iii) explore the impact that pSK1 plasmid evolution has had 

on phenotypic antibiotic resistance and disinfectant tolerance in the Australian ST239 MRSA population. 

4.1.2 Chapter Overview 

Presented in this chapter are the results of experiments conducted to address the three objectives described above, 

all of which have been answered in the publication presented in section 4.2. The supplementary results, methods, 

figures and tables from this publication are presented in section 4.2, with the supplementary dataset provided in 

Appendix 3. A summary of this chapter is presented in section 4.3. The implications and limitations of this work 

within the wider context of this thesis are discussed in Chapter 5. 

 

4.2 Results 

4.2.1 Publication: Remodelling of pSK1 family plasmids and enhanced 
chlorhexidine tolerance in a dominant hospital lineage of methicillin-
resistant Staphylococcus aureus 

Baines, S. L., S. O. Jensen, N. Firth, A. Gonçalves da Silva, T. Seemann, G. P. Carter, D. A. Williamson, B. P. 

Howden and T. P. Stinear (2019). Antimicrobial Agents and Chemotherapy. DOI: 10.1128/AAC.02356-18.  

This article was selected as the Editor’s Pick for Mechanisms of Resistance in this issue of Antimicrobial Agents 

and Chemotherapy.
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ABSTRACT Staphylococcus aureus is a significant human pathogen whose evolution
and adaptation have been shaped in part by mobile genetic elements (MGEs), facili-
tating the global spread of extensive antimicrobial resistance. However, our under-
standing of the evolutionary dynamics surrounding MGEs, in particular, how changes
in the structure of multidrug resistance (MDR) plasmids may influence important
staphylococcal phenotypes, is incomplete. Here, we undertook a population and
functional genomics study of 212 methicillin-resistant S. aureus (MRSA) sequence
type 239 (ST239) isolates collected over 32 years to explore the evolution of the
pSK1 family of MDR plasmids, illustrating how these plasmids have coevolved with
and contributed to the successful adaptation of this persistent MRSA lineage. Using
complete genomes and temporal phylogenomics, we reconstructed the evolution of
the pSK1 family lineage from its emergence in the late 1970s and found that multi-
ple structural variants have arisen. Plasmid maintenance and stability were linked to
IS256- and IS257-mediated chromosomal integration and disruption of the plasmid
replication machinery. Overlaying genomic comparisons with phenotypic susceptibil-
ity data for gentamicin, trimethoprim, and chlorhexidine, it appeared that pSK1 has
contributed to enhanced resistance in ST239 MRSA isolates through two mecha-
nisms: (i) acquisition of plasmid-borne resistance mechanisms increasing the rates of
gentamicin resistance and reduced chlorhexidine susceptibility and (ii) changes in
the plasmid configuration linked with further enhancement of chlorhexidine toler-
ance. While the exact mechanism of enhanced tolerance remains elusive, this re-
search has uncovered a potential evolutionary response of ST239 MRSA to biocides,
one of which may contribute to the ongoing persistence and adaptation of this lin-
eage within health care institutions.

KEYWORDS Staphylococcus aureus, antibiotic resistance, chlorhexidine, genomics,
plasmids

Mobile genetic elements (MGEs) play a central role in microbial evolution, serving
as a mechanism by which genetic material can be transferred, disseminated, and

rearranged, allowing for rapid adaptation to new and changing environments. No-
where is this more apparent than in the global dissemination of genes encoding
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mechanisms of antimicrobial resistance and virulence in populations of clinically sig-
nificant bacteria (1–4). Staphylococcus aureus is a leading cause of bacterial infections
in humans, and invasive staphylococcal disease is associated with significant morbidity
and mortality (5, 6).

One of the oldest pandemic lineages of S. aureus is multilocus sequence type 239
(ST239), a multidrug-resistant, health care-associated (HA) methicillin-resistant S. aureus
(MRSA) clone first identified in the late 1970s (7–9). Multiple studies have used
genomics to explore the evolution of ST239 MRSA, providing insight into its global
spread, extensive antimicrobial resistance repertoire, and persistence in health care
environments (10–15). In Australia, ST239 has been a dominant HA-MRSA lineage for
nearly 4 decades, and although its prevalence is on the decline, ST239 is still regularly
identified as a cause of invasive disease in Australia, according to national surveillance
reports (http://agargroup.org.au/agar-surveys/). We have previously described the
long-term evolution of ST239 MRSA in eastern Australian hospitals to be one of
convergent and adaptive evolution of two genetically distinct ST239 clades (termed the
Australian and Asian-Australian clades) toward increased antimicrobial resistance at the
cost of attenuated virulence (15). This initial work largely focused on changes occurring
within conserved regions of the genome, with exploration of the accessory genome
being limited.

Early ST239 MRSA isolates were first recognized in Australia because they displayed
resistance to gentamicin (16–18), encoded by a bifunctional acetyltransferase-
phosphotransferase gene [aac(6=)-aph(2�)] commonly carried on pSK1-like plasmids
as part of the composite transposon Tn4001 (19, 20). pSK1 represents a family of
intermediate-sized (20- to 40-kb), theta-replicating staphylococcal plasmids that have
been recovered in Australia and the United Kingdom (19, 21–24). In addition to
aac(6=)-aph(2�), other antibiotic resistance elements are variably carried by these plas-
mids, including blaZ (encoding a penicillinase), carried as part of Tn552 (22, 23), and
dfrA (encoding an insensitive dihydrofolate reductase conferring trimethoprim resis-
tance), carried as part of Tn4003, which represents a cointegrated remnant of a
pSK639-like plasmid (25, 26). Further, harbored by pSK1-like plasmids is a qacA gene
encoding a quaternary ammonium compound (QAC) multidrug efflux pump (27), which
can mediate tolerance to cationic biocides, most notably, chlorhexidine (28). An
outbreak of ST239 MRSA in the United Kingdom in the early 2000s was attributed to the
presence of a plasmid-borne qacA gene and predicted biocide tolerance (29, 30).

The divalent cationic biocide chlorhexidine digluconate (CHX) was first described in
1954 and is a fundamental component of infection control practices to prevent
nosocomial infections (31, 32). It is one of the most widely used antiseptic agents
because of its broad spectrum of activity against bacteria, fungi, and enveloped viruses,
as well as its good safety record and general tolerability (33–35). Resistance to in-use
concentrations, typically, a 0.2% to 4.0% CHX solution in water, has not been reported
in S. aureus; however, the phenomenon of enhanced tolerance appears to be increas-
ingly common (36, 37) and is reviewed elsewhere (38). CHX tolerance has been
associated with the acquisition or mutation of biocide-active efflux pumps, with the
most commonly reported being the QAC efflux systems (28, 39, 40). In S. aureus this is
primarily qacA (28, 38). Most reports of staphylococcal populations evolving CHX
tolerance either have demonstrated a phenotypic shift in susceptibility or have de-
tected an increase in the prevalence of genes encoding efflux systems (38, 41). While
several studies have combined phenotypic and molecular data, this work has largely
been performed on clonally diverse or genomically undefined populations, and thus,
the evolutionary mechanisms responsible are often unclear (36, 41).

Here we present a detailed exploration of the evolutionary dynamics surrounding
the pSK1 family of plasmids, focusing on a single well-defined staphylococcal lineage,
the ST239 MRSA population circulating in Australia. The primary aims of this work were
to (i) describe the evolution of the pSK1 plasmid family in ST239 MRSA, with a specific
focus on the emergence of plasmid structural variants, and (ii) explore the phenotypic
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consequences of plasmid evolution on the ST239 population, with a particular interest
in the development of enhanced CHX tolerance.

RESULTS AND DISCUSSION

An in silico examination of the temporally diverse, global collection of 531 ST239
isolates looking for orthologs of the pSK1 genes revealed that pSK1-like plasmids have
been maintained in the ST239 population over time but are largely harbored by a single
clade, the Australian clade (Fig. 1A). The earliest isolates found to harbor pSK1 were
identified in 1980, consistent with when this clone first appeared in the region (16, 17,
18). This suggested the extended coevolution of the pSK1 plasmid family and the
Australian ST239 clade and subsequently indicated that this population could serve as
a model in which to study the evolution of multidrug resistance (MDR) staphylococcal
plasmids and the impact that extended plasmid maintenance may have on antimicro-
bial resistance and biocide tolerance.

Prevalence of pSK1-like plasmids in ST239 MRSA. Of the 124 Australian clade
isolates, 92 (74.1%) carried a pSK1-like plasmid, based on the presence of plasmid gene
orthologues that were largely syntenic (Fig. S1B). A comparison of plasmid carriage with
the year of isolation suggested that the prevalence of pSK1-like plasmids had increased
over time (Fig. 1B). While this finding may be biased by the limited number of historical
isolates available, the nearly ubiquitous presence of pSK1-like plasmids in contempo-
rary isolates (98.4% of isolates recovered after 2005) strongly suggested an evolutionary
benefit for the acquisition and maintenance of these plasmids in this population.

There was no evidence of plasmid sharing between the Australian and Asian-
Australian clades (see Fig. S1 in the supplemental material). However, this finding was
not surprising due to the geographic separation of the two clades; the Australian clade
has been predominantly recovered in the states of New South Wales and Queensland
since the early 2000s, and the newer Asian-Australian clade has almost exclusively been
recovered in Victoria since its introduction (15) (Fig. 1 and S1A). Further, a large
proportion of the Asian-Australian clade isolates (67/88 isolates, 76.1%) harbored a
different MDR plasmid, specifically, a pTW20_1-like plasmid (29) (Fig. S2). While both
pSK1 and pTW20_1 share the same mode of replication (they are theta-replicating,
RepA_N plasmids [43]), it is unclear whether these plasmids are incompatible, as the
nucleotide sequence homology of the replication initiation A (repA) genes is only
74.8%.

Structural variants of pSK1. A closer examination of the 92 isolates in which a
pSK1-like plasmid was identified showed considerable variation in the presence of
plasmid gene orthologs (Fig. S1B). When aligned to a phylogenetic tree of the Austra-
lian ST239 population, it became apparent that the variation observed was phyloge-
netically correlated and suggested the emergence or acquisition of a limited number of
pSK1-like structural variants (SVs) with subsequent clonal expansion (Fig. S1). To
characterize these pSK1-like SVs, representatives for the six most common orthologue
patterns underwent long-read sequencing and complete genome assembly. Addition-
ally, the short-read de novo assemblies of all isolates were mined for unique plasmid
features to determine the prevalence of each SV in the wider ST239 population (see the
Results section in the supplemental material). Using this approach, eight distinct
pSK1-like plasmids were identified, having arisen largely through the actions of IS256
and/or IS257. These changes can be classified into three categories, described below.

(i) IS-mediated gain/loss of the composite transposons Tn4001 and Tn4003. The
structural change consisting of the insertion sequence (IS)-mediated gain/loss of the
composite transposons Tn4001 and Tn4003 was observed in three SVs, termed SV1, SV3,
and SV4 (Fig. 2). The first (SV1) was found to lack the aminoglycoside resistance-
conferring Tn4001 and was structurally equivalent to the previously identified pSK7
(Fig. 2A) (22, 44). With only a single copy of the IS256 target site duplications (TSD) that
flank Tn4001 in pSK1 being identified, it was unclear whether SV1 had lost Tn4001 or
had never acquired it. However, as an SV1-like plasmid was recovered only from historic
isolates located close to the root of a time-aware phylogenetic tree for the Australian
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FIG 1 Global population structure of ST239 S. aureus isolates and prevalence of pSK1-like plasmids. (A) Illustrated is a maximum clade credibility tree inferred
from the whole-genome sequence alignment of the 531 international ST239 S. aureus isolates. Tips are colored based on location (refer to the key). Internal
nodes with �95% posterior support are indicated by a small red dot. The Australian and two Asian-Australian clades (major and minor) and estimates for the
most recent common ancestor (MRCA) are indicated and are displayed as the median year (95% highest posterior density interval). The presence of a pSK1-like
plasmid is indicated by a red star. (B) Temporal distribution of the Australian isolates included in the study (the cumulative total is indicated by the light gray
region). The proportion of isolates harboring a pSK1-like plasmid (per year sampled) is indicated by the dark gray bars.
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FIG 2 pSK1-like structural variants. Illustrated is a schematic of the structure and development of the pSK1-like plasmid variants.
Plasmid genes are colored based on defined pSK1 regions (see Fig. S2A in the supplemental material), IS256 is gray, and IS257 is

(Continued on next page)
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clade (see the Results section in the supplemental material), SV1 likely represents a
progenitor of pSK1 prior to gaining Tn4001. Both SV3 and SV4 were found to lack
Tn4003 (Fig. 2A and B). Instead, they contained only a single copy of IS257 with the
same TSD that flanked this region in pSK1 in a configuration equivalent to that in pSK14
(22, 44). Unlike SV1, the phylogenetic location of isolates carrying SV3 and SV4 strongly
supports deletion of Tn4003 (see the Results section in the supplemental material).

(ii) IS-mediated chromosomal integration and disruption of the plasmid repli-
cation machinery. Chromosomal integration was observed in five pSK1-like SVs. The
first (SV2) emerged from IS256-mediated integration of pSK1 adjacent to the staphy-
lococcal accessory regulator A (sarA) gene (Fig. 2B). Likewise, SV4 emerged from
IS256-mediated integration of SV3 adjacent to a predicted aerobactin biosynthesis
gene (Fig. 2B). In both cases, the formation of circular intermediates that excluded
segments of the plasmid backbone is likely responsible for the loss of six and three
syntenic genes in SV2 and SV4, respectively. The three remaining SVs had all arisen from
a single IS257-mediated chromosomal integration event. Only SV5 and SV6 were
represented in the complete plasmids; therefore, a hypothesized structure has been
proposed for the other SV, termed SV5= (Fig. 2B and C). In this case, chromosomal
integration of pSK1 had occurred 9.2 kb upstream of a disrupted �-hemolysin gene
(with the disruption resulting from integration of prophage Sa3), with the formation of
a shortened circular intermediate likely being responsible for the partial deletion of
Tn4003 (Fig. 2C). SV5 (and likely SV5=) had an additional 45-bp deletion in repA,
specifically occurring within the Rep binding boxes, which are considered essential for
a functional protein (45), and SV6 had an IS256-mediated deletion of six syntenic genes
from the plasmid backbone (Fig. 2B).

(iii) IS-mediated inversion. There were two inversion events identified. The first
was an IS257-mediated inversion of a 42.7-kb region encompassing SV5=, giving rise to
the structure termed SV5 (Fig. 2C). This inversion reversed the orientation of all SV5=
genes and split �Sa3 (Fig. 2C). A second smaller 3.5-kb IS256-mediated inversion event
was identified in SV3, reversing the orientation of three genes, including repA and the
plasmid partitioning (par) gene (Fig. 2A). This is the same region deleted in SV4. While
the exact consequences of these inversions are unknown, the division and partial
inversion of �Sa3 should prevent future excision of the prophage.

Convergent evolution of pSK1-like plasmids. Analysis of unique plasmid features
in the short-read de novo assemblies enabled assignment of all isolates harboring a
pSK1-like plasmid to one of the eight plasmid SVs (see the Results section in the
supplemental material). When overlaid onto a time-aware phylogenetic tree, these data
demonstrated a clear pattern of stepwise change (Fig. 3); once a novel pSK1-like
plasmid emerged, it was maintained and structurally remodeled during clonal expan-
sion but rarely, if ever, horizontally transferred between ST239 isolates. Based on these
data, we propose the following evolutionary history for the pSK1 plasmid family in the
Australian ST239 population (illustrated in Fig. 3).

The first pSK1-like plasmids to have appeared in the Australian ST239 clade were SV1
and pSK1, which appeared in the late 1970s, consistent with the first identification of
a gentamicin-resistant MRSA isolate in Australia (16–18). It was estimated that pSK1
emerged in 1979 (95% highest posterior density interval [HPDI], 1978 to 1980), follow-
ing the acquisition of Tn4001 into the ancestral SV1 plasmid. In the following 3 decades
there was the emergence of SV3 in about 1991 (HPDI, 1989 to 1994), in which Tn4003
was lost and the replication machinery was inverted. There had been at least three

FIG 2 Legend (Continued)
black. All chromosomal genes are white, and those encompassed within �Sa3 are lilac. Arrows denote upstream/downstream target
site duplications (TSD), and the direction denotes the IS orientation. Circles represent a single copy of a TSD not adjacent to an IS
element. Arrows and circles are colored to reflect unique sequences (refer to the key), and an asterisk has been used to indicate a
TSD present in the reverse complement to what was expected. In the structural comparisons, connected regions share �98%
nucleotide sequence identity and are colored pink or blue to indicate the matching or reverse orientation, respectively. (A)
Emergence of pSK1-like variants through IS-mediated loss/gain of the composite transposons; (B) chromosomal integration with
loss/disruption of the plasmid replication machinery; (C) inversion with fragmentation of �Sa3.
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chromosomal integration events, resulting in the emergence of SV2 in about 1985
(HPDI, 1983 to 1986), SV5= in about 1994 (HPDI, 1991 to 1996), and SV4 in about 2000
(HPDI, 1996 to 2004). These events likely involved pSK1 as the ancestral plasmid or SV3
as the immediate ancestor of SV4. Inversion of SV5= in 1999 (HPDI, 1997 to 2002) led to
the emergence of SV5.

In addition to this stepwise change, there is also evidence for convergent evolution
in the plasmid population. The three chromosomal integration events all occurred

FIG 3 Evolutionary history of pSK1-like plasmids in the Australian ST239 clade. Illustrated is a maximum
clade credibility tree inferred from the whole-genome sequence alignment of the Australian clade
(n � 124). Branches with �95% posterior support are colored red, and the 95% highest posterior density
interval for node heights is represented by the blue bars. Isolates identified as harboring a pSK1-like
plasmid are indicated by a circle located at the branch tip and colored based on the SV identified (refer
to the key). The most recent common ancestor for each SV is indicated by the larger node circle, with
black numbers indicating an extrachromosomal SV and white numbers indicating a chromosomally
integrated SV. Temporal estimates for these nodes have been provided and are displayed as SV-median
year (95% highest posterior density interval). Gray arrows illustrate the likely order and type of structural
change that has occurred during the evolution of the pSK1-like plasmid population. Isolates which
demonstrated a plasmid gene orthologue pattern suggestive of further structural changes are indicated
by an asterisk (black for deletion of the plasmid replication machinery and gray for the loss of Tn4003).
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independently. Examination of all 92 isolates harboring a pSK1-like plasmid identified
a further two independent deletion events (Fig. 3). There is a clear role for chromosomal
integration in improving the maintenance of plasmid genes in a population, and the
subsequent deletion or disruption of the plasmid replication machinery is needed for
stability of the integrant as it removes interference with chromosomal replication (46).
In the Australian clade, all but two isolates that descended from an ancestral genome
with an integrated pSK1-like structure have maintained it (Fig. 3). These data strongly
suggest that the emergence of these phylogenetically distinct but structurally similar
SVs is the result of a significant but unknown evolutionary pressure acting on the
plasmid population. It is plausible that the introduction and/or increased use of
antimicrobial agents and disinfectants, specifically, those for which mechanisms of
resistance or tolerance are carried by these plasmids, could be contributing to the
evolutionary pressure promoting plasmid maintenance and driving chromosomal in-
tegration.

Impact of plasmid evolution on antimicrobial resistance and disinfectant tol-
erance. To explore the impact of plasmid evolution on antimicrobial resistance and

disinfectant tolerance, 211 isolates underwent testing for susceptibility to gentamicin,
trimethoprim, and chlorhexidine. Isolates representing both the Australian and Asia-
Australian clades were tested to enable comparisons between the two clades and
discern which trends may be associated with the acquisition and/or evolution of the
pSK1-like plasmids.

(i) Gentamicin. Phenotypic resistance to gentamicin was detected in 185 (87.7%)

isolates. Three acquired genes encoding aminoglycoside-modifying enzymes (AMEs)
were identified (47) (Table 1): (i) the bifunctional aac(6=)-aph(2�), found in Tn4001 and
other chromosomal and phage locations (48–50); (ii) an adenyltransferase gene [aadD,
also known as ANT(4=)-Ia] (51, 52); and (iii) a phosphotransferase gene [aph(3=)-IIIa] (53),
which has previously been found to be colocated with aac(6=)-aph(2�) in an integrated
�SP�-like phage in ST239 isolates closely related to those in the Asian-Australian clade
(15, 29). The bifunctional AME was common among both the Australian and the
Asian-Australian clades (79.7% and 93.2%, respectively). Conversely, the distribution of
the monofunctional AMEs was more distinct (Table 1). Phenotypically, the Asian-
Australian clade demonstrated a significantly higher average MIC of gentamicin than
the Australian clade (P � 0.0001; Table S1). However, as most isolates harbored multiple
AMEs, phenotypic resistance could not be attributed to a single gene. With that being
said, the distribution of these genes suggested that aph(3=)-IIIa is likely responsible for
the high-level resistance observed in the Asian-Australian clade, with aac(6=)-aph(2�)
and aadD contributing only low-level resistance in the Australian clade (Table S1).

To further investigate this phenotype, linear models were developed to look for
temporal trends in the data. These models identified a significant increase in the
median gentamicin MIC for the ST239 population over time (P � 0.001). However, this
trend was observed only in the Australian clade when the two clades were modeled
separately (Fig. S3). This finding is similar to what has previously been observed in the
ST239 population with reduced glycopeptide and daptomycin susceptibility, hypoth-
esized to be the result of two evolutionary phenomena: (i) the introduction of the more
resistant Asian-Australian clade into the region with successful local expansion and (ii)
adaptive evolution within the Australian clade, collectively shifting the phenotype of
the population over time (15). These same phenomena are likely contributing here. The
Asian-Australian clade had already developed high-level gentamicin resistance, prior to
arriving in Australia, through the acquisition of an �SP�-like phage carrying both
aac(6=)-aph(2�) and aph(3=)-IIIa. Concurrently, the Australian clade had undergone
adaptive evolution, with the acquisition of aac(6=)-aph(2�) and/or aadD contributing to
a significant increase in the MIC (Table S1) and with the uptake of a pSK1-like plasmid
serving as one mechanism by which aac(6=)-aph(2�) could have been acquired. Within
the pSK1-like plasmid-harboring population, there were no discernible temporal trends
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(Fig. S3), which suggested that the emergence of the pSK1-like SVs has had no
additional impact on the gentamicin MIC.

(ii) Trimethoprim. Phenotypic resistance to trimethoprim was detected in all 211
ST239 isolates, for which the MIC was �32 mg/liter. Genotypically, 75/123 isolates
(61.0%) of the Australian clade and all 88 isolates of the Asian-Australian clade were
found to harbor a mutated or acquired dfr gene (Table 1). A likely mechanism of
resistance could not be identified in the remaining 48 isolates. The lack of pheno-
typic variation detected suggested that both the acquisition and changes in the
configuration of the pSK1-like plasmids, including the deletion or alteration of
Tn4003, had not impacted trimethoprim resistance due to an unidentified geno-
typic redundancy.

(iii) Chlorhexidine. Phenotypic tolerance to CHX, defined as an MIC of �2 mg/liter,
was detected in 150 (71.1%) isolates (38). A total of 156 (73.9%) isolates were found to
harbor qacA, and 2 were found to harbor qacC (Table 1). QacC is not active against CHX
(38). The presence of qacA was significantly associated with an elevated MIC and
minimum bactericidal concentration (MBC) of CHX (P � 0.0001) and was invariably
associated with carriage of a pSK1-like plasmid (Australian clade) or a pTW20_1-like
plasmid (Asian-Australian clade) (Table 2). Although qacA was equally prevalent in both
the Australian and Asian-Australian clades (72.4% and 76.1%, respectively), the former
population demonstrated a significantly higher average MIC (P � 0.0001, Table 2). This
phenotypic disparity remained when isolates that did not carry either plasmid were
excluded from the comparison. Further, no mutations in qacAR or variations in gene
copy number that could explain this phenotypic variation were detected (see the
Results section in the supplemental material), suggesting that genotypic differences
occurring outside of qacAR were responsible.

As with gentamicin, linear models were developed to investigate temporal trends in
CHX susceptibility (Fig. S3). These models identified a significant increase in the median
CHX MIC and MBC of the ST239 population over time (P � 0.001). Again, this trend was
observed in the Australian clade but not the Asian-Australian clade when modeled
separately (Fig. S3). Further, this trend remained when only the pSK1-like plasmid-
harboring population was modeled. This suggested that, in contrast to the evolutionary
phenomena facilitating the development of reduced antibiotic susceptibility, adaptive
evolution in the Australian clade appeared to be the primary contributor to enhanced
CHX tolerance in the ST239 population. Comparison of the average MIC and MBC
between the pSK1-like plasmids suggested that the more recently emerged SVs (SV2 to
SV6) may be associated with enhanced tolerance (Fig. 4; Table S2). When isolates were
grouped based on their carriage of structurally similar SVs, chromosomal integration
was significantly associated with an increased CHX MIC (P � 0.0086; Fig. 4; Table 2).
Furthermore, a multigene deletion in the plasmid backbone appeared to be associated
with a further increase in the MIC, although this was statistically nonsignificant (Fig. 4;
Table 2). It is unclear why these structural changes were associated only with a shift in
the MIC, with all groups having demonstrated highly consistent average MBC values

TABLE 2 Investigation of chlorhexidine tolerance in Australian ST239 MRSAc

Isolate population

Group 1 Group 2
P values for MICs,
MBCs in group 1
vs group 2Characteristic (no. of isolates)

Median MIC,
MBC (mg/liter) Characteristic (no. of isolates)

Median MIC,
MBC (mg/liter)

All ST239 (211) qacA negative (55) 0.90, 2.30 qacA positive (156) 3.70, 8.00 �0.0001, �0.0001
Australian clade (123) 3.40, 7.30 Asian-Australian clade (88) 2.30, 6.70 �0.0001, NS
pSK1-like plasmid (91) 4.20, 8.60 pTW20_1-like plasmid (67) 3.00, 7.20 �0.0001, 0.0021

Asian-Australian clade (88) qacA negative (21) 1.90, 5.20 qacA positive (67) 3.00, 7.20 �0.0001, �0.0001
Australian clade (123) qacA negative (34) 1.80, 4.60 qacA positive (89) 4.30, 8.60 �0.0001, �0.0001

Extrachromosomal SVs (17) 3.20, 7.80 Integrated SVs (74) 4.50, 8.74 0.0086, NS
Integrated SVs � repA deletion (25)a 3.70, 8.50 Integrated SV � MG deletion (49)b 4.70, 8.60 NS, NS

aThe population includes SV5= and SV5.
bThe population includes SV2, SV4, and SV6.
cAbbreviations: MBC, minimum bactericidal concentration; MG, multigene; SV, structural variant; NS, not significant.
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(Fig. 4; Table S2), but this finding may reflect the specific mechanisms mediating
enhanced CHX tolerance or the method utilized to measure susceptibility.

Independent association of CHX tolerance with pSK1-like plasmid evolution. To
examine the strength of the association between plasmid evolution and the develop-
ment of enhanced CHX tolerance, in addition to exploring other possible mechanisms
that may be contributing to this phenotype, three statistical genomic techniques were
utilized. A series of genome-wide association studies (GWAS) and discriminant analysis
of principal components (DAPC) studies was performed, but none identified any
significantly associated genotypes, outside of the genotype resulting from the presence
of qacA-harboring plasmids, that could be responsible for enhanced CHX tolerance (see
the Results section in the supplemental material). We therefore performed a modified
Bayesian phylogeographic analysis, modeling the CHX phenotype rather than the
geographic location of the ancestral genomes. The hypothesis was that if the devel-
opment of CHX tolerance was a consequence of plasmid evolution, then the ancestral
nodes (ANs) from which the SVs were estimated to have emerged should correlate with
those in which a shift in MIC is predicted (Fig. 5).

In this model, a shift in MIC was predicted at the expected ANs or at the directly
preceding node for the emergence of the newer SVs (SV3, SV4, SV5=, SV5, and SV6; Fig.
5). In the older SVs, a shift in MIC was modeled to have occurred a few nodes following
the emergence of the SV (SV1, pSK1, and SV2; Fig. 5). This discrepancy is likely due to
the higher proportion of isolates not harboring a pSK1-like plasmid in close proximity
to these ANs, with a shift in MIC being predicted at the ANs for subclades of isolates
harboring these older SVs (Fig. 5). Overall, this model did suggest that plasmid

FIG 4 Phenotypic variation in chlorhexidine tolerance. Graphs illustrate the distribution of chlorhexidine MIC (top)
and MBC (bottom) values in the Australian clade. Box plot features represent the population median (central black
line), upper and lower quartiles (box), and range (bars), excluding outliers (circles). Box plots representing SVs are
colored to reflect a plasmid structural feature: an extrachromosomal plasmid (teal) and a chromosomally integrated
plasmid with either an internal repA deletion (del) (light blue) or a multigene deletion (dark blue).
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evolution was associated with shifts in CHX tolerance, but it is unlikely the sole
contributing mechanism. Of the 24 nodes (19.5% of all nodes) in which a shift in MIC
was detected, only 18 appeared to be associated with a change in plasmid configura-
tion. Further lab-based experimentation is required to confirm these findings.

Chlorhexidine is one of the most commonly used biocides in the health care
environment and a fundamental component of infection control initiatives shown to be
effective in reducing the rates of invasive staphylococcal disease (54, 55). Therefore, it

FIG 5 Bayesian phylogenetic model associating chlorhexidine tolerance with pSK1-like plasmid evolu-
tion. Illustrated is a maximum clade credibility tree inferred from the whole-genome sequence alignment
of the Australian clade (n � 124). Isolates identified as harboring a pSK1-like plasmid are indicated by a
circle located adjacent to the tree and colored based on the SV identified. Blue bars represent the 95%
highest posterior density interval for the node heights. The ancestral nodes in which each SV is estimated
to have emerged are indicated by a number (the numbers are the same as the numbers in Fig. 3). The
estimated CHX MIC for all ancestral nodes is indicated by a circle, colored based on the MIC value and
sized according to the posterior probability for the estimate (refer to the key). The 24 nodes with a
predicted shift in the MIC are indicated by an arrow, colored blue or red for a decrease or increase in the
MIC compared to that in the preceding node, respectively. Those that have been tentatively associated
with the changes in plasmid configuration are labeled with “p.” The aligned heat map illustrates the
phenotypic MIC values attained for each isolate.
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is plausible that its widespread use may be contributing to the evolutionary pressures
promoting maintenance of the pSK1-like plasmid family in ST239 MRSA. However, the
qacA-encoded efflux pump is active against a range of organic cations (28, 38), and this
detected increase in tolerance may extend to other biocides, making them potential
drivers of plasmid evolution. In a separate finding, all pSK1-like plasmids maintained an
�9.3-kb segment of the plasmid backbone, demonstrating �95% nucleotide sequence
identity to S. warneri plasmid pPI-1 (GenBank accession number AB125341.3) (44, 56).
The genes encompassed within this region encoded protein products predicted to be
cell envelope associated and involved in membrane transport and, potentially, iron
acquisition, with one gene encoding a putative Fst-like toxin as part of a type I
toxin-antitoxin system (44). The ubiquitous conservation of this region in the pSK1-like
plasmid population suggested a potential benefit of these encoded products to the
ST239 population and the possibility that they also contribute to the evolution and
maintenance of this plasmid population (44).

Conclusions. Plasmids and other MGEs play a central role in the successful evolu-
tion and adaptation of bacterial populations but are often overlooked because of the
challenges with examining some plasmid DNA sequences using short-read data. Here,
we have provided a comprehensive analysis of the evolution of the pSK1-like plasmid
population that has coevolved with the Australian ST239 MRSA lineage over multiple
decades. Within this ST239 population, there are at least eight structurally distinct
pSK1-like plasmids, having arisen largely through the actions of IS256 and IS257.
Further, this plasmid population has undergone convergent evolution, with the re-
peated emergence of chromosomally integrated SVs. In investigating how plasmid
evolution may alter phenotypic susceptibility to antibiotics and biocides, it was iden-
tified that plasmid acquisition is associated with a significant increase in gentamicin
resistance and CHX tolerance. Further, carriage of a chromosomally integrated plasmid
variant was associated with a further increase in CHX tolerance. While the mechanism
mediating tolerance remains unclear, we speculate that it is linked to altered regulation
of the qacAR efflux system due to movement of the IS elements. Collectively, these
findings support the idea that the widespread and increasing use of cationic biocides
may potentially be contributing to the ongoing evolution of the pSK1-like plasmid
population. Although the levels of CHX at which isolates show reduced susceptibility
observed in this study remain well below the in-use concentrations of CHX, they do
illustrate an evolutionary response in ST239 MRSA, one that may provide an adaptive
advantage for this lineage in health care institutions.

MATERIALS AND METHODS
Bacterial isolates. This study utilized a temporal (1980 and 2012) and geographically diverse

collection of 212 Australian ST239 S. aureus isolates. Two isolates (including reference strain JKD6008)
were recovered in New Zealand (57). All isolates represented cases of clinical infection. To establish the
global phylogenetic context for the collection, we supplemented these data with the WGS data for a
further 319 international ST239 S. aureus isolates. Further information about the selection of isolates and
relevant demographic information can be found in the Materials section in the supplemental material.

WGS and sequence data. The whole-genome sequencing (WGS) data for 368/531 isolates (73/212
Australian isolates) have been previously published. Seven isolates were subjected to long-read sequenc-
ing to enable complete genome assembly. Information about the generation of novel sequence data and
relevant WGS information can be found in the Materials section in the supplemental material.

Bioinformatic analysis. The bioinformatic analyses performed for this study have been explained in
detail in the Materials section in the supplemental material and are briefly outlined here. Short-read
sequence data were mapped to reference strain S. aureus JKD6008 (GenBank accession number
CP002120 [58]) using Snippy (v3.2) (https://github.com/tseemann/snippy). Maximum likelihood phylo-
genetic trees were generated with IQ-TREE (v1.6.1) (59), and maximum clade credibility trees were
generated with BEAST (v2.4.7) (60). Trees were visualized in FigTree (v1.4.3) (http://tree.bio.ed.ac.uk/
software/figtree/), and figures were assembled in Inkscape (v0.91) (https://inkscape.org/). Short-read
sequence data were de novo assembled using SPAdes (v3.11.0) (61) and annotated with Prokka (v1.12)
(62). Long-read sequence data were de novo assembled using the SMRT analysis system (v2.3.0.140936)
(Pacific Biosciences), circularized and reoriented in Geneious (v8.1.5) (Biomatters), and polished with
Snippy (v3.2). Plasmid structural comparisons were conducted using the Artemis Comparison Tool (63).
Ortholog clustering was performed using Roary (64).

Antimicrobial susceptibility testing. Testing for phenotypic susceptibility to trimethoprim and
gentamicin was performed using Etests (bioMérieux), and the results were interpreted using CLSI
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guidelines (65). Susceptibility to CHX was performed using a modified broth microdilution method (see
the Materials section in the supplemental material). All isolates were tested in biological triplicate, and
the median values were used for statistical analysis, performed in R (v3.4.2) software (http://www.R
-project.org/).

Accession number(s). All sequence data and complete genomes novel to this study have been
submitted to the European Nucleotide Archive under project accession number PRJEB29322.

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

.02356-18.
SUPPLEMENTAL FILE 1, PDF file, 1.3 MB.
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Supplementary Results: Part A. Description of the pSK1-like plasmid variants 

A description of the pSK1-like plasmid variants, as identified through long-read sequencing, has been described 

in the main text and FIG 2. Provided here is further detail about these plasmid structures and how the insertion 

sequence (IS) features, specifically the non-coding regions (NCR), the terminal inverted repeats (TIR), the target 

site duplications (TSD), and their location respective to plasmid and chromosomal genes were used to identify 

which pSK1-like SV was likely carried by each ST239 isolate.  

SV1: Absence of Tn4001. In pSK1, Tn4001 is flanked by inverted copies of IS256 with perfect 8 bp TSD 

(TAAGTAAA). In SV1 only a single copy of this TSD sequence was identified in isolation from an IS256 NCR 

at the expected plasmid location for Tn4001 (FIG 2A). Tn4001 is highly mobile and has been found at multiple 

chromosomal and plasmid locations (375, 376). In BPH2056 (SV1 representative genome), a chromosomal copy 

of Tn4001 was identified, flanked by perfect 8 bp TSD (CAAAATCA), located downstream of a hypothetical 

protein in close proximity to the DNA-directed DNA polymerase III alpha subunit (dnaE) gene. Using this 

variation in TSD patterns flanking Tn4001, it was identified that of the ten short-read assemblies which 

demonstrated an orthologue pattern consistent with SV1 (FIG S1), five likely carried a plasmid consistent with 

pSK1 (with Tn4001 located in the plasmid), and the other five likely carried a plasmid consistent with SV1, with 

a chromosomal copy of Tn4001 identified in four isolates. 

SV2: IS256-Mediated Chromosomal Integration & Loss of 5,175 bp. Chromosomal integration of SV2 was 

mediated by IS256, with two inverted copies flanking the 24,299 bp region, termed IS256-R and IS256-2. A third 

copy (IS256-L) is present as part of Tn4001 (FIG 2B). Additionally, SV2 has a 5,175 bp deletion with loss of six 

genes when compared to pSK1 (FIG 2B). The upstream TSD for IS256-2 and IS256-R (external to SV2) were 

identical and represented a novel sequence (GAGTTGAC). A second novel TSD was identified downstream of 

IS256-2 (internal to SV2, ATGATTTC), with a single copy of the same sequence identified in pSK1 (not adjacent 

to an IS256 NCR) at the boundary of the region absent in SV2 (FIG 2B). This TSD pattern was identified in all 

seven short-read assemblies which demonstrated an orthologue pattern consistent with SV2, suggesting that they 

all carried this integrated plasmid variant.   

SV3: IS257-Mediated Deletion of Tn4003 & IS256-Mediated Inversion. In pSK1, Tn4003 is flanked by direct 

copies of IS257 with perfect 8 bp TSD (TTTTATAA). In SV3, only a single copy of IS257 was identified, flanked 
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by the same TSD (FIG 2A). Additionally, SV3 also had a 3,488 bp inversion compared to pSK1, flanked by 

IS256-R and IS256-3 (FIG 2A). The upstream TSD for IS256-R (internal to the inversion) and the downstream 

TSD for IS256-3 (external to the inversion) represented a novel sequence (TTTGAGTT), the former was identified 

in the reverse complement. A single copy of the same sequence (TTTGAGTT) was identified at the boundary for 

the inverted segment in pSK1 (FIG 2A, indicated by the dark red circle). The upstream TSD for IS256-3 (internal 

to the inversion, TTTACTTA) was the same sequence as the upstream TSD for IS256-R in pSK1 (TAAGTAAA), 

but in the reverse complement (FIG 2A). Utilising the variation in TSD pattern, including the change in sequence 

orientation and adjacent plasmids genes, it was identified that only seven of the eleven short-read assemblies 

which demonstrated an orthologue pattern consistent with SV3 were likely to carry this plasmid variant. 

SV4: IS256-Mediated Chromosomal Integration & Loss of 3,488 bp. Chromosomal integration of SV4 was 

mediated by IS256, with two inverted copies flanking the 22,047 bp region. A 3,488 bp region, specifically the 

region inverted in SV3 was absent (FIG 2B). All internal TSDs where found to correspond with those identified 

in SV3. The TSD upstream of IS256-R and IS256-3 (external to SV4) were novel (CTTTGTAT) (FIG 2B). This 

TSD pattern was identified in all four short-read assemblies which demonstrated an orthologue pattern consistent 

with SV4.   

SV5’: IS257-Mediated Chromosomal Integration & Loss of 404 bp, SV5: IS257-Mediated Inversion & 

Disruption of Replication Machinery, & SV6: IS256-Mediated Deletion of 5,105 bp. A hypothesised structure 

has been developed for SV5’, which represents an intermediate structure in the development of SV5 and SV6 

(FIG 2). Chromosomal integration in SV5’ would likely be mediated by IS257, inserting 9,233 bp upstream of a 

disrupted copy of the β-haemolysin gene. For compatibility with the recovered SV5 structure, this region would 

be flanked by IS257-R1 and IS257-R2 from pSK1, located in the same orientation, with absence of the intervening 

404 bp region (FIG 2C). All TSD that are internal to SV5’ would be unaltered from the sequences identified in 

pSK1. The TSD downstream of IS257-R2 and IS257-R1 (external to SV5’) would represent a novel perfect 8 bp 

TSD (GTTTTTAC).  

In SV5, the intermediate SV5’ has undergone a 42,660 bp inversion (FIG 2C). This would likely be the result of 

intramolecular replicative transposition in the inverse orientation (54), and result in the creation of a novel pair of 

8 bp TSD (TTCTTATC), located adjacent (in opposite orientations) to both copies of IS257-R2*, one external to 

the inverted region (adjacent to the unaffected region of φSa3) and the other one internal (adjacent to the inverted 

region of φSa3) (FIG 2C). In addition to the inversion, a 45 bp deletion in repA was detected in SV5, causing 

fragmentation of the gene annotation.  

In a separate event, the intermediated SV5’ structure has undergone an IS256-mediated 5,105 bp deletion event, 

resulting in the 22,520 bp structure SV6 (FIG 2B). All TSD are identical to those presented in the hypothesised 

SV5’ except for one; the upstream TSD for IS256-R (AAATTGTG) is novel. A single copy of this TSD was 

identified in pSK1, not adjacent to an IS256 NCR at the boundary for the deletion (FIG 2A).  

Of the remaining 63 short-read assemblies, four had an orthologue pattern consistent with SV3, 21 with SV5, and 

38 with SV6. Using the variation in TSD patterns described above, it was identified that 24 isolates likely 

harboured an integrated plasmid consistent with SV5’, three with the inverted SV5, and 36 with the shortened 
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SV6. All 63 isolates formed a single monophyletic clade from the expected ancestral node in which SV5’ is 

predicted to have emerged (FIG 3). Further, these classifications were completely congruent with the phylogenetic 

tree, consistent with the proposed development of these plasmid variants (FIG 3). All isolates harbouring an 

SV5’-like or SV5-like plasmid variant appeared to have disrupted plasmid replication machinery, the large 

majority demonstrating a fragmented repA gene annotation (FIG S1). Two isolates had more extensive deletions, 

with loss of multiple genes similar to SV6 (FIG 3 & FIG S1). These two isolates appear to represent two further 

independent IS256-mediated deletion events that have occurred following chromosomal integration. Similarly, 

four isolates appeared to have undergone an IS257-mediated deletion of Tn4003, with their location in the 

phylogeny suggestive of two independent events (FIG 3 & FIG S1). 

 

Supplementary Results: Part B. Investigation of the association between plasmid evolution and 

biocide tolerance  

Provided here are the additional investigations undertaken to explore the potential association between the 

emergence of the pSK1-like plasmid SVs and the development of chlorhexidine tolerance in the ST239 

population.  

Mutations in QacAR. A comparison of all qacAR sequences (n = 89 pSK1-like, n = 67 pTW20_1-like) to 

reference JKD6008 (Australian clade) identified six SNPs resulting in missense mutations: five in QacA and one 

in QacR. The most common mutation resulted in a QacA T358I amino acid (aa) change. This SNP was identified 

in all 67 qacA-containing Asian-Australian clade isolates and none of the qacA-containing Australian clade 

isolates. As this mutation was invariably associated with one plasmid type, irrespective of MIC, it represented the 

distinct evolutionary histories of the qacA genes in these different plasmid populations and was unlikely to be 

contributing to phenotypic variation. The only other two commonly observed mutations were identified in the 

Australian clade and resulted in a QacA H164Q or a QacA V408I aa change. These mutations were phylogenetically 

correlated, QacA H164Q was identified in 14/18 isolates that harboured SV2, SV3 or SV4, and QacA V408I was 

identified in 8/13 isolates that harboured SV3 or SV4. The presence of these mutations did not correlate with CHX 

phenotype, suggesting that these SNPs were most likely markers of clonal evolution and not significant 

contributors to the larger shift in CHX tolerance.  

Plasmid and qacA copy number. Intermediate sized staphylococcal plasmids like pSK1 are generally considered 

to be low copy number plasmids (288). Multiple copies of qacA, resulting from increased plasmid or gene copy 

number could potential be contributing to the phenotypic variation observed between the Australian and Asian-

Australian clades. To investigate this, qacA gene copy number was estimated by comparing the mapped sequence 

read depth of contigs representing the plasmid regions (as defined in FIG S2) to those representing the 

chromosome. The ratio of mapped-reads in the plasmid contigs representing region 4 (containing qacAR) and 

region 1 (plasmid backbone) were 0.89 (± 0.18) in the pSK1-like population and 1.12 (± 0.41) in the pBPH2003-

like (pTW20_1-like) population. This suggested that each plasmid copy contained only a single copy of qacA. 

The ratio of mapped-reads in these same contigs compared to contigs representing the chromosome (specifically 

those containing dnaA) were 0.68 (± 0.28) and 0.77 (± 0.24) in the pSK1-like population, and 2.81 (± 1.32) and 
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2.69 (± 1.33) in the pBPH2003-like population for region 4 and region 1 respectively. These ratios suggested that 

the pSK1-like plasmids were typically single copy in the Australian clade isolates, consistent with most isolates 

harbouring a chromosomally integrated variant. No significant differences were observed between isolates that 

harboured an extra-chromosomal or integrated pSK1-like variant. Conversely, the Asian-Australian isolates 

carried one to four copies of a pBPH2003-like plasmid. As this clade has a lower average MIC to chlorhexidine 

(TABLE 2), plasmid copy number did not appear to be contributing to the variation observed in phenotypic CHX 

susceptibility. 

Discriminant Analysis of Principle Components. DAPC is a multivariate technique that can be used to 

reconstruct population subdivisions hypothesised to be present using genomic data; it finds the smallest number 

of principle components to build discriminant functions that minimise within group variation and maximise 

between group variation (377). This approach was utilised to identify potential associations between phenotypic 

CHX MIC and the presence and/or absence of specific genes. In this analysis the population subdivisions 

hypothesised to be present in the dataset were the CHX MIC values (1, 1.5, 2, 3, 4, and 6 mg/L). Two models 

were generated: (i) one dataset representing all accessory genes identified in the ST239 collection (n = 212), and 

(ii) the same dataset with the pSK1 and pBPH2003 (pTW20_1-like) genes excluded.  

In the first model, broad clusters were able to be resolved that reflected the low (1, 1.5, and 2 mg/L), medium (3 

mg/L) and high (4 and 6 mg/L) MIC values (FIG S4 A, B, C). The top contributing variables in this separation 

were qacAR and the co-located genes in plasmid region 4 in the first discriminant function, and the genes specific 

to pBPH2003 in the second discriminant function (FIG S4 D). This finding is consistent with the increase in MIC 

that was associated with plasmid acquisition and the distinct CHX susceptibility profiles of the pSK1-like and 

pBPH2003-like populations (TABLE 2). Furthermore, as all but one of the qacA-negative isolates belonged to the 

Australian clade, the second discriminant function was also reflective of the phylogenetic division in the ST239 

population (FIG S4 E).  

In the second model the MIC-reflective clusters were less defined (FIG S4 A, B, C). There was some separation 

based on chromosome-associated gene orthologues, none of which appeared to be associated with efflux systems 

based on gene annotations (not shown). The membership profiles of the isolates in this model (a measure of 

assignment probability to the prior hypothesised subdivisions) appeared to be strongly correlated with the 

phylogeny (FIG S4 E), which suggested that this DAPC model was detecting the underlying phylogenetic 

divisions within the population, which correlated with both CHX MIC and emergence of the pSK1-like plasmid 

variants. 

Genome Wide Association Studies. A GWAS analysis was utilised to explore whether mutation in the core 

genome were associated with CHX MIC. This dataset was tested at three different phenotypic divisions, with the 

tolerant population defined as a MIC ≥ 3, ≥ 4 or 6 mg/L. Numerous mutations were identified as significantly 

associated with MIC after correcting for multiple hypothesis testing (FIG S5 A). Examination of the 50 most 

significant SNPs for each phenotypic division found all to be strongly correlated with the phylogenetic model for 

the ST239 population (FIG S5 B). GWAS approaches are highly susceptible to phylogenetically correlated 

phenotypes and even if a phylogenetic penalty was applied, it may not be possible to detect a SNP in this dataset 

that is responsible for increased CHX MICs using this approach. 
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The efflux system encoded by norA can actively export CHX and mutations in this gene, and a homologue norB, 

have been associated with enhanced CHX tolerance (180, 198, 199). Mutations were detected in both norA and 

norB in this dataset, however none were significantly associated with CHX MIC in any phenotypic division tested. 

 

Supplementary Materials & Methods 

Bacterial Isolates. This study utilised a collection of 212 Australian ST239 S. aureus, selected from available 

collections for temporal and geographic diversity. Isolates were recovered between 1980 and 2012 from the 

Australian states of Victoria (n = 123), New South Wales (n = 62), Queensland (n = 22), South Australia (n = 2), 

and Western Australia (n = 1). Two isolates, including reference S. aureus JKD6008, were recovered in New 

Zealand (305). Bacterial isolates and corresponding whole genome sequence (WGS) data were sourced from: 

• The complete genome of JKD6008 was sourced from (325).  

• 73 isolates were sourced from (137). Six isolates from the original study were excluded because they 

represented secondary samples from patients already represented in the collection. These isolates have 

only been included in the generation of the global phylogenetic model (described below). 

• 104 isolates were sourced from the collection of the Australian and New Zealand Cooperative on 

Outcome in Staphylococcal Sepsis (ANZCOSS) study (378). All ST239 from unique patients selected 

for the ANZCOSS sub-study were included (306). 

• 16 isolates were sourced from the collection of the Vancomycin Efficacy in Staphylococcal Sepsis in 

Australasia (VANESSA) study (336). All ST239 isolates from unique patients were included. 

• 18 isolates were sourced from the historic collections (1989-1994) housed at the Microbiological 

Diagnostic Unit Public Health Laboratory, Melbourne, Australia. All ST239 isolates from unique 

patients in which a viable bacterial isolate could be recovered were included. 

To generate a global phylogenetic model for the ST239 lineage the Australian ST239 collection was supplemented 

with the publicly available WGS data for 319 globally diverse ST239 isolates, selected to maximise temporal, 

geographic and genetic diversity of the collection. The WGS data for these isolates was sourced from: 

• The complete genomes of eight ST239 isolates were sourced from (216, 322-324, 326-329). 

• 174 isolates were sourced from the collections of (300, 301, 330-334). All ST239 isolates that could be 

accessed from these studies were included. 

• 78 isolates were sourced from the collections of (31, 303). A limited number of isolates were included 

from both studies, selected to maximise the temporal and geographic diversity of these collections 

• 29 isolates were sourced from the 2015 Australian Staphylococcal Sepsis Outcome Program (ASSOP). 

Sequence data for all ST239 isolates was kindly provided by the Australian Group on Antimicrobial 

Resistance (http://www.agargroup.org/). 

• A further 24 isolates were sourced from historic collections (1989 – 1994) housed at the Microbiological 

Diagnostic Unit Public Health Laboratory, Melbourne, Australia. 

http://www.agargroup.org/
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Whole Genome Sequencing & Sequence Data. The WGS data for 42 isolates is novel to this study 

(Supplementary Dataset). Genomic DNA was extracted with the JANUS Automated Workstation, using the 

Chemagic DNA/RNA kit (Perkin Elmer). Unique dual index libraries were prepared using the Nextera XT DNA 

preparation kit (Illumina). Libraries were sequenced on a NextSeq platform (Illumina) with 2 x 150 bp chemistry. 

Long read sequencing was conducted on seven isolates (BPH2003 [pTW20_1-like], BPH2019 [SV3], BPH2056 

[SV1], BPH2070 [SV2], BPH2869 [SV6], BPH3244 [SV4], and JKD6009 [SV5]). Genomic DNA was extracted 

using the DNeasy Blood & Tissue extraction kit (Qiagen) and sequencing was conducted on the Pacific 

Biosciences RS-II platform with P6-C4 chemistry. WGS data accession numbers can be found in the 

Supplementary Dataset. 

Genome Assembly. Long-read sequence data was de novo assembled in the SMRT Analysis System 

v2.3.0.140936 (Pacific Biosciences), using the protocol previously described (194). Briefly, raw sequence data 

was first assembled using the HGAP v3 protocol, with a minimum seed read length of 10,000 bp, genome size of 

3 Mb, target coverage of 10 and an overlapper error rate of 0.04. Contigs underwent a second round of error 

correction using Quiver v1, then were circularised with the overlap removed and orientated to dnaA or repA in 

Geneious v8.1.5 (Biomatters). Long reads were aligned to the assembly using BridgeMapper v1 and manually 

checked for assembly errors. The consensus sequence from this alignment was further error corrected with high 

quality short-read Illumina data using Snippy v3.2 (https://github.com/tseemann/snippy/), performed in an 

iterative process until no variants were detected. The final sequences were annotated with Prokka v1.12. Structural 

comparison of the complete plasmid sequences were conducted using the Artemis Comparison Tool (379), 

filtering out hits < 100 bp in length. 

Short read sequence data was de novo assembled using SPAdes v3.11.0 (380), excluding the pre-assembly error 

correction (“--only-assembler”), including post-assembly error correction (“--careful”) and a minimum coverage 

threshold of five (“--cov-cutoff”) to remove potential contaminants. Assemblies were annotated using Prokka 

v1.12 (337) and contigs < 200 bp in length were excluded. Contig coverage information was extracted from the 

assembly data, with the ratio of coverage between chromosome and plasmid associated contigs used to 

approximate plasmid and gene copy number. 

Orthologue Clustering & Gene Synteny. The presence/absence of plasmid gene orthologues was used to screen 

short-read assemblies for the presence of a pSK1-like plasmids. The pangenome pipeline Roary (381) was used 

to perform the ortholog clustering. The protein coding sequences (CDS) identified in the annotated complete 

genomes and short-read de novo assemblies where clustered into orthologous groups at different thresholds of 

amino acid homology (75%, 80%, 85%, 90%, and 95%), without splitting paralogs (option “-s”). No significant 

variation was observed in the clustering across the different homology thresholds (data not shown), subsequently 

all analyses published here use a 95% amino acid homology threshold. Genes were deemed to be syntenic if the 

CDS were identified as adjacent on a single contig. 

Phylogenetic Analysis. The Illumina short-read sequence data for the 211 Australian ST239 S. aureus were 

mapped to the complete genome of reference JKD6008 [CP002120, (325)], using Snippy v3.2 

(https://github.com/tseemann/snippy/). An alignment of core genome SNPs was generated using a minimum 

coverage of 10 reads, and base-call stringency of 90%. SNPs were deemed core if a base was called for every 

https://github.com/tseemann/snippy/
https://github.com/tseemann/snippy/
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isolate in the alignment at that site. This alignment was used as the input to generate a ML phylogenetic tree with 

IQ-TREE v1.6.1 (339), modelled with a GTR nucleotide substitution model, empirical base frequencies, a 

correction for the absence of invariant sites, use of a discrete Gamma model with four rate categories (model 

option “GTR+F+I+G4”), and 1,000 ultrafast bootstrap replicates (option “-bb 1000”). 

Two additional mapped alignments were generated: (i) to represent the global ST239 collection (n = 531, mapped 

to JKD6008), and (ii) to represent the Australian ST239 clade (n = 124, mapped to JKD6008) using the process 

described above. Recombination was assessed using ClonalFrameML v.1.11 (338). However, as very few 

recombinant events were detected (data not shown) masking these sites prior to temporal phylogenetic analysis 

was deemed unnecessary. The package BEAST v2.4.7 (340) was to construct the time-aware phylogenetic models. 

From the whole genome alignments, the core genome SNPs were extracted, grouped into a single partition and 

modelled with the following parameters. The year of isolation was provided as a prior. The GTR model of 

nucleotide substitution was selected, with the substitution rate estimated using four gamma categories. A relaxed 

lognormal clock model and a coalescent constant population model were selected (based on previous ST239 

studies (137, 299)). Invariant sites were included as a constant pattern, weighted based on the nucleotide 

proportions of reference JKD6008. For the Australian clade, chlorhexidine MIC data was modelled as a discrete 

trait. Five 50 million step iterations were run and examined for convergence in Tracer v1.6 

(http://tree.bio.ed.ac.uk/software/tracer/). The burn-in was adjusted for each run to a point at which a stable 

likelihood was achieved. All runs converged, and none were discarded, based on the comparisons of Bayes 

Factors, calculated from the harmonic means of the run likelihoods, and the attainment of effective sample sizes 

(> 200) in all measurements. Runs were joined and re-sampled at a frequency that would achieve ~10,000 trees 

using LogCombiner. Maximum clade credibility trees with median node heights were generated in TreeAnnotator. 

Genome Wide Association Study. Allelic association was performed using the GWAS tool Plink (317). Core 

genomes SNPs (identified as described above) were used as the input. Three phenotypic divisions were tested, 

with the tolerant populations defined as a MIC ≥ 3, ≥ 4 or 6 mg/L. A Bonferroni correction was used to account 

for multiple hypothesis testing, the significance threshold determined as 0.05/number of SNPs tested.  

Discriminant Analysis of Principal Components. DAPC was implemented in R v3.4.2 (http://www.R-

project.org/) using the package adegenet (382). Presence or absence of the CDS ortholog groups (identified as 

described above) were used as the input for the DAPC models, filtering out core ortholog groups (present in ≥ 210 

isolates) and singletons groups (present in ≤ 3 isolates). Two models were generated: (i) all CDS ortholog groups 

that met the input criteria, and (ii) the same data set excluding all plasmid associated CDS. In both models, isolates 

were assigned to prior populations based on chlorhexidine MIC values (1, 1.5, 2, 3, 4, and 6 mg/L). DAPC models 

were assessed individually to determine the optimum number of principle components to be retained, based on 

the a-score and cross validation functions in adegenet. 

Antimicrobial Susceptibility Testing. Phenotypic susceptibility testing for gentamicin and trimethoprim was 

performed using E-tests (bioMérieux), following the manufacturer’s recommendations. S. aureus isolate 

ATCC29213 was used as a control. All results were read in triplicate and interpreted using CLSI guidelines 

(M100S, 26th Ed).  

http://tree.bio.ed.ac.uk/software/tracer/
http://www.r-project.org/
http://www.r-project.org/
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Phenotypic susceptibility testing to CHX was performed by broth microdilution, as per the CLSI protocol for 

antimicrobial susceptibility testing (M07A10E, January 2015). Chlorhexidine digluconate was sourced from 

Sigma-Aldrich (#C9394) and diluted in sterile H2O to 128 mg/L. In microtiter trays (Costar, #3799), serial 

dilutions of 100µl of CHX in cation adjusted Muller Hinton (CaMH) broth (Oxoid) were generated to a final 

concentration range of 1.0 - 32 mg/L, tested in 1.5x increments. A second concentration range of 0.25 - 8 mg/L 

was also used to test isolates found to have MIC values < 2 mg/L. Bacterial isolates, from a fresh overnight plate 

culture, were resuspended in saline and adjusted to a starting concentration equivalent to a 0.5 McF solution, then 

diluted 1:100 in CaMH broth. In a 1:1 ratio, 100µl of the bacterial suspension was added to each well, and 200µl 

to an empty growth control well. Microtiter plates were incubated for 24 hours in a static condition at 37°C. The 

MIC was interpreted as the well of lowest concentration with no visible growth.  

To assess viability post CHX exposure (approximate MBC determination), after the MIC was read 10µl from each 

well in the microtiter plate was sub-cultured to a CaMH agar plate (Oxoid). No CHX inhibitors were added. Plates 

were incubated for 24 hours at 37°C. The MBC was interpreted as the lowest concentration in which no growth 

was observed, growth being defined as ≥ 2 colonies. All isolates were tested in biological triplicate. A fourth 

BMD was performed if the first three replicates were found to have a range in excess of 2 wells in the MIC, or 4 

wells in the MBC. The median values were used for statistical analysis. Controls were tested regularly and a 

minimum of twice for every batch performed from a fresh dilution of CHX. Controls included S. aureus isolate 

ATCC29213, JKD6008 and culture-negative wells. 

All statistical analyses were performed in R v3.4.2 (http://www.R-project.org/). Prior to significance testing all 

MIC and MBC values were transformed to a log2 scale. Comparison of MIC or MBC values between two 

population were conducted using a Welsh two sample t-test. Simple linear models were generated to assess 

temporal trends, comparing year of isolation against log2 transformed MIC and MBC data using the function 

“lm”. Significance was determined as a p value ≤ 0.05. 

http://www.r-project.org/
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FIG S1 pSK1 plasmid gene presence and synteny. (A) Maximum likelihood phylogenetic tree inferred from 

3,883 core genome SNPs illustrates the population structure of ST239 S. aureus in Australia. Tips are coloured 

based on location (refer to key). Branches with < 70% bootstrap support are coloured red. (B) Coloured blocks 

represent the identification of a pSK1 gene orthologue, using a 95% amino acid identity threshold (excluding 

insertion sequences). Box length is reflective of gene length and ordered based on pSK1 (FIG S2 A). Boxes are 

linked if orthologs were found to be syntenic. Coloured boxes reflect the six identified patterns. 
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FIG S2 Structure of pSK1, pTW20_1 and pBPH2003 plasmids. Plasmid genes have been coloured based on 

defined plasmid regions. Insertion sequences (IS) are coloured grey (IS256) and black (IS257), with target site 

duplications (TSD) illustrated: arrows indicate upstream/downstream sequences, orientation, and are coloured to 

represent unique sequences (refer to key). (A) pSK1; sequence and annotations are that previously published, 

accession NC_014369 (52). (B) pTW20_1; sequence and annotations are that previously published, accession 

NC_017352 (29). (C) pBPH2003; a pTW20_1-like plasmid representative of that harboured in isolates from the 

Asian-Australian ST239 clade. 
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FIG S3 Modelling temporal-association in phenotypic susceptibility data. Graphs depict linear models 

developed to explore the potential association between gentamicin MIC and chlorhexidine MIC and MBC with 

the year in which isolates were recovered. The dotted line indicates the smoothed mean MIC and the bold line 

indicates the fitted linear model. Four populations were tested (from top to bottom): (i) All ST239 MRSA (n = 

211), (ii) the Asian-Australian clade (n = 88), (iii) the Australian clade (n = 123), and (iv) the pSK1-like plasmid 

harbouring population (n = 91). Note: reference JKD6008 (Australian clade) was not tested. 
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FIG S4 Exploration of gene presence/absence signatures associated with phenotypic chlorhexidine 

tolerance. The graphs illustrate the findings from two Discriminant Analysis of Principle Components models, 

used to investigate genetic signatures in the ST239 MRSA population associated with chlorhexidine MIC. The 

first model (top panel) examined all accessory gene orthologues (clustered at 95% amino acid homology), and in 

the second model (bottom panel) gene orthologues associated with either pSK1 or pBPH2003 (representative of 

the pTW20_1-like plasmid recovered from the Asian-Australian clade) were excluded. The prior hypothesised 

sub-divisions represent the phenotypic CHX MIC values for the population, as indicated in the key. (A) Scatter 

plots illustrate the clustering of isolates across the two most discriminant functions. The density plots illustrate 

the same data in a one-dimensional format for the first (B) and second (C) most discriminant functions. (D) 

Loading plots illustrate the contributions of all gene orthologues to the DAPC models, with the most highly 

contributing variables (> 0.01) coloured based on whether they represent a plasmid-associated (green) or 

chromosomal gene orthologue (blue). (E) Membership graphs illustrate the membership profiles for all isolates, 

aligned to a maximum likelihood phylogenetic tree for the ST239 population. The probability index indicates the 

likelihood of assigning an isolate back to one of the hypothesised sub-divisions. 
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FIG S5 Exploration of mutations associated with phenotypic chlorhexidine tolerance. (A) Manhattan plot 

illustrates the results of three Genome Wide Association Studies conducted to identify core genome SNPs 

associated with CHX MIC, tested at three thresholds: MIC ≥ 3 mg/L, ≥ 4 mg/L or = 6 mg/L. Red line indicates 

the threshold for significance (with Bonferroni correction). (B) Maximum likelihood phylogenetic tree is that 

from FIG S1, and adjacent are the phenotypic CHX MIC and MBC values (coloured yellow to red with increasing 

value). (C) The presence (blue) or absence (white) of the 50 most significantly associated mutations detected at 

each phenotypic threshold are illustrated (refer to key).  
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TABLE S1. Investigation of gentamicin resistance in Australian ST239 MRSA 

Isolate Populations (n) 
Median (mg/L) 

MIC   Isolate Populations (n) 
Median (mg/L) 

MIC P value  
All ST239 (211) 

Australian Clade (123)  10.30 vs Asian-Australian Clade (88)  179.80 < 0.0001 
No AME (91) 0.38 vs aac(6’)-aph(2”) (181) 58.20 < 0.0001 

  vs aadD (73) 15.20 < 0.0001 
  vs aph(3’)-III (95) 190.50 < 0.0001 

Australian Clade (123) 
No AME (19) 0.39 vs aac(6’)-aph(2”) (99) 21.90 < 0.0001 

  vs aadD (73) 15.20 < 0.0001 
  vs aph(3’)-III (8) 164.90 < 0.0001 

Asian-Australian Clade (88) 
No AME (1)a 0.38 vs aac(6’)-aph(2”) (82) 189.70 - 

  vs aph(3’)-III (87) 193.00 - 
Abbreviations: AME, aminoglycoside modifying enzyme; MIC, minimum inhibitory concentration. 
a Statistical analysis was not performed as only a single isolate was identified harbouring no AME genes. 
 
 
 
 
 
 
 
 
TABLE S2. Gentamicin resistance and chlorhexidine tolerance profiles 

 Median (mg/L) 
pSK1 Plasmids (n) Gentamicin MIC Chlorhexidine MIC Chlorhexidine MBC 

Structural Variants 
No pSK1 Plasmid (32) 1.80 1.80 4.60 
SV1 (5) 142.10* 2.80 7.30 
pSK1 (5) 9.60 2.40 6.20 
SV2 (7) 9.20 3.30 7.30 
SV3 (7) 15.90 4.40 9.70 
SV4 (4) 15.30 4.90 10.80 
SV5’ (3) 15.10 5.20 10.50 
SV5 (24) 16.00 4.00 8.90 
SV6 (36) 21.50 5.00 8.80 
Structural Changes Grouped 
Extra-chromosomal (17)a 26.10 3.20 7.80 
Integrated + repA deletion (25)b 19.10 3.70 8.50 
Integrated + MG deletion (49)c  18.60 4.70 8.60 

Abbreviations: MIC, minimum inhibitory concentration; MG, multi-gene; SV, pSK1-like structural variant. 
a Includes all isolates classified as harbouring SV1, prototypical pSK1 and SV3. 
b Includes all isolates classified as SV5’ and SV5 with a fragmented pSK1 repA sequence identified. 
c Includes all isolates classified as SV2, SV4, SV5’, SV5 and SV6 with a multi-gene deletion in pSK1 region 1. 
* All five isolates representing SV1 carry aph(3’)-III.  
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4.3 Summary 
Mobile genetic elements have the capacity to cause significant adaptive change in bacterial populations, however 

the way in which they interact with and influence these populations can be subtle. This is clearly demonstrated in 

the work presented in this chapter. The acquisition of pSK1 early in the evolution of the Australian ST239 MRSA 

clade, a discernible adaptive shift, introduced multiple mechanisms of antimicrobial resistance into the ST239 

population, providing distinct changes in phenotypic susceptibility to gentamicin and chlorhexidine. However, 

more subtle changes in the configuration and location of these plasmids appears to be the cause, or at least 

contributing to further enhancement of chlorhexidine tolerance. Long-read sequencing and thorough 

reconstruction of plasmid structures and IS elements was key in revealing the evolutionary history of the pSK1 

family. Although improving, there remains a substantial need for bioinformatic software and pipelines that can 

accomplish such analyses in a computationally efficient manner. That said, sequence analysis alone would not 

have revealed the impact that pSK1 evolution has had on ST239 MRSA. That required detailed phenotypic profiles 

for antibiotic and disinfectant susceptibility; the latter necessitating the development of a modified method to 

discern the subtle difference in susceptibility between populations. Thus, this work also serves as a framework for 

how plasmid evolution can be extensively studied. One of the troubling findings of this work is that there has been 

a population level shift towards reduced susceptibility to biocides, suggesting that biocide use in healthcare 

environments may be factor influencing the evolution of S. aureus, and likely other pathogenic bacteria. This 

raises questions about the need for regulations around biocide use to prevent the emergence of highly tolerant or 

biocide resistant strains.  
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5.1 Introduction 
Antibiotic resistant pathogens pose a significant threat to human health and S. aureus is a major cause of disease 

in humans. Central to the prevention and management of staphylococcal disease is a deep and comprehensive 

understanding of the bacterium. The body of work presented in this thesis augments and complements our 

understanding of the evolutionary pathways and molecular tools employed by highly successful lineages of 

antibiotic-resistant S. aureus, thus enabling them to evade measures of disease prevention, management, and 

eradication. Three examples have been presented, each detailing a different aspect of staphylococcal evolution: 

(i) persistence of the HA-MRSA lineage ST239 in Australian hospitals; (ii) rapid emergence of FA-resistance ST5 

MRSA in New Zealand; and (iii) the evolution of the pSK1 plasmid family and the influence that has had antibiotic 

and biocide susceptibility in ST239 MRSA. The following chapter will illustrate how these three pieces of work 

fit together and the insight they provide in understanding the evolutionary dynamic of successful lineages of 

MRSA in Australia and New Zealand. 

 

5.2 Key Findings & Significance 
A central theme to the research presented in this thesis has been understanding ‘population dynamics’, in terms 

of what evolutionary factors contribute to the emergence and persistence of MRSA lineages; what adaptive 

pathways and molecular tool are utilised and under what circumstances; what environmental factors influence 

adaptation; and what are the consequences, being intended or unintended, of these population level changes. While 

the work presented in this thesis has focused on what is occurring in Australia and New Zealand, the findings 

presented mirror those reported from other regions and common trends are apparent when this work is considered 

alongside the rapidly growing compendium of population-based bacterial genomic studies.   

 

5.2.1 Emergence & Establishment of Novel Lineages 

From a Darwinian perspective, the ability for a given population to outcompete and establish itself in a given 

niche is driven by possession of an adaptive advantage over other populations. In terms of antibiotic resistant 

bacteria, we observe this as either the gain or development of a resistance mechanism(s) that provides a survival 

advantage in an antibiotic-exposed environment. While the benefit from such adaptation represents a spectrum, 

in this context we consider the emergence of a ‘novel lineage’ to represent an ancestral lineage that has undergone 

a significant adaptive shift or one that has been introduced into a new environment for which it already comprises 

a survival advantage; both of which have been observed in the staphylococcal populations investigated in this 

thesis. 
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Lineage emergence through gene acquisition 

In the case of the AK3 (ST5) MRSA clone in New Zealand, we observed a significant adaptive shift in a local 

ancestral ST5 MSSA lineage; the gain of a novel chimeric SCCmecIVa-fusC II to create a FA-resistant MRSA 

lineage with a significant survival advantage in a region with high population level use of a topical antimicrobial. 

The success of AK3 has further been supplemented by the high local incidence of staphylococcal SSTI; the 

consequence of local cultural and socio-economic factors, and a population comprised of higher proportions of 

ethnicities that are known to be disproportionately affected by staphylococcal disease (22). However, the impact 

of FA use on influencing staphylococcal evolution is not limited to New Zealand or ST5 MRSA, with multiple 

novel FA-resistant staphylococcal linages have been reported in geographically distinct regions (47, 193, 346, 

347, 383). The increasing use of genomics in these studies paints a picture of heightened genomic plasticity in the 

associated MGEs, allowing for the development of multiple novel fusC-harbouring SCC and SCCmec elements 

which are being acquired by diverse staphylococcal lineages in response to the evolutionary pressure imposed by 

FA use (193, 194, 228). While we have described six fusC-harbouring SCC and SCCmec elements in Chapter 3, 

FIG 3 in (194) and Table 3.1, we have identified a further five novel structures carried by ST1, ST5 and ST8 

S. aureus (unpublished data).  Most fusC-harbouring staphylococcal clones have not been as outwardly successful 

as the ST5 and ST1 lineages in New Zealand, a likely consequence of the unique environment in which these 

clones have emerged. This work further highlights that changes in that environment, namely the implementation 

of regulations to FA use, could significantly impact the ongoing evolution of these lineages and the emergence of 

new FA-resistant clones by abrogating the adaptive advantage provided by fusC; the effect of which would likely 

mirror what was observed in New Zealand with unregulated mupirocin use and the subsequent decrease in the 

prevalence of mupirocin-resistant staphylococci following regulation of the topical antimicrobial (39), 

https://surv.esr.cri.nz/PDF_surveillance/Antimicrobial/Staph/Staph_1999.pdf).  

In the case of ST239, we observed a similar situation early in its evolutionary history linked with the appearance 

of the pSK1 plasmids. We have estimated that the earliest acquisition event for an pSK1-like plasmid into the 

Australian ST239 clade occurred during the late 1970s and in short succession a change in plasmid configuration, 

specifically acquisition of an aminoglycoside-resistance conferring transposon, Tn4001 [FIG 3 in (204)]; this 

occurrence coinciding with early clinical use of gentamicin in Australia. Although speculative, it follows that the 

acquisition of a gentamicin-resistance mechanism would provide an adaptive advantage for ST239 MRSA, the 

pSK1 plasmid serving as vehicle to assist in the mobilisation of the required genetic material and could explain 

the increase in pSK1 carriage observed during this time [FIG 1B in (204)]. Unfortunately, the limited availability 

of historic isolate collections when combined with the known limitation of the typing techniques utilised at the 

time (predominantly phage-typing) and their discrepancies with MLST and WGS, the reported incidence of 

gentamicin-resistance in ST239 and non-ST239 MRSA is imprecise.  

Lineage emergence through introduction into a new environment 

Later in the evolution of ST239 MRSA in Australia, we observed an example of lineage emergence through the 

introduction of an established lineage into a new environment. This event went undetected because the introduce 

clone, the Asian-Australian ST239 clade, represented the same sequence type as the predominant local lineage, 

highlighting an increasingly acknowledged flaw in traditional MLST; even in species such as S. aureus, where 

https://surv.esr.cri.nz/PDF_surveillance/Antimicrobial/Staph/Staph_1999.pdf
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vertical decent is the primary mode of evolution, MLST can be insufficiently discriminant in dividing populations 

for the purpose of surveillance. Further hindering the identification of the Asian-Australian ST239 clade, was the 

fact that the suspected adaptive advantage possessed by this population was subtle, a slight but significant shift in 

susceptibility to anti-MRSA antibiotics (the glycopeptides and daptomycin). This was further obscured by the 

Australian ST239 clade which was convergently evolving the same phenotype. Additionally, highlighting that use 

of these agents is strongly influencing ST239 MRSA evolution. While the two clades could be distinguishable by 

PFGE (unpublished data), a genomic investigation of geographically diverse dataset with substantial 

representation of Australian isolates was required to identify that the Asian-Australian clade originated in 

South-East Asia and its appearance in Australia was the result of intercontinental transmission and not adaptation 

of the local Australia clade. This knowledge is important in the context of designing and implementing programs 

aimed at reducing antibiotic-resistant bacterial infections by precluding transmission. 

 

5.2.2 Adaptation to Promote Lineage Persistence 

The success of a lineage to persist in a given environment is facilitated by its ability to continually adapt in a way 

that maintains its competitive advantage over other populations, a feature strongly supported by the underlying 

genetic diversity of the population, allowing for plasticity. In the case of staphylococcal lineages that persist in 

healthcare environments, their survival advantage has largely been attributed to their success at developing an 

enhanced and varied resistome (19). Like most of the traditional HA-MRSA lineages, since its emergence ST239 

has been defined by its multiply antibiotic resistant phenotype and our investigations demonstrated that this 

population is continuing to augment this characteristic in response to extended exposure to healthcare 

environments (137). Multiple evolutionary mechanisms that promote persistence have been identified in this work 

and broadly can be classified into two groups, those that facilitate an increase in population genetic diversity and 

those which represent adaption to a specific niche through positive selection and genome refinement. 

Gene acquisition to maintain and/or increase population genetic diversity 

The introduction of the Asian-Australian ST239 clade in to Australia, in addition to establishing a new lineage in 

the region had the potential to significantly boost the genetic diversity of the collective ST239 gene pool. Further, 

it could have provided redundancy for the resistome, both in the encoded mechanisms of resistance and the MGE 

which facilitate their movement, as the two clades have distinct genotypes; establishing a situation in which the 

most advantage and non-deleterious combination of resistance-associated genes and MGEs could be combined. 

However, there was no evidence to support that these clades shared genetic material while in Australia, likely 

resulting from their state-level separation and negating some of the benefit of this increase in diversity. The 

modelling undertaken to assess changes in effective population size (FIG 2A in (137), and Figure 2.5) suggested 

that the introduction of the Asian-Australian clade has maintained the collective population’s diversity but not 

substantially increased it, a finding consistent with the phenomenon of clonal replacement. That is not to say these 

clades have not shared genetic material or been influenced by non-ST239 lineages. A key limitation of the work 

presented in this thesis is that is has focused on single lineages in isolation and as a result would have missed any 

crucial evolutionary events that involved other lineages. For example, the donor of the SCCmecIVa-fusC II carried 

by the ST5 MRSA lineage, in addition to many of the other fusC-harbouring SCC elements identified in S. aureus, 
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remain unknown. Subsequently, it is unclear whether the chimeric or composite structures are evolving in the 

FA-resistant S. aureus lineages in which they have been identified or in an alternative host, potentially a member 

of the skin microbiota. If it is the latter, then the consequences of unregulated FA may be much greater than what 

is observed when only cases of staphylococcal infection are considered. Future studies which are likely to provide 

the greatest insight into staphylococcal population dynamics are going to be those which consider all S. aureus or 

all staphylococci in a given environment, whether that be through examining diverse collection of isolates using 

similar approaches to those described in this thesis or those techniques being developed in the field of 

metagenomics. 

Increasing genetic diversity through co-selection 

Molecular and genomic investigations of antibiotic-resistance bacteria have clearly demonstrated that resistance-

associated genes frequently move together, co-located on a common MGE (54, 104). Therefore, through the 

phenomenon of co-selection, the adaptive advantage provided by one gene may promote the acquisition of an 

MGE and consequently all the genes that it carries, provided co-carriage does not abrogate that adaptive 

advantage. Thus, co-selection serves as another mechanism by which to introduce genetic diversity into a 

population and support genome plasticity. Both MGEs investigated in this thesis are examples of this. The 

prototypic pSK1 plasmid carries three genes encoding unrelated resistance mechanisms, aac(6’)-aph(2”), drfA, 

and qacA, with other reported pSK1 plasmid variants known to carry additional resistance-associated genes such 

as blaZ (204, 288). Co-located in SCCmecIVa-fusC II are fusC, mecA and tirS. The latter, a putative virulence 

factor hypothesised to be involved in immune evasion and adhesion (194, 250). The expression of tirS has been 

shown in vitro to be augmented in the presence of FA, and the gene is invariably carried in all identified 

fusC-harbouring SCC and SCCmec elements (193, 194). Unlike the structural changes observed with pSK1, the 

J1 region of the fusC-harbouring SCC and SCCmec elements (where both fusC and tirS are located) is highly 

conserved, as illustrated in FIG 3 in (194). It is unclear whether this region is extremely stable compared to the 

rest of the MGE or the two genes are beneficial to one another beyond their individual functions; a question that 

could not be answered by this work. In general, the greatest consequence of this co-location is that single 

acquisition event can create novel staphylococcal lineages that are multidrug resistance with enhanced 

pathogenetic potential. This is an area that requires further investigation, both in understanding the biology 

facilitating the co-location of these genes but also the impact of antibiotic use in the context of co-selection and 

how antibiotic stewardship can be tailored to mitigate this. 

Positive selection of resistance-associated genotypes 

As a population evolves it will shift to reflect the genotype of its most adapt members. This process is evident in 

the Australian ST239 clade in respect to the identified shifts in glycopeptide and daptomycin susceptibility, and 

chlorhexidine tolerance; all phenotypes that provide an adaptive advantage in the healthcare environment. The 

work presented in Chapter 2 alluded to the accumulation of mutations in the two-component global regulatory 

system walKR and the RNA polymerase, specifically the β-subunit, as likely contributing to the population level 

shift in glycopeptide susceptibility, FIG 3 in (137). This work is one of a limited number of studies to demonstrate 

the phenomenon of “MIC creep” in a single, genetically-defined clone. Since this study, there has been extensive 

bioinformatic development in the area of statistical genomics, prosperously applied to identified genotypes 
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associated with antimicrobial resistance. Revisiting this dataset utilising these new bioinformatics tools may 

enable further exploration of other mutations contributing to reduced glycopeptide and daptomycin susceptibility 

in the ST239 population.  

In the case of chlorhexidine tolerance, the work presented in Chapter 4 demonstrated through multiple approaches 

the association between enhanced tolerance and structural changes in the configuration of the pSK1 plasmids, 

notably chromosomal integration and large deletions in the plasmid backbone invariably affecting the plasmid 

replication machinery. While the latter would be strongly influenced by the need to stabilise the plasmid sequence 

in the chromosome by removing incompatibility with the native replication machinery, the effect of both changes 

may have altered the regulation of qacA; a hypothesis that requires further exploration. What is clear is that there 

was a strong selection pressure favouring chromosomally integrated plasmid variants, evident from the multiple 

independent integration events identified in the Australian ST239 clade, illustrated in FIG 3 in (204).   

Consequences of adaptation: trading virulence for resistance 

In the investigation of the ST239 MRSA clades, it was identified that while these lineages were evolving enhanced 

antibiotic resistance and disinfectant tolerance, they were concurrently evolving reduced replicative fitness and 

virulence potential [TABLE 1 and FIG 4 in (137)]. It is unclear whether this is a consequence of the mechanisms 

of resistance developed or acquired in ST239 MRSA or if this phenotype also provides an adaptive advantage that 

has undergone positive selection. It is likely a combination of both. Mutational-based resistance to the 

glycopeptides, such as those involving walKR and rpoB are known to impact on fitness and have been 

demonstrated in both in vitro and in vivo models (145, 155, 305). However, there is also a growing body of 

research that suggests that agr-dysfunction, occurring through both altered regulation and disruption of the agr 

locus through mutation, may actually provide a survival advantage in certain host environments. It is increasingly 

being recognised that agr-dysfunction is a common phenotype amongst staphylococcal isolates recovered from 

healthcare environments (137, 274, 275, 323, 324, 384), leading to the hypothesis that naturally occurring 

agr-inactive mutants undergo positive selection in this environment; these isolates demonstrating reduced 

immunogenicity and an association with persistent infection (274). Further, agr activity has been exhibited to 

impose a fitness cost on the bacterium when exposed to certain antimicrobials (385). However, evolution of a 

population towards agr-dysfunction, while potentially advantageous during infection, is ultimately a limiting 

pathway as this phenotype has been shown to be disadvantageous outside this environment, with agr-inactive 

mutants readily removed from natural staphylococcal populations (275).  

 

5.2.3 Lineage Disappearance 

An aspect of bacterial population dynamics that is largely understudied and has not been considered in this thesis 

are the circumstances surrounding the disappearance of a lineage. Over the last two decades, the ST239 MRSA 

population in Australia has been in steady decline and as of 2018 represents only 16.2% of HA-MRSA isolates 

from national surveillance of SAB (http://agargroup.org.au/agar-surveys#Staphylococcus-aureus). Having said 

that, following the global ST22 HA-MRSA clone, also known as EMRSA-15, ST239 remains the second most 

commonly recovered HA-MRSA lineage in the region. The replacement of ST239 MRSA by EMRSA-15 has 

http://agargroup.org.au/agar-surveys#Staphylococcus-aureus
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been observed in several countries over the last few decades, with multiple studies reporting data in support of 

EMRSA-15 having a competitive advantage over ST239 (386-389). However, there is also data suggesting that 

the decline in ST239 MRSA began before the expansion of EMRSA-15 and although a clonal replacement event 

has occurred, the incidence of EMRSA-15 is substantially less than that of ST239 MRSA (303). This finding 

strongly suggests that there are other factors contributing to the decline of ST239 MRSA. These are likely to 

include changes in the healthcare environment over the last few decades, such as the implementation of improved 

infection control measures and hand hygiene initiatives, changes in protocols to reduce patient’s length of stay, 

and the implementation and improved adherence to antimicrobial stewardship programs. Further contributing to 

the phenomenon of lineage disappearance it the concept that the evolutionary pathway ST239 MRSA has taken 

to adapt to the highly selective healthcare environment has ultimately restricted its ability to survive outside of it. 

Future research efforts should explore these dynamics to improve our comprehension about what factors have the 

greatest influence on lineage disappearance and how these can be exploited to reduce the burden of antibiotic-

resistant staphylococcal infection.  
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Appendix 1 
Chapter 2: Supplementary Datasets  
Publication: Dataset S1 

Extended Analysis: Supplementary Dataset 



Dataset S1 - Summary of study isolates and genome sequencing

Study ID Year Country Institution, State Site Commments Reference ST,Method WGS Platform Fold Coverage
A

BPH0468 2005 Australia QHP, Queensland TIssue Daptomycin NS Kelley, JAC, 2011 ST239 - MLST MiSeq 48.60

BPH0475 2003 Australia RMH, Victoria Blood Culture hVISA Kelley, JAC, 2011 ST239 - MLST MiSeq 77.27

BPH0488 2003 Australia RMH, Victoria Blood Culture hVISA Kelley, JAC, 2011 ST239 - MLST MiSeq 62.35

BPH0491 2005 Australia STV, Victoria Blood Culture hVISA Kelley, JAC, 2011 ST239 - MLST MiSeq 52.35

BPH0494 2005 Australia QHP, Queensland Blood Culture hVISA Kelley, JAC, 2011 ST239 - MLST MiSeq 43.98

BPH0496 2004 Australia QHP, Queensland Tissue hVISA Kelley, JAC, 2011 ST239 - MLST MiSeq 42.07

BPH0499 2005 Australia MEP,Victoria Blood Culture VISA Kelley, JAC, 2011 ST239 - MLST MiSeq 46.50

BPH0502 2003 Australia New South Wales Tissue VISA Kelley, JAC, 2011 ST239 - MLST MiSeq 54.56

BPH0503 2003 Australia Victoria Blood Culture VISA Kelley, JAC, 2011 ST239 - MLST MiSeq 52.96

BPH0508 2006 Australia QHP, Queensland Blood Culture VISA Kelley, JAC, 2011 ST239 - MLST MiSeq 53.75

BPH0509 2005 Australia QHP, Queensland Sputum VISA Kelley, JAC, 2011 ST239 - MLST MiSeq 37.73

BPH0510 2005 Australia MAH, New South Wales Blood Culture VISA Kelley, JAC, 2011 ST239 - MLST MiSeq 70.71

BPH2002 2002 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 42.26

BPH2003 2001 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 55.33

BPH2004 2001 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 47.48

BPH2005 1999 Australia AUH, Victoria Blood Culture This Study ST239 - PCR MiSeq 63.90

BPH2006 2001 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 47.61

BPH2007 2001 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 57.89

BPH2008 2000 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 75.26

BPH2009 2000 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 62.32

BPH2010 2001 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 41.55

BPH2011 2001 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 36.01

BPH2012 1999 Australia AUH, Victoria Blood Culture This Study ST239 - PCR MiSeq 61.00

BPH2013 2004 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 40.22

BPH2014 1999 Australia AUH, Victoria Blood Culture This Study ST239 - PCR MiSeq 49.19

BPH2015 2004 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 45.21

BPH2016 2005 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 66.54

BPH2017 2005 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 40.46

BPH2018 2004 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 69.07

BPH2019 2005 Australia MEH, Victoria Blood Culture This Study ST239 - MLST MiSeq 68.19

BPH2021 2004 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 51.29

BPH2022 2005 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 47.83

BPH2023 2006 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 38.39

BPH2024 2007 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 50.02

BPH2025 2008 Australia AUH, Victoria Blood Culture Holmes, JID, 2011 ST239 - PCR MiSeq 47.44

BPH2026 2007 Australia MMC, Victoria Blood Culture Holmes, JID, 2011 ST239 - PCR MiSeq 40.85

BPH2028 2007 Australia MMC, Victoria Blood Culture Holmes, JID, 2011 ST239 - PCR MiSeq 57.35

BPH2029 2009 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 59.73

BPH2031 2008 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 47.72

BPH2032 1998 Australia AUH, Victoria Blood Culture This Study ST239 - PCR MiSeq 51.32

BPH2033 2008 Australia AUH, Victoria Blood Culture Holmes, JID, 2011 ST239 - PCR MiSeq 72.27



BPH2034 2008 Australia AUH, Victoria Blood Culture This Study ST239 - MLST MiSeq 68.16

BPH2035 2008 Australia AUH, Victoria Blood Culture Holmes, JID, 2011 ST239 - PCR MiSeq 77.30

BPH2037 2008 Australia AUH, Victoria Blood Culture MSSA Holmes, JID, 2011 ST239 - PCR MiSeq 45.56

BPH2045 2007 Australia WEH, New South Wales Blood Culture MSSA Holmes, JID, 2011 ST239 - PCR MiSeq 40.45

BPH2054 1980 Australia ALH, Victoria This Study ST239 - PCR MiSeq 58.51

BPH2055 1980 Australia ALH, Victoria This Study ST239 - PCR MiSeq 48.64

BPH2056 1981 Australia ALH, Victoria This Study ST239 - PCR MiSeq 71.83

BPH2057 1981 Australia ALH, Victoria This Study ST239 - PCR MiSeq 43.96

BPH2059 1981 Australia ALH, Victoria Freeze dried in 1981 This Study ST239 - PCR MiSeq 50.86

BPH2068 2009 Australia AUH, Victoria This Study ST239 - MLST MiSeq 49.90

BPH2070 1998 Australia AUH, Victoria Blood Culture This Study ST239 - PCR MiSeq 46.49

BPH2071 1998 Australia AUH, Victoria Blood Culture This Study ST239 - PCR MiSeq 53.01

BPH2072 1982 Australia RNS, New South Wales Tissue This Study * ST239 - PCR MiSeq 44.29

BPH2073 1982 Australia RNS, New South Wales Tissue This Study * ST239 - PCR MiSeq 52.52

BPH2075 1982 Australia RNS, New South Wales TIssue This Study * ST239 - PCR MiSeq 48.92

BPH2077 1982 Australia RNS, New South Wales Tissue This Study * ST239 - PCR MiSeq 52.00

BPH2078 1982 Australia RPA, New South Wales This Study * ST239 - PCR MiSeq 51.97

BPH2079 1982 Australia RPA, New South Wales This Study * ST239 - PCR MiSeq 47.73

BPH2080 1982 Australia RPA, New South Wales This Study * ST239 - PCR MiSeq 58.06

BPH2081 1982 Australia RPA, New South Wales This Study * ST239 - PCR MiSeq 73.30

BPH2082 1982 Australia RPA, New South Wales This Study * ST239 - PCR MiSeq 47.14

BPH2083 1982 Australia RPA, New South Wales This Study * ST239 - PCR MiSeq 43.36

BPH2084 1982 Australia RPA, New South Wales This Study * ST239 - PCR MiSeq 68.88

BPH2085 1982 Australia RPA, New South Wales This Study * ST239 - PCR MiSeq 37.01

BPH2086 1982 Australia RPA, New South Wales This Study * ST239 - PCR MiSeq 50.32

BPH2088 1982 Australia RPA, New South Wales This Study * ST239 - PCR MiSeq 57.01

BPH2090 2012 Australia AUH, Victoria MSSA This Study ST239 - PCR MiSeq 62.75

BPH2094 1998 Australia LPH, New South Wales Blood Culture This Study ** ST239 - WGS Ion Torrent PGM 169.55

BPH2095 2003 Australia LPH, New South Wales Blood Culture This Study ** ST239 - WGS Ion Torrent PGM 84.28

BPH2096 2005 Australia LPH, New South Wales Blood Culture This Study ** ST239 - WGS Ion Torrent PGM 86.54

BPH2097 2007 Australia LPH, New South Wales Blood Culture This Study ** ST239 - WGS Ion Torrent PGM 76.54

BPH2098 2007 Australia LPH, New South Wales Blood Culture This Study ** ST239 - WGS Ion Torrent PGM 96.24

BPH2099 2007 Australia LPH, New South Wales Blood Culture This Study ** ST239 - WGS Ion Torrent PGM 206.32

JKD6000 2002 Australia MMC, Victoria Blood Culture VSSA variant of JKD6001 Howden, AAC, 2006 ST239 - WGS Genome Analyser IIx 129.45

JKD6001 2003 Australia MMC, Victoria Blood Culture VISA variant of JKD6000 Howden, AAC, 2006 ST239 - WGS Genome Analyser IIx 186.63

JKD6004 2002 Australia RBH, Queensland Blood Culture hVISA variant of JKD6005 Howden, AAC, 2006 ST239 - WGS Genome Analyser IIx 177.92

JKD6005 2002 Australia RBH, Queensland Blood Culture VISA variant of JKD6004 Howden, AAC, 2006 ST239 - WGS Genome Analyser IIx 200.37

JKD6007 2002 Australia RBH, Queensland Blood Culture Morphological variant of JKD6004 This Study ST239 - PCR MiSeq 44.63

JKD6008 2003 New Zealand Blood Culture VSSA variant of JKD6009 Howden, AAC, 2006 ST239 - WGS Genome Analyser IIx 51.08

JKD6009 2003 New Zealand Tissue VISA variant of JKD6008 Howden, AAC, 2006 ST239 - WGS Genome Analyser IIx 236.32

JKD6021 2001 Australia AUH, Victoria Blood Culture VSSA variant of JKD6023 Howden, AAC, 2006 ST239 - WGS Genome Analyser IIx 95.70

JKD6022 2001 Australia AUH, Victoria Blood Culture Morphological variant of JKD6023 This Study ST239 - PCR MiSeq 37.57

JKD6023 2001 Australia AUH, Victoria Blood Culture VISA variant of JKD6021 Howden, AAC, 2006 ST239 - WGS Genome Analyser IIx 144.36

JKD6051 2003 Australia RBH, Queensland Blood Culture VSSA variant of JKD6052 Howden, AAC, 2006 ST239 - WGS Genome Analyser IIx 134.08



JKD6052 2004 Australia RBH, Queensland Blood Culture hVISA variant of JKD6051 Howden, AAC, 2006 ST239 - WGS Genome Analyser IIx 146.30

JKD6121 2005 Australia AUH, Victoria Blood Culture SCV This Study ST239 - WGS Genome Analyser IIx 181.09

BPH0365 1996 Turkey Harris, Science, 2010 ST239 - PCR MiSeq 56.49

BPH0366 1996 Hungary Harris, Science, 2010 ST239 - PCR MiSeq 65.53

2A8 2001 Czech Rebulic WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 34.58

AGT1 1997 Argentina WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 30.10

AGT9 1997 Argentina WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 29.79

AGT67 1997 Argentina WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 34.03

AGT120 1998 Argentina WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 29.20

BRA2 1997 Brazil WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 31.51

BZ48 1997 Brazil WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 28.05

CHI59 1998 China WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 27.00

CHI61 1998 China WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 26.54

CHL151 1998 Chile WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 28.38

DEN907 2001 Denmark WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 31.86

HGSA142 2003 Portugal WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 32.52

HSJ216 1997 Portugal WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 25.32

ICP5011 1993 Portugal WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 38.78

ICP5014 1993 Portugal WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 41.82

LHH1 1994 United States WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 35.78

S2 2006 Thailand WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 29.05

S7 2006 Thailand WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 54.89

S25 2006 Thailand WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 38.74

S26 2006 Thailand WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 46.72

S38 2006 Thailand WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 29.05

S39 2006 Thailand WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 31.59

S40 2006 Thailand WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 31.59

S71 2007 Thailand WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 37.01

S78 2007 Thailand WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 31.34

S81 2007 Thailand WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 30.54

S87 2007 Thailand WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 27.25

S93 2007 Thailand WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 26.57

S102 2007 Thailand WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 26.24

S106 2007 Thailand WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 34.13

TUR1 1996 Turkey WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 25.57

TW20 2003 United Kingdom WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx -

URU34 1997 Uruguay WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 33.47

URU110 1998 Uruguay WGS Reads Only Harris, Science, 2010 ST239 - WGS Genome Analyser IIx 27.33

* Strains provided courtesy of author NF; **Strains and WGS provided courtesy of authors SOJ and SJH; 
A
Mapped to TW20; Manufacturers of sequencing platforms used: Miseq (Illumina), Ion Torrent PGM (Life

Technologies), Genome Analyser IIx (Illumina); Abbreviations: MSSA = methicillin-resistant S. aureus, NS = non susceptible, SCV = small colony variant, VISA = vancomycin-intermediate S.aureus, hVISA = 

heterogeneous VISA, WGS = Whole Genome Sequencing



Supplementary Dataset
ID Alternate ID Year Country State (AUS) Data Type Sequence Platform Sample/Genome Accession Run Accession Isolate Reference Sequence Reference

1 BMB9393 - 1993 Brazil - Complete Genomes 454 GS FLX Titanium CP005288, CP005289 - Costa (2013) PMID:23929475 Costa. 2013. GenomeA. PMID:23929475
2 TW20 - 2003 United Kingdom - Complete Genomes - FN433596, FN433597, FN433598 - Edgeworth (2007) PMID:17243050 Holden (2010) PMID: 19948800
3 Z172 - 2010 Taiwan - Complete Genomes Illumina/Solexa + PacBio CP006838, CP006839, CP006840 - Chen (2013) PMID:24309740 Chen (2013) PMID:24309740
4 T0131 - 2006 China - Complete Genomes Roche 454 / Solexa CP002643 - Li (2011) PMID:21551295 Li (2011) PMID:21551295
5 JKD6008 - 2006 New Zealand - Complete Genome - CP002120 - Howden (2006) PMID:16940100 Howden (2010) PMID:20802046
6 XN108 - - China - Complete Genomes Ion Torrent PGM CP007447 - Zhang (2014) PMID:25059856 Zhang (2014) PMID:25059856
7 GV69 - 1996 Brazil - Complete Genomes 454 GS FLX Titanium CP009681; SAMN03144721 SRR2601051 Botelho (2016) PMID:27152133 Botelho (2016) PMID:27152133
8 HC1335 - 2001 Brazil - Complete Genomes 454 GS FLX Titanium CP012012 - Botelho (2016) PMID:27635055 Botelho (2016) PMID:27635055
9 M92 - - Canada - Complete Genomes PacBio RS-II CP015447 - McClure (2017) PMID:28596402 McClure (2017) PMID:28596402
10 BPH0468 - 2005 Australia QLD WGS Reads Illumina MiSeq SAMEA3212938 ERR732815 Kelley. 2011. JAC. PMID:21393156 Baines (2015) PMID: 25736880
11 BPH0475 - 2003 Australia VIC WGS Reads Illumina MiSeq SAMEA3212931 ERR732816 Kelley. 2011. JAC. PMID:21393156 Baines (2015) PMID: 25736880
12 BPH0488 - 2003 Australia VIC WGS Reads Illumina MiSeq SAMEA3212956 ERR732817 Kelley. 2011. JAC. PMID:21393156 Baines (2015) PMID: 25736880
13 BPH0491 - 2005 Australia VIC WGS Reads Illumina MiSeq SAMEA3212955 ERR732818 Kelley. 2011. JAC. PMID:21393156 Baines (2015) PMID: 25736880
14 BPH0494 - 2005 Australia QLD WGS Reads Illumina MiSeq SAMEA3212940 ERR732819 Kelley. 2011. JAC. PMID:21393156 Baines (2015) PMID: 25736880
15 BPH0496 - 2004 Australia QLD WGS Reads Illumina MiSeq SAMEA3212928 ERR732820 Kelley. 2011. JAC. PMID:21393156 Baines (2015) PMID: 25736880
16 BPH0499 - 2005 Australia VIC WGS Reads Illumina MiSeq SAMEA3212937 ERR732821 Kelley. 2011. JAC. PMID:21393156 Baines (2015) PMID: 25736880
17 BPH0502 - 2003 Australia WA WGS Reads Illumina MiSeq SAMEA3212919 ERR732822 Kelley. 2011. JAC. PMID:21393156 Baines (2015) PMID: 25736880
18 BPH0503 - 2003 Australia VIC WGS Reads Illumina MiSeq SAMEA3212967 ERR732823 Kelley. 2011. JAC. PMID:21393156 Baines (2015) PMID: 25736880
19 BPH0508 - 2006 Australia QLD WGS Reads Illumina MiSeq SAMEA3212893 ERR732824 Kelley. 2011. JAC. PMID:21393156 Baines (2015) PMID: 25736880
20 BPH0509 - 2005 Australia QLD WGS Reads Illumina MiSeq SAMEA3212911 ERR732825 Kelley. 2011. JAC. PMID:21393156 Baines (2015) PMID: 25736880
21 BPH0510 - 2005 Australia NSW WGS Reads Illumina MiSeq SAMEA3212957 ERR732826 Kelley. 2011. JAC. PMID:21393156 Baines (2015) PMID: 25736880
22 BPH2002 - 2002 Australia VIC WGS Reads Illumina MiSeq SAMEA3212904 ERR732827 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
23 BPH2003 - 2001 Australia VIC WGS Reads Illumina MiSeq SAMEA3212913 ERR732828 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
24 BPH2004 - 2001 Australia VIC WGS Reads Illumina MiSeq SAMEA3212949 ERR732829 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
25 BPH2005 - 1999 Australia VIC WGS Reads Illumina MiSeq SAMEA3212961 ERR732830 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
26 BPH2006 - 2001 Australia VIC WGS Reads Illumina MiSeq SAMEA3212925 ERR732831 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
27 BPH2007 - 2001 Australia VIC WGS Reads Illumina MiSeq SAMEA3212952 ERR732832 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
28 BPH2008 - 2000 Australia VIC WGS Reads Illumina MiSeq SAMEA3212918 ERR732833 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
29 BPH2009 - 2000 Australia VIC WGS Reads Illumina MiSeq SAMEA3212948 ERR732834 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
30 BPH2010 - 2001 Australia VIC WGS Reads Illumina MiSeq SAMEA3212899 ERR732835 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
31 BPH2011 - 2001 Australia VIC WGS Reads Illumina MiSeq SAMEA3212962 ERR732836 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
32 BPH2012 - 1999 Australia VIC WGS Reads Illumina MiSeq SAMEA3212958 ERR732837 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
33 BPH2013 - 2004 Australia VIC WGS Reads Illumina MiSeq SAMEA3212934 ERR732838 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
34 BPH2014 - 1999 Australia VIC WGS Reads Illumina MiSeq SAMEA3212969 ERR732839 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
35 BPH2015 - 2004 Australia VIC WGS Reads Illumina MiSeq SAMEA3212954 ERR732840 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
36 BPH2016 - 2005 Australia VIC WGS Reads Illumina MiSeq SAMEA3212908 ERR732841 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
37 BPH2017 - 2005 Australia VIC WGS Reads Illumina MiSeq SAMEA3212936 ERR732842 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
38 BPH2018 - 2004 Australia VIC WGS Reads Illumina MiSeq SAMEA3212942 ERR732843 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
39 BPH2019 - 2005 Australia VIC WGS Reads Illumina MiSeq SAMEA3212951 ERR732844 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
40 BPH2021 - 2004 Australia VIC WGS Reads Illumina MiSeq SAMEA3212903 ERR732845 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
41 BPH2022 - 2005 Australia VIC WGS Reads Illumina MiSeq SAMEA3212945 ERR732846 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
42 BPH2023 - 2006 Australia VIC WGS Reads Illumina MiSeq SAMEA3212915 ERR732847 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
43 BPH2024 - 2007 Australia VIC WGS Reads Illumina MiSeq SAMEA3212944 ERR732848 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
44 BPH2029 - 2009 Australia VIC WGS Reads Illumina MiSeq SAMEA3212905 ERR732852 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
45 BPH2031 - 2008 Australia VIC WGS Reads Illumina MiSeq SAMEA3212965 ERR732853 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
46 BPH2032 - 1998 Australia VIC WGS Reads Illumina MiSeq SAMEA3212926 ERR732854 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
47 BPH2034 - 2008 Australia VIC WGS Reads Illumina MiSeq SAMEA3212917 ERR732856 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
48 BPH2054 - 1980 Australia VIC WGS Reads Illumina MiSeq SAMEA3212883 ERR732860 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
49 BPH2055 - 1980 Australia VIC WGS Reads Illumina MiSeq SAMEA3212885 ERR732861 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
50 BPH2056 - 1981 Australia VIC WGS Reads Illumina MiSeq SAMEA3212902 ERR732862 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
51 BPH2057 - 1981 Australia VIC WGS Reads Illumina MiSeq SAMEA3212889 ERR732863 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
52 BPH2059 - 1981 Australia VIC WGS Reads Illumina MiSeq SAMEA3212897 ERR732864 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
53 BPH2068 - 2009 Australia VIC WGS Reads Illumina MiSeq SAMEA3212906 ERR732865 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
54 BPH2070 - 1998 Australia VIC WGS Reads Illumina MiSeq SAMEA3212890 ERR732866 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
55 BPH2071 - 1998 Australia VIC WGS Reads Illumina MiSeq SAMEA3212888 ERR732867 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
56 BPH2072 - 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212947 ERR732868 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
57 BPH2073 - 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212927 ERR732869 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
58 BPH2075 - 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212896 ERR732870 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
59 BPH2077 - 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212932 ERR732871 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
60 BPH2078 - 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212950 ERR732872 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
61 BPH2079 - 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212922 ERR732873 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
62 BPH2080 - 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212929 ERR732874 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
63 BPH2081 - 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212941 ERR732875 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
64 BPH2082 - 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212920 ERR732876 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
65 BPH2083 - 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212886 ERR732877 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
66 BPH2084 - 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212892 ERR732878 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880



ID Alternate ID Year Country State (AUS) Data Type Sequence Platform Sample/Genome Accession Run Accession Isolate Reference Sequence Reference
67 BPH2085 - 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212907 ERR732879 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
68 BPH2086 - 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212900 ERR732880 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
69 BPH2088 - 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212968 ERR732881 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
70 BPH2090 - 2012 Australia VIC WGS Reads Illumina MiSeq SAMEA3212943 ERR732882 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
71 BPH2094 - 1998 Australia NSW WGS Reads Ion Torrent PGM SAMEA3212946 ERR732883 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
72 BPH2095 - 2003 Australia NSW WGS Reads Ion Torrent PGM SAMEA3212887 ERR732884 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
73 BPH2096 - 2005 Australia NSW WGS Reads Ion Torrent PGM SAMEA3212923 ERR732885 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
74 BPH2097 - 2007 Australia NSW WGS Reads Ion Torrent PGM SAMEA3212939 ERR732886 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
75 BPH2098 - 2007 Australia NSW WGS Reads Ion Torrent PGM SAMEA3212884 ERR732887 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
76 BPH2099 - 2007 Australia NSW WGS Reads Ion Torrent PGM SAMEA3212933 ERR732888 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
77 JKD6000 - 2002 Australia VIC WGS Reads Illumina Genome Analyzer IIx SAMEA3212909 ERR732889 Howden (2006) PMID:16940100 Baines (2015) PMID: 25736880
78 JKD6001 - 2003 Australia VIC WGS Reads Illumina Genome Analyzer IIx SAMEA3212898 ERR732890 Howden (2006) PMID:16940100 Baines (2015) PMID: 25736880
79 JKD6004 - 2002 Australia QLD WGS Reads Illumina Genome Analyzer IIx SAMEA3212901 ERR732891 Howden (2006) PMID:16940100 Baines (2015) PMID: 25736880
80 JKD6005 - 2002 Australia QLD WGS Reads Illumina Genome Analyzer IIx SAMEA3212895 ERR732892 Howden (2006) PMID:16940100 Baines (2015) PMID: 25736880
81 JKD6007 - 2002 Australia QLD WGS Reads Illumina MiSeq SAMEA3212912 ERR732893 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
82 JKD6009 - 2003 New Zealand NZ WGS Reads Illumina Genome Analyzer IIx SAMEA3212894 ERR732894 Howden (2006) PMID:16940100 Baines (2015) PMID: 25736880
83 JKD6021 - 2001 Australia VIC WGS Reads Illumina Genome Analyzer IIx SAMEA3212953 ERR732895 Howden (2006) PMID:16940100 Baines (2015) PMID: 25736880
84 JKD6022 - 2001 Australia VIC WGS Reads Illumina MiSeq SAMEA3212914 ERR732896 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
85 JKD6023 - 2001 Australia VIC WGS Reads Illumina Genome Analyzer IIx SAMEA3212964 ERR732897 Howden (2006) PMID:16940100 Baines (2015) PMID: 25736880
86 JKD6051 - 2003 Australia QLD WGS Reads Illumina Genome Analyzer IIx SAMEA3212960 ERR732898 Howden (2006) PMID:16940100 Baines (2015) PMID: 25736880
87 JKD6052 - 2004 Australia QLD WGS Reads Illumina Genome Analyzer IIx SAMEA3212916 ERR732899 Howden (2006) PMID:16940100 Baines (2015) PMID: 25736880
88 JKD6121 - 2005 Australia VIC WGS Reads Illumina Genome Analyzer IIx SAMEA3212963 ERR732900 Baines (2015) PMID: 25736880 Baines (2015) PMID: 25736880
89 2A8 - 2001 Czech Republic - WGS Reads Illumina HiSeq 2000 SAMEA1029549 ERR064912 Melter (2003) PMID: 14605130 Castillo-Ramirez (2012) PMID:23270620
90 3HK - 2000 Czech Republic - WGS Reads Illumina HiSeq 2000 SAMEA1029566 ERR064907 Melter (2003) PMID: 14605130 Castillo-Ramirez (2012) PMID:23270620
91 AGT1 - 1997 Argentina - WGS Reads Illumina HiSeq 2000 SAMEA1029527 ERR064926 Aires de Sousa (2001) PMID: 11376057 Castillo-Ramirez (2012) PMID:23270620
92 AGT9 - 1997 Argentina - WGS Reads Illumina HiSeq 2000 SAMEA1029509 ERR064923 Aires de Sousa (2001) PMID: 11376057 Castillo-Ramirez (2012) PMID:23270620
93 AGT67 - 1997 Argentina - WGS Reads Illumina HiSeq 2000 SAMEA1029555 ERR064924 Aires de Sousa (2001) PMID: 11376057 Castillo-Ramirez (2012) PMID:23270620
94 AGT120 - 1998 Argentina - WGS Reads Illumina HiSeq 2000 SAMEA1029554 ERR064919 Aires de Sousa (2001) PMID: 11376057 Castillo-Ramirez (2012) PMID:23270620
95 ANS46 - 1982 Australia - WGS Reads Illumina HiSeq 2000 SAMEA1029537 ERR064898 Dubin (1992) PMID: 1313490 Castillo-Ramirez (2012) PMID:23270620
96 BK2421 - 1996 United States - WGS Reads Illumina HiSeq 2000 SAMEA1029510 ERR064899 Kreiswirth (1993) PMID: 8093647 Castillo-Ramirez (2012) PMID:23270620
97 BRA2 - 1997 Brazil - WGS Reads Illumina HiSeq 2000 SAMEA1029514 ERR064914 Aires de Sousa (2001) PMID: 11376057 Castillo-Ramirez (2012) PMID:23270620
98 BRA36 - 1997 Brazil - WGS Reads Illumina HiSeq 2000 SAMEA1029559 ERR064917 Aires de Sousa (2001) PMID: 11376057 Castillo-Ramirez (2012) PMID:23270620
99 BZ48 - 1997 Brazil - WGS Reads Illumina HiSeq 2000 SAMEA1029508 ERR064918 Aires de Sousa (2001) PMID: 11376057 Castillo-Ramirez (2012) PMID:23270620

100 CHI59 - 1998 China - WGS Reads Illumina HiSeq 2000 SAMEA1029524 ERR064937 Aires de Sousa (2003) PMID: 12517842 Castillo-Ramirez (2012) PMID:23270620
101 CHI61 - 1998 China - WGS Reads Illumina HiSeq 2000 SAMEA1029538 ERR064938 Aires de Sousa (2003) PMID: 12517842 Castillo-Ramirez (2012) PMID:23270620
102 CHL1 - 1997 Chile - WGS Reads Illumina HiSeq 2000 SAMEA1029526 ERR064915 Aires de Sousa (2001) PMID: 11376057 Castillo-Ramirez (2012) PMID:23270620
103 CHL151 - 1998 Chile - WGS Reads Illumina HiSeq 2000 SAMEA1029539 ERR064916 Aires de Sousa (2001) PMID: 11376057 Castillo-Ramirez (2012) PMID:23270620
104 D71 - 1996 Germany - WGS Reads Illumina Genome Analyzer II SAMEA862562 ERR024980 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
105 D90 - 1996 Germany - WGS Reads Illumina Genome Analyzer II SAMEA862585 ERR025801 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
106 DEN907 - 2001 Denmark - WGS Reads Illumina HiSeq 2000 SAMEA1029548 ERR064948 Faria (2005) PMID: 15815005 Castillo-Ramirez (2012) PMID:23270620
107 DEU2 - 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862577 ERR026652 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
108 DEU3 - 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862574 ERR026653 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
109 DEU5 - 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862580 ERR026655 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
110 DEU6 - 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862581 ERR026656 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
111 DEU8 - 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862579 ERR026658 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
112 DEU10 - 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862583 ERR026649 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
113 DEU11 - 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862554 ERR026650 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
114 DEU12 - 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862553 ERR026651 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
115 DEU14 - 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862555 ERR026664 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
116 DEU15 - 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862558 ERR026665 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
117 DEU16 - 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862557 ERR026666 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
118 DEU17 - 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862559 ERR026667 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
119 DEU19 - 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862561 ERR026668 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
120 DEU20 - 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862560 ERR026669 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
121 DEU23 - 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862541 ERR026662 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
122 DEU25 - 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862542 ERR026663 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
123 DEU27 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862536 ERR026677 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
124 DEU28 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862537 ERR026678 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
125 DEU29 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862538 ERR026679 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
126 DEU30 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862531 ERR026680 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
127 DEU35 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862662 ERR026683 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
128 DEU36 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862661 ERR026684 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
129 DEU37 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862660 ERR026674 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
130 DEU38 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862667 ERR026675 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
131 DEU39 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862666 ERR026676 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
132 DEU41 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862664 ERR026690 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
133 DEU42 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862655 ERR026691 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620



ID Alternate ID Year Country State (AUS) Data Type Sequence Platform Sample/Genome Accession Run Accession Isolate Reference Sequence Reference
134 DEU43 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862654 ERR026692 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
135 DEU46 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862570 ERR026694 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
136 DEU47 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862573 ERR026695 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
137 DEU49 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862567 ERR026697 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
138 DEU50 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862566 ERR026687 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
139 ES26 - 1996 Spain - WGS Reads Illumina Genome Analyzer II SAMEA862530 ERR024981 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
140 FFP103 - 1990 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029533 ERR064932 Aires de Sousa (1998) PMID: 9705398 Castillo-Ramirez (2012) PMID:23270620
141 GRE4 - 1998 Greece - WGS Reads Illumina HiSeq 2000 SAMEA1029513 ERR064904 Aires de Sousa (2003) PMID: 12517842 Castillo-Ramirez (2012) PMID:23270620
142 GRE18 - 1998 Greece - WGS Reads Illumina HiSeq 2000 SAMEA1029546 ERR064902 Aires de Sousa (2003) PMID: 12517842 Castillo-Ramirez (2012) PMID:23270620
143 GRE108 - 1998 Greece - WGS Reads Illumina HiSeq 2000 SAMEA1029521 ERR064936 Aires de Sousa (2003) PMID: 12517842 Castillo-Ramirez (2012) PMID:23270620
144 GRE317 - 1999 Greece - WGS Reads Illumina HiSeq 2000 SAMEA1029564 ERR064903 Aires de Sousa (2003) PMID: 12517842 Castillo-Ramirez (2012) PMID:23270620
145 H202 - 2006 Thailand - WGS Reads Illumina Genome Analyzer II SAMEA862584 ERR025802 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
146 H211 - 2006 Denmark - WGS Reads Illumina Genome Analyzer II SAMEA862528 ERR024972 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
147 H216 - 2006 Denmark - WGS Reads Illumina Genome Analyzer II SAMEA862587 ERR025803 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
148 H24 - 2005 Egypt - WGS Reads Illumina Genome Analyzer II SAMEA862527 ERR024973 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
149 H482 - 2007 Romania - WGS Reads Illumina Genome Analyzer II SAMEA862595 ERR024983 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
150 HDG2 - 1992 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029561 ERR064930 Sanches (1996) PMID: 9158792 Castillo-Ramirez (2012) PMID:23270620
151 HGSA9 - 1997 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029534 ERR064921 Amorim (2002) PMID: 12523627 Castillo-Ramirez (2012) PMID:23270620
152 HGSA142 - 2003 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029517 ERR064922 Amorim (2007) PMID: 17626175 Castillo-Ramirez (2012) PMID:23270620
153 HSA10 - 1992 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029520 ERR064931 Amorim (2002) PMID: 12523627 Castillo-Ramirez (2012) PMID:23270620
154 HSA11 - 1992 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029542 ERR064929 Amorim (2002) PMID: 12523627 Castillo-Ramirez (2012) PMID:23270620
155 HSJ216 - 1997 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029550 ERR064920 Aires de Sousa (1998) PMID: 9705398 Castillo-Ramirez (2012) PMID:23270620
156 HU106 - 1996 Hungary - WGS Reads Illumina HiSeq 2000 SAMEA1029518 ERR064927 Oliveira (2001) PMID: 11158109 Castillo-Ramirez (2012) PMID:23270620
157 HU109 - 1996 Hungary - WGS Reads Illumina HiSeq 2000 SAMEA1029567 ERR064909 Oliveira (2001) PMID: 11158109 Castillo-Ramirez (2012) PMID:23270620
158 HU4 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862618 ERR026705 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
159 HU5 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862625 ERR026706 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
160 HU6 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862624 ERR026707 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
161 HU7 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862623 ERR026708 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
162 HU8 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862622 ERR026709 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
163 HU9 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862627 ERR026710 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
164 HU11 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862634 ERR026701 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
165 HU13 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862636 ERR024668 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
166 HU14 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862637 ERR024672 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
167 HU15 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862630 ERR024673 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
168 HU16 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862631 ERR024674 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
169 HU17 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862632 ERR024675 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
170 HU21 - 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862639 ERR024678 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
171 HU23 - 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862643 ERR024679 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
172 HU25 - 1993 Brazil - WGS Reads Illumina HiSeq 2000 SAMEA1029569 ERR024670 Teixeira (1995) PMID: 7494036 Castillo-Ramirez (2012) PMID:23270620
173 HU26 - 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862644 ERR024671 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
174 HUR18 - 1997 Hungary - WGS Reads Illumina HiSeq 2000 SAMEA1029551 ERR064910 Oliveira (2001) PMID: 11158109 Castillo-Ramirez (2012) PMID:23270620
175 HUSA304 - 1993 Hungary - WGS Reads Illumina HiSeq 2000 SAMEA1029531 ERR064928 de Lencastre (1997) PMID: 11864123 Castillo-Ramirez (2012) PMID:23270620
176 ICP5011 - 1993 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029545 ERR064933 Couto (1995) PMID: 7559943 Castillo-Ramirez (2012) PMID:23270620
177 ICP5014 - 1993 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029543 ERR064934 Couto (1995) PMID: 7559943 Castillo-Ramirez (2012) PMID:23270620
178 ICP5062 - 1993 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029562 ERR064935 Couto (1995) PMID: 7559943 Castillo-Ramirez (2012) PMID:23270620
179 IU1 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862647 ERR024681 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
180 IU2 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862646 ERR024685 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
181 IU4 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862648 ERR024687 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
182 IU6 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862651 ERR024688 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
183 IU7 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862650 ERR024689 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
184 IU9 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862617 ERR024691 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
185 IU10 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862652 ERR024692 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
186 IU11 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862653 ERR024682 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
187 IU12 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862658 ERR024683 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
188 IU13 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862659 ERR024684 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
189 IU15 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862657 ERR024974 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
190 LHH1 - 1994 United States - WGS Reads Illumina HiSeq 2000 SAMEA1029523 ERR064900 de Lencastre (1996) PMID: 9158794 Castillo-Ramirez (2012) PMID:23270620
191 LIT68 - 1996 Lithuania - WGS Reads Illumina Genome Analyzer II SAMEA862586 ERR025804 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
192 LIT76 - 1996 Lithuania - WGS Reads Illumina Genome Analyzer II SAMEA862593 ERR025805 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
193 LIT89 - 1996 Lithuania - WGS Reads Illumina Genome Analyzer II SAMEA862592 ERR025796 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
194 M116 - 2004 Vietnam - WGS Reads Illumina Genome Analyzer II SAMEA862545 ERR024988 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
195 M278 - 2005 Portugal - WGS Reads Illumina Genome Analyzer II SAMEA862548 ERR024991 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
196 M418 - 2006 India - WGS Reads Illumina Genome Analyzer II SAMEA862549 ERR024992 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
197 M592 - 2006 Syria - WGS Reads Illumina Genome Analyzer II SAMEA862550 ERR024993 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
198 M705 - 2007 Thailand - WGS Reads Illumina Genome Analyzer II SAMEA862613 ERR024958 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
199 M996 - 2008 China - WGS Reads Illumina Genome Analyzer II SAMEA862551 ERR024994 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
200 M1229 - 2009 Denmark - WGS Reads Illumina Genome Analyzer II SAMEA862546 ERR024989 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620



ID Alternate ID Year Country State (AUS) Data Type Sequence Platform Sample/Genome Accession Run Accession Isolate Reference Sequence Reference
201 MAL1 - 1996 Malaysia - WGS Reads Illumina Genome Analyzer II SAMEA862552 ERR024984 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
202 MAL3 - 1996 Malaysia - WGS Reads Illumina Genome Analyzer II SAMEA862609 ERR024964 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
203 MAL9 - 1996 Malaysia - WGS Reads Illumina Genome Analyzer II SAMEA862607 ERR024966 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
204 MAL11 - 1996 Malaysia - WGS Reads Illumina Genome Analyzer II SAMEA862543 ERR024985 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
205 MAL119 - 1996 Malaysia - WGS Reads Illumina Genome Analyzer II SAMEA862611 ERR024962 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
206 MAL215 - 1996 Malaysia - WGS Reads Illumina Genome Analyzer II SAMEA862608 ERR024963 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
207 MU1 - 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862569 ERR026688 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
208 MU3 - 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862565 ERR026003 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
209 MU4 - 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862564 ERR026007 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
210 MU5 - 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862604 ERR026008 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
211 MU6 - 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862605 ERR026009 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
212 MU7 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862602 ERR026010 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
213 MU9 - 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862603 ERR026011 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
214 MU10 - 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862600 ERR026012 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
215 MU20 - 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862620 ERR026703 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
216 Na21 - 2006 Sri Lanka - WGS Reads Illumina Genome Analyzer II SAMEA862544 ERR024986 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
217 NA32 - 2006 Denmark - WGS Reads Illumina Genome Analyzer II SAMEA862615 ERR024967 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
218 P32 - 1996 Poland - WGS Reads Illumina Genome Analyzer II SAMEA862589 ERR025795 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
219 R35 - 1987 United States - WGS Reads Illumina HiSeq 2000 SAMEA1029532 ERR064901 Tillotson (1989) PMID: 2543284 Castillo-Ramirez (2012) PMID:23270620
220 RA3 - 1996 Argentina - WGS Reads Illumina Genome Analyzer II SAMEA862588 ERR025798 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
221 RA6 - 1996 Argentina - WGS Reads Illumina Genome Analyzer II SAMEA862591 ERR025799 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
222 RA7 - 1996 Argentina - WGS Reads Illumina Genome Analyzer II SAMEA862616 ERR024968 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
223 S2 - 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029563 ERR064953 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
224 S7 - 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029556 ERR064946 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
225 S21 - 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029536 ERR064958 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
226 S24 - 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029553 ERR064957 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
227 S25 - 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029535 ERR064951 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
228 S26 - 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029511 ERR064949 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
229 S38 - 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029568 ERR064947 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
230 S39 - 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029558 ERR064959 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
231 S40 - 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029528 ERR064944 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
232 S42 - 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029515 ERR064955 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
233 S71 - 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029541 ERR064943 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
234 S78 - 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029525 ERR064954 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
235 S81 - 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029565 ERR064956 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
236 S85 - 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029529 ERR064939 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
237 S87 - 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029512 ERR064941 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
238 S93 - 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029560 ERR064942 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
239 S97 - 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029522 ERR064950 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
240 S102 - 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029519 ERR064945 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
241 S106 - 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029547 ERR064952 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
242 S130 - 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029516 ERR064940 Nickerson (2009) PMID: 19652705 Castillo-Ramirez (2012) PMID:23270620
243 TUR1 - 1996 Turkey - WGS Reads Illumina HiSeq 2000 SAMEA1029552 ERR064906 Aires de Sousa (2003) PMID: 12904393 Castillo-Ramirez (2012) PMID:23270620
244 TUR9 - 1995 Turkey - WGS Reads Illumina HiSeq 2000 SAMEA1029530 ERR064905 Aires de Sousa (2003) PMID: 12734244 Castillo-Ramirez (2012) PMID:23270620
245 TUR27 - 1996 Turkey - WGS Reads Illumina HiSeq 2000 SAMEA1029557 ERR064908 Aires de Sousa (2003) PMID: 12904393 Castillo-Ramirez (2012) PMID:23270620
246 UK102 - 1996 United Kingdom - WGS Reads Illumina Genome Analyzer II SAMEA862590 ERR025800 Castillo-Ramirez (2012) PMID:23270620 Castillo-Ramirez (2012) PMID:23270620
247 URU34 - 1997 Uruguay - WGS Reads Illumina HiSeq 2000 SAMEA1029544 ERR064925 Aires de Sousa (2001) PMID: 11376057 Castillo-Ramirez (2012) PMID:23270620
248 URU110 - 1998 Uruguay - WGS Reads Illumina HiSeq 2000 SAMEA1029540 ERR064911 Aires de Sousa (2001) PMID: 11376057 Castillo-Ramirez (2012) PMID:23270620
249 SR2852 - 2005 United States - WGS Reads Illumina HiSeq 2000 SAMN02649763 SRR1177896 Richter (2011) PMID: 21976769 Alam (2014) PMID:24787619
250 031_01 DB025818/01 2001 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800273 ERR029457 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
251 362_05 DB046586/05 2005 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800274 ERR029458 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
252 058_08 DR007259/08 2008 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800253 ERR029464 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
253 352_05 DB044224/05 2005 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800280 ERR029467 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
254 131_09 DB070928/09 2009 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800276 ERR029469 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
255 009_10 DM017526/10 2010 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800287 ERR029470 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
256 134_09 DB071635/09 2009 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800277 ERR029472 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
257 135_09 DB072476/09 2009 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800278 ERR029473 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
258 049_05 DM007329/05 2005 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800292 ERR029476 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
259 CGH1_08 8011775603/08 2008 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800297 ERR030155 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
260 CGH1_10 0043716978/10 2010 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800177 ERR030157 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
261 CGH2_08 8031866998/08 2008 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800181 ERR030159 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
262 CGH3_10 0060306746/10 2010 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800213 ERR030170 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
263 CGH6_06 6102297266/06 2006 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800382 ERR030173 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
264 CGH4_09 9073350043/09 2009 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800215 ERR030176 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
265 CGH4_10 0080344437/10 2010 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800216 ERR030177 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
266 CGH5_09 9093428285/09 2009 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800383 ERR030182 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
267 012_00 DB057108/00 2000 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800207 ERR030186 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077



ID Alternate ID Year Country State (AUS) Data Type Sequence Platform Sample/Genome Accession Run Accession Isolate Reference Sequence Reference
268 011_00 DM020975/00 2000 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800205 ERR030191 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
269 003_06 DB001858/06 2006 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800206 ERR030192 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
270 106_06 DX0254/06 2006 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800200 ERR030194 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
271 100_06 DB10089/06 2006 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800201 ERR030195 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
272 106_07 DR005123/07 2007 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800360 ERR030200 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
273 339_07 DR015686/07 2007 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800357 ERR030201 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
274 157_04 DB037404/04 2004 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800333 ERR030202 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
275 019_01 DM02138/01 2001 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800332 ERR030203 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
276 002_00 DB040859/00 2000 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800331 ERR030204 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
277 020_01 DB006232/01 2001 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800329 ERR030205 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
278 101_07 DR004988/07 2007 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800327 ERR030209 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
279 030_05 DB019675/05 2005 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800258 ERR030213 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
280 255_04 AH255/04 2004 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800353 ERR030216 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
281 259_04 AH259/04 2004 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800354 ERR030217 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
282 263_04 AH263/04 2004 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800352 ERR030219 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
283 264_04 AH264/04 2004 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800261 ERR030220 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
284 028_01 DM07777/01 2001 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800260 ERR030221 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
285 069_02 DB065511/02 2002 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800271 ERR030224 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
286 006_00 DB043050/00 2000 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800285 ERR030228 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
287 067_02 DM020544/02 2002 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800265 ERR030232 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
288 068_02 DB065965/02 2002 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800272 ERR030233 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
289 071_03 DM001208/03 2003 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800269 ERR030235 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
290 078_05 DB022127/05 2005 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800264 ERR030238 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
291 086_03 DB057872/03 2003 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800263 ERR030239 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
292 009_00 DB040363/00 2000 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800336 ERR030240 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
293 TTSH1_01 1351-118 2001 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800251 ERR030242 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
294 TTSH2_07 7033-089773 2007 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800229 ERR030249 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
295 TTSH1_10 0063-543813 2010 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800219 ERR030252 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
296 TTSH2_03 3038-49 2003 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800226 ERR030255 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
297 TTSH2_08 8023-032840 2008 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800230 ERR030259 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
298 TTSH3_07 7033-088525 2007 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800196 ERR030260 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
299 TTSH3_08 8023-032825 2008 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800232 ERR030261 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
300 TTSH3_03 3039-17 2003 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800234 ERR030266 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
301 TTSH4_02 2006-106 2002 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800293 ERR030276 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
302 TTSH4_03 3046-47 2003 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800372 ERR030277 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
303 TTSH5_02 2008-12 2002 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800345 ERR031666 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
304 TTSH5_06 6013-651744 2006 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800346 ERR031670 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
305 WAU_8 WBG4997 1982 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA1021823 ERR053014 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
306 WAU_9 WBG6119 1985 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA1021807 ERR053015 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
307 WAU_10 WBG8484 1985 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA1021856 ERR053016 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
308 WAU_16 WBG8490 1996 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA1022012 ERR053022 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
309 WAU_17 WBG8491 1996 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA1021973 ERR053023 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
310 WAU_18 WBG8492 1996 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA1021952 ERR053024 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
311 WAU_19 WBG8493 1996 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA1021934 ERR053025 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
312 WAU_21 WBG8495 1996 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA1021910 ERR053027 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
313 WAU_26 WBG9016 1997 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA1021849 ERR053032 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
314 WAU_29 WBG9019 1997 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA1021995 ERR053035 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
315 WAU_31 WBG9022 1997 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA1021970 ERR053037 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
316 WAU_34 WBG9023.3 1997 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA1021933 ERR053040 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
317 WAU_39 WBG9028 1997 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA1021951 ERR053044 Hsu (2015) PMID:25903077 Hsu (2015) PMID:25903077
318 T9_N3 - 2008 Thailand - WGS Reads Illumina Genome Analyzer II SAMEA958822 ERR023888 Tong (2015) PMID:25491771 Tong (2015) PMID:25491771
319 T234_W2 - 2008 Thailand - WGS Reads Illumina Genome Analyzer II SAMEA958806 ERR023872 Tong (2015) PMID:25491771 Tong (2015) PMID:25491771
320 T71_N2 - 2008 Thailand - WGS Reads Illumina Genome Analyzer II SAMEA958988 ERR033836 Tong (2015) PMID:25491771 Tong (2015) PMID:25491771
321 T99_N5 - 2008 Thailand - WGS Reads Illumina Genome Analyzer II SAMEA958963 ERR033828 Tong (2015) PMID:25491771 Tong (2015) PMID:25491771
322 T12_N1 - 2008 Thailand - WGS Reads Illumina Genome Analyzer II SAMEA958848 ERR023884 Tong (2015) PMID:25491771 Tong (2015) PMID:25491771
323 T271_C1 - 2008 Thailand - WGS Reads Illumina Genome Analyzer II SAMEA958810 ERR023867 Tong (2015) PMID:25491771 Tong (2015) PMID:25491771
324 T35_N2 - 2008 Thailand - WGS Reads Illumina Genome Analyzer II SAMEA958775 ERR033823 Tong (2015) PMID:25491771 Tong (2015) PMID:25491771
325 T95_N2 - 2008 Thailand - WGS Reads Illumina Genome Analyzer II SAMEA958962 ERR033833 Tong (2015) PMID:25491771 Tong (2015) PMID:25491771
326 T192_T3 - 2008 Thailand - WGS Reads Illumina Genome Analyzer II SAMEA958900 ERR023907 Tong (2015) PMID:25491771 Tong (2015) PMID:25491771
327 T303_N3 - 2008 Thailand - WGS Reads Illumina Genome Analyzer II SAMEA958836 ERR033080 Tong (2015) PMID:25491771 Tong (2015) PMID:25491771
328 SA13002 - 2012 China - WGS Reads Illumina MiSeq SAMN03856026 SRR2097047 Kong (2016) PMID:26950298 Kong (2016) PMID:26950298
329 SA13005 - 2013 China - WGS Reads Illumina MiSeq SAMN03878399 SRR2106469 Kong (2016) PMID:26950298 Kong (2016) PMID:26950298
330 SA13007 - 2012 China - WGS Reads Illumina MiSeq SAMN03878400 SRR2106470 Kong (2016) PMID:26950298 Kong (2016) PMID:26950298
331 SA13009 - 2012 China - WGS Reads Illumina MiSeq SAMN03878401 SRR2106471 Kong (2016) PMID:26950298 Kong (2016) PMID:26950298
332 SA13012 - 2012 China - WGS Reads Illumina MiSeq SAMN03878402 SRR2106472 Kong (2016) PMID:26950298 Kong (2016) PMID:26950298
333 SA13023 - 2013 China - WGS Reads Illumina MiSeq SAMN03878403 SRR2106473 Kong (2016) PMID:26950298 Kong (2016) PMID:26950298
334 BSAC_st3021 - 2010 England - WGS Reads Illumina HiSeq 2000 SAMEA1464569 ERR124493 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018



ID Alternate ID Year Country State (AUS) Data Type Sequence Platform Sample/Genome Accession Run Accession Isolate Reference Sequence Reference
335 BSAC_st3046 - 2010 England - WGS Reads Illumina HiSeq 2000 SAMEA1464296 ERR124495 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
336 BSAC_st697 - 2003 England - WGS Reads Illumina HiSeq 2000 SAMEA1464583 ERR129279 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
337 D8 610 2007 Gambia - WGS Reads Illumina MiSeq SAMEA3727072 ERR1213802 Senghore (2016) PMID:27474712 Senghore (2016) PMID:27474712
338 DS_009 - 2011 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA3448838 ERR1069915 Chantratita (2016) PMID: 26806258 Moradigaravand (2017) PMID: 28679748
339 DS_014 - 2011 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA3448843 ERR1069920 Chantratita (2016) PMID: 26806258 Moradigaravand (2017) PMID: 28679748
340 US_002 - 2011 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA3448943 ERR1070030 Chantratita (2016) PMID: 26806258 Moradigaravand (2017) PMID: 28679748
341 US_008 - 2011 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA3448948 ERR1070035 Chantratita (2016) PMID: 26806258 Moradigaravand (2017) PMID: 28679748
342 US_030 - 2011 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA3448965 ERR1070052 Chantratita (2016) PMID: 26806258 Moradigaravand (2017) PMID: 28679748
343 US_017 - 2011 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA3448955 ERR1070042 Chantratita (2016) PMID: 26806258 Moradigaravand (2017) PMID: 28679748
344 BPH2065 - 1981 Australia SA WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
345 BPH2066 - 1981 Australia SA WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
346 BPH2104 - 1990 Australia VIC WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
347 BPH2106 - 1992 Australia VIC WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
348 BPH2107 - 1990 Australia VIC WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
349 BPH2108 - 1990 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
350 BPH2109 - 1989 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
351 BPH2113 - 1990 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
352 BPH2119 - 1991 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
353 BPH2120 - 1990 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
354 BPH2139 - 1992 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
355 BPH2154 - 1992 Australia VIC WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
356 BPH2157 - 1992 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
357 BPH2161 - 1992 Australia VIC WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
358 BPH2163 - 1989 Australia VIC WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
359 BPH2165 - 1989 Australia VIC WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
360 BPH2167 - 1990 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
361 BPH2168 - 1990 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
362 BPH2196 - 1989 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
363 BPH2198 - 1989 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
364 BPH2199 - 1989 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
365 BPH2202 - 1990 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
366 BPH2203 - 1992 Australia VIC WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
367 BPH2204 - 1990 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
368 BPH2205 - 1989 Australia VIC WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
369 BPH2207 - 1990 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
370 BPH2210 - 1990 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
371 BPH2213 - 1991 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
372 BPH2219 - 1991 Australia TAS WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
373 BPH2222 - 1991 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
374 BPH2226 - 1990 Australia VIC WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
375 BPH2228 - 1990 Australia QLD WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
376 BPH2230 - 1991 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
377 BPH2232 - 1991 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
378 BPH2233 - 1990 Australia VIC WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
379 BPH2234 - 1991 Australia VIC WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
380 BPH2235 - 1991 Australia VIC WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
381 BPH2236 - 1991 Australia VIC WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
382 BPH2238 - 1989 Australia VIC WGS Reads Illumina NextSeq 500 - - Baines (2019) PMID: 30783008 Baines (2019) PMID: 30783008
383 BPH2240 - 1989 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
384 BPH2242 - 1989 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
385 BPH2243 - 1989 Australia VIC WGS Reads Illumina NextSeq 500 - - Unpublished Unpublished
386 BPH2710 - 2011 Australia VIC WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
387 BPH2718 - 2011 Australia VIC WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
388 BPH2723 - 2011 Australia VIC WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
389 BPH2726 - 2011 Australia VIC WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
390 BPH2747 - 2011 Australia VIC WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
391 BPH2779 - 2011 Australia VIC WGS Reads Illumina HiSeq - - Holmes (2018) PMID: 29506483 Unpublished
392 BPH2780 - 2011 Australia VIC WGS Reads Illumina HiSeq - - Holmes (2018) PMID: 29506483 Unpublished
393 BPH2781 - 2011 Australia VIC WGS Reads Illumina HiSeq - - Holmes (2018) PMID: 29506483 Unpublished
394 BPH2787 - 2011 Australia NSW WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
395 BPH2798 - 2011 Australia VIC WGS Reads Illumina HiSeq - - Holmes (2018) PMID: 29506483 Unpublished
396 BPH2824 - 2011 Australia VIC WGS Reads Illumina HiSeq - - Holmes (2018) PMID: 29506483 Unpublished
397 BPH2827 - 2011 Australia NSW WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
398 BPH2869 - 2012 Australia NSW WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
399 BPH2896 - 2012 Australia VIC WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
400 BPH2946 - 2012 Australia VIC WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
401 BPH2947 - 2012 Australia VIC WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished



ID Alternate ID Year Country State (AUS) Data Type Sequence Platform Sample/Genome Accession Run Accession Isolate Reference Sequence Reference
402 BPH3202 - 2008 Australia QLD WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
403 BPH3208 - 2007 Australia QLD WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
404 BPH3220 - 2008 Australia QLD WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
405 BPH3234 - 2008 Australia QLD WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
406 BPH3244 - 2007 Australia QLD WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
407 BPH3250 - 2007 Australia QLD WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
408 BPH3254 - 2008 Australia QLD WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
409 BPH3260 - 2007 Australia QLD WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
410 BPH3262 - 2008 Australia QLD WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
411 BPH3266 - 2008 Australia QLD WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
412 BPH3272 - 2007 Australia QLD WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
413 BPH3276 - 2008 Australia QLD WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
414 BPH3284 - 2008 Australia QLD WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
415 BPH3306 - 2007 Australia QLD WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
416 BPH3324 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
417 BPH3328 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
418 BPH3332 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
419 BPH3344 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
420 BPH3346 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
421 BPH3348 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
422 BPH3356 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
423 BPH3360 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
424 BPH3362 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
425 BPH3366 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
426 BPH3368 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
427 BPH3370 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
428 BPH3372 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
429 BPH3376 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
430 BPH3382 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
431 BPH3394 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
432 BPH3401 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
433 BPH3403 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
434 BPH3413 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
435 BPH3415 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
436 BPH3417 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
437 BPH3431 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
438 BPH3433 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
439 BPH3435 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
440 BPH3439 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
441 BPH3443 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
442 BPH3451 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
443 BPH3453 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
444 BPH3455 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
445 BPH3457 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
446 BPH3463 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
447 BPH3465 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
448 BPH3469 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
449 BPH3483 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
450 BPH3485 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
451 BPH3493 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
452 BPH3495 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
453 BPH3499 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
454 BPH3507 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
455 BPH3511 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
456 BPH3523 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
457 BPH3525 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
458 BPH3527 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
459 BPH3529 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
460 BPH3531 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
461 BPH3533 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
462 BPH3535 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
463 BPH3541 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
464 BPH3543 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
465 BPH3545 - 2008 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
466 BPH3547 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
467 BPH3549 - 2007 Australia VIC WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
468 BPH3632 - 2008 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished



ID Alternate ID Year Country State (AUS) Data Type Sequence Platform Sample/Genome Accession Run Accession Isolate Reference Sequence Reference
469 BPH3634 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
470 BPH3636 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
471 BPH3638 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
472 BPH3640 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
473 BPH3643 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
474 BPH3644 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
475 BPH3646 - 2008 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
476 BPH3648 - 2008 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
477 BPH3650 - 2008 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
478 BPH3652 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
479 BPH3658 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
480 BPH3660 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
481 BPH3662 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
482 BPH3664 - 2008 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
483 BPH3666 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
484 BPH3668 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
485 BPH3670 - 2008 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
486 BPH3672 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
487 BPH3674 - 2008 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
488 BPH3676 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
489 BPH3678 - 2008 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
490 BPH3680 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
491 BPH3682 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
492 BPH3684 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
493 BPH3686 - 2008 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
494 BPH3688 - 2008 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
495 BPH3692 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
496 BPH3694 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
497 BPH3696 - 2008 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
498 BPH3698 - 2008 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
499 BPH3700 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
500 BPH3702 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
501 BPH3704 - 2008 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
502 BPH3706 - 2008 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
503 BPH3708 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
504 BPH3710 - 2008 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
505 BPH3712 - 2007 Australia NSW WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
506 S20209-2015 - 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
507 S20305-2015 - 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
508 S20603-2015 - 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
509 S20607-2015 - 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
510 S20608-2015 - 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
511 S20610-2015 - 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
512 S20613-2015 - 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
513 S20617-2015 - 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
514 S20622-2015 - 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
515 S20623-2015 - 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
516 S20629-2015 - 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
517 S20826-2015 - 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
518 S23616-2015 - 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
519 S23619-2015 - 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
520 S31902-2015 - 2015 Australia VIC WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
521 S31904-2015 - 2015 Australia VIC WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
522 S31913-2015 - 2015 Australia VIC WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
523 S31918-2015 - 2015 Australia VIC WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
524 S32313-2015 - 2015 Australia VIC WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
525 S41210-2015 - 2015 Australia QLD WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
526 S51001-2015 - 2015 Australia NT WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
527 S51003-2015 - 2015 Australia NT WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
528 S51006-2015 - 2015 Australia NT WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
529 S51007-2015 - 2015 Australia NT WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
530 S51008-2015 - 2015 Australia NT WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
531 S51014-2015 - 2015 Australia NT WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
532 S51024-2015 - 2015 Australia NT WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
533 S51408-2015 - 2015 Australia SA WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
534 S51504-2015 - 2015 Australia SA WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
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Appendix 2 
Chapter 3: Supplementary Material 
Publication: Supplementary Dataset S1 

Extended Analysis: Supplementary Dataset 



Supplementary Table 1. Demographics and genome sequencing information for all bacterial isolates used in this study 

Isolate Location Year MRSA/ MSSA MLST*
Clonal 

Complex
Fusidic Acid 
Susceptibility Sequncing Platform WGS Format Source [Reference]

502A United States 1963 MSSA 5 5 - - Complete Assembly SRA: CP007454-5 [9]
ECT-R2 Sweden 2004-7 MSSA 5 5 - - Complete Assembly SRA: FR714927-9 [10]
ED98 United Kingdom 1996-7 MSSA 5 5 - - Complete Assembly SRA: CP001791.1, CP001782-4 [11]
HOU1444-VR Brazil 2012 MSSA 5 5 - - Complete Assembly SRA: CP012593-6 [12]
JH1 United States 2000 MRSA 5 5 - - Complete Assembly SRA: CP000736-7 [13]
JH9 United States 2000 MRSA 5 5 - - Complete Assembly SRA: CP000703-4 [13]
Mu3 Japan 1996 MRSA 5 5 - - Complete Assembly SRA: AP009324.1 [14]
Mu50 Japan 1997 MRSA 5 5 - - Complete Assembly SRA: BA000017.4, AP003367.1 [14]
N315 Japan 1982 MRSA 5 5 - - Complete Assembly SRA: BA000018.3, AP003139.1 [8]
SA564 - - MSSA 5 5 - - Complete Assembly SRA: CP010890-1 [15]
FCFHV36 Brazil - MRSA 105 5 - - Complete Assembly SRA: CP011147.1 [16]
MSSA476 a, d United Kingdom 1997 MSSA 1 1 - - Complete Assembly SRA: BX571857-8 [4]
MRSA1 United Kingdom 2011/2012 MRSA 149 5 - - Reads ENA: ERR108055 [6]
MRSA2 United Kingdom 2011/2012 MRSA 1 1 - - Reads ENA: ERR108056  [6]
MRSA3 United Kingdom 2011/2012 MRSA 1 1 - - Reads ENA: ERR108057  [6]
MRSA4 United Kingdom 2011/2012 MRSA 149 5 - - Reads ENA: ERR108058  [6]
MRSA5 United Kingdom 2011/2012 MRSA 149 5 - - Reads ENA: ERR108059  [6]
MRSA7 United Kingdom 2011/2012 MRSA 5 5 - - Reads ENA: ERR108061  [6]
MRSA10 United Kingdom 2011/2012 MRSA 5 5 - - Reads ENA: ERR108040  [6]
MRSA13 United Kingdom 2011/2012 MRSA 149 5 - - Reads ENA: ERR108043  [6]
MRSA15 United Kingdom 2011/2012 MRSA 149 5 - - Reads ENA: ERR108045  [6]
MRSA16 United Kingdom 2011/2012 MRSA 45 45 - - Reads ENA: ERR108046  [6]
MRSA17 United Kingdom 2011/2012 MRSA 149 5 - - Reads ENA: ERR108047  [6]
MRSA18 United Kingdom 2011/2012 MRSA 8 8 - - Reads ENA: ERR108048  [6]
Sa_NZ1001 New Zealand 2013 MRSA 1 1 Resistant Illumina MiSeq Reads This Study
Sa_NZ1002 New Zealand 2013 MSSA 1 1 Resistant Illumina MiSeq Reads This Study
Sa_NZ1003 New Zealand 2013 MSSA 1 1 Resistant Illumina MiSeq Reads This Study
Sa_NZ1004 New Zealand 2013 MSSA 1 1 Resistant Illumina MiSeq Reads This Study
Sa_NZ1005 New Zealand 2013 MSSA 1 1 Resistant Illumina MiSeq Reads This Study
Sa_NZ1006 New Zealand 2013 MSSA 1 1 Resistant Illumina HiSeq Reads This Study
Sa_NZAK3 New Zealand 2005 MRSA 5 5 Resistant PacBio RS-II Complete Assembly This Study
Sa_NZ5002 New Zealand 2006 MRSA 5 5 Resistant Illumina HiSeq Reads This Study
Sa_NZ5003 New Zealand 2006 MRSA 149 5 Susceptible Illumina HiSeq Reads This Study
Sa_NZ5004 New Zealand 2006 MRSA 73 5 Susceptible Illumina HiSeq Reads This Study
Sa_NZ5005 New Zealand 2006 MRSA 5 5 Resistant Illumina HiSeq Reads This Study
Sa_NZ5006 New Zealand 2006 MRSA 5 5 Resistant Illumina HiSeq Reads This Study
Sa_NZ5007 New Zealand 2007 MRSA 149 5 Susceptible Illumina HiSeq Reads This Study
Sa_NZ5008 New Zealand 2007 MRSA 5 5 Resistant Illumina HiSeq Reads This Study
Sa_NZ5009 New Zealand 2007 MRSA 5 5 Resistant Illumina HiSeq Reads This Study
Sa_NZ5010 New Zealand 2007 MRSA 5 5 Resistant Illumina HiSeq Reads This Study
Sa_NZ5011 New Zealand 2008 MRSA 5 5 Resistant Illumina HiSeq Reads This Study
Sa_NZ5012 New Zealand 2008 MRSA 5 5 Resistant Illumina HiSeq Reads This Study
Sa_NZ5013 New Zealand 2008 MRSA 5 5 Resistant Illumina MiSeq Reads This Study
Sa_NZ5014 New Zealand 2009 MSSA 5 5 Susceptible Illumina HiSeq Reads This Study
Sa_NZ5015 New Zealand 2009 MSSA 5 5 Susceptible Illumina HiSeq Reads This Study
Sa_NZ5016 New Zealand 2009 MRSA 5 5 Resistant Illumina MiSeq Reads This Study
Sa_NZ5017 New Zealand 2009 MRSA 5 5 Resistant Illumina MiSeq Reads This Study
Sa_NZ5018 New Zealand 2009 MSSA 5 5 Susceptible Illumina HiSeq Reads This Study
Sa_NZ5019 New Zealand 2009 MRSA 5 5 Resistant Illumina MiSeq Reads This Study
Sa_NZ5020 New Zealand 2010 MRSA 5 5 Resistant Illumina HiSeq Reads This Study
Sa_NZ5021 New Zealand 2010 MRSA 5 5 Resistant Illumina MiSeq Reads This Study
Sa_NZ5022 New Zealand 2010 MSSA 5 5 Susceptible Illumina HiSeq Reads This Study
Sa_NZ5023 New Zealand 2010 MRSA 5 5 Resistant Illumina MiSeq Reads This Study
Sa_NZ5024 New Zealand 2011 MRSA 5 5 Resistant Illumina HiSeq Reads This Study
Sa_NZ5025 New Zealand 2011 MRSA 5 5 Resistant Illumina HiSeq Reads This Study
Sa_NZ5026 New Zealand 2011 MRSA 5 5 Resistant Illumina MiSeq Reads This Study
Sa_NZ5027 New Zealand 2011 MRSA 5 5 Susceptible Illumina MiSeq Reads This Study
Sa_NZ5028 New Zealand 2011 MSSA 149 5 Susceptible Illumina HiSeq Reads This Study
Sa_NZ5029 New Zealand 2011 MRSA 5 5 Resistant Illumina MiSeq Reads This Study
Sa_NZ5030 New Zealand 2012 MSSA 5 5 Susceptible Illumina HiSeq Reads This Study
Sa_NZ5031 New Zealand 2012 MSSA 5 5 Susceptible Illumina HiSeq Reads This Study
Sa_NZ5032 New Zealand 2012 MSSA 5 5 Susceptible Illumina HiSeq Reads This Study
Sa_NZ5033 New Zealand 2013 MSSA 835 5 Susceptible Illumina HiSeq Reads This Study
Sa_NZ5034 New Zealand 2013 MSSA 835 5 Susceptible Illumina HiSeq Reads This Study
Sa_NZ5035 New Zealand 2013 MSSA 5 5 Susceptible Illumina HiSeq Reads This Study
Sa_NZ5036 New Zealand 2013 MRSA 5 5 Resistant Illumina HiSeq Reads This Study
Sa_NZ5037 New Zealand 2013 MSSA 5 5 Susceptible Illumina HiSeq Reads This Study
Sa_NZ5038 New Zealand 2013 MRSA 5 5 Resistant Illumina HiSeq Reads This Study
Sa_NZ5039 New Zealand 2013 MRSA 5 5 Resistant Illumina HiSeq Reads This Study
Sa_NZ5040 New Zealand 2013 MSSA 5 5 Susceptible Illumina HiSeq Reads This Study

Abbrevations: MLST, multilocus sequence type; MSSA, methicillin-susceptible Staphylococcus aureus ; MRSA, methicillin-resistant S. aureus ; WGS, whole genome sequence; SRA, short read archive; ENA, European Nucleotide Archive
* MLST of New Zealand isolates was determined in silico



Supplementary Dataset
ID Alternate ID Year Country Data Type Sequence Platform Sample/Genome Accession Run Accession Isolate Reference Sequence Reference

1 NAZK3 - 2005 New Zealand Complete Genomes PacBio RS-II LT009690,LT009691 - Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
2 502A - - USA Complete Genomes PacBio RS-II CP007454, CP007455 - Parker (2014) PMID: 24723721 Parker (2014) PMID: 24723721
3 ECT-R2 - 2004-07 Sweden Complete Genomes 454 Pyro-Sequencing FR714927, FR714928, FR714929 - Lindqvist (2012) PMID: 21590357 Lindqvist (2012) PMID: 21590357
4 ED98 - 1996-97 Ireland Complete Genomes 454 Pyro-Sequencing CP001781, CP001782, CP001783, CP001784 - Lowder (2009) PMID: 19884497 Lowder (2009) PMID: 19884497
5 HOU1444-VR - - - Complete Genomes PacBio RS-II CP012593, CP012594, CP012595, CP012596 - Panesso (2015) PMID: 26402569 Panesso (2015) PMID: 26402569
6 JH1 - 2000 USA Complete Genomes - CP000736, CP000737 - Mwangi (2007) PMID: 17517606 Mwangi (2007) PMID: 17517606
7 JH9 - 2000 USA Complete Genomes - CP000703, CP000704 - Mwangi (2007) PMID: 17517606 Mwangi (2007) PMID: 17517606
8 Mu3 - 1996 Japan Complete Genomes - AP009324 - Neoh (2008) PMID: 17954695 Neoh (2008) PMID: 17954695
9 Mu50 - 1996 Japan Complete Genomes - BA000017, AP003367 - Kuroda (2001) PMID: 11418146 Kuroda (2001) PMID: 11418146

10 N315 - 1982 Japan Complete Genomes - BA000018, AP003139 - Kuroda (2001) PMID: 11418146 Kuroda (2001) PMID: 11418146
11 SA564 - - - Complete Genomes Illumina HiSeq 2500 CP010890, CP010891 - Giraud (2015) PMID: 25997461 Giraud (2015) PMID: 25997461
12 FCFHV36 - - Brazil Complete Genomes Illumina MiSeq CP011147 - McCulloch (2015) PMID: 26272570 McCulloch (2015) PMID: 26272570
13 04-02981 - 2004 Germany Complete Genomes 454 GS FLX Titanium CP001844 - Nubel (2010) PMID: 20386717 Nubel (2010) PMID: 20386717
14 H10388 I1 2001 Switzerland Complete Genomes Illumina Genome Analyzer IIx HE579059, HE579060 - Vogel (2012) PMID: 22720005 Vogel (2012) PMID: 22720005
15 H10497 I2 2001 Switzerland Complete Genomes Illumina Genome Analyzer IIx HE579061, HE579062 - Vogel (2012) PMID: 22720005 Vogel (2012) PMID: 22720005
16 H15532 I3 2006 Switzerland Complete Genomes Illumina Genome Analyzer IIx HE579063, HE579064 - Vogel (2012) PMID: 22720005 Vogel (2012) PMID: 22720005
17 H16035 I4 2006 Switzerland Complete Genomes Illumina Genome Analyzer IIx HE579065, HE579066 - Vogel (2012) PMID: 22720005 Vogel (2012) PMID: 22720005
18 H16125 I5 2006 Switzerland Complete Genomes Illumina Genome Analyzer IIx HE579067, HE579068 - Vogel (2012) PMID: 22720005 Vogel (2012) PMID: 22720005
19 H18341 I6 2008 Switzerland Complete Genomes Illumina Genome Analyzer IIx HE579069, HE579070 - Vogel (2012) PMID: 22720005 Vogel (2012) PMID: 22720005
20 H18412 I7 2008 Switzerland Complete Genomes Illumina Genome Analyzer IIx HE579071, HE579072 - Vogel (2012) PMID: 22720005 Vogel (2012) PMID: 22720005
21 H18583 I8 2008 Switzerland Complete Genomes Illumina Genome Analyzer IIx HE579073, HE579074 - Vogel (2012) PMID: 22720005 Vogel (2012) PMID: 22720005
22 NZ5001 NZAK3 2005 New Zealand WGS Reads Illumina MiSeq SAMEA3723493 ERR1213699 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
23 NZ5002 - 2006 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723500 ERR1201317 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
24 NZ5003 - 2006 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723501 ERR1201318 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
25 NZ5004 - 2006 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723502 ERR1201319 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
26 NZ5005 - 2006 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723503 ERR1201320 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
27 NZ5006 - 2006 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723504 ERR1201321 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
28 NZ5007 - 2007 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723505 ERR1201322 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
29 NZ5008 - 2007 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723506 ERR1201323 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
30 NZ5009 - 2007 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723507 ERR1201324 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
31 NZ5010 - 2007 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723508 ERR1201325 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
32 NZ5011 - 2008 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723509 ERR1201326 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
33 NZ5012 - 2008 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723510 ERR1201327 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
34 NZ5013 - 2008 New Zealand WGS Reads Illumina MiSeq SAMEA3723511 ERR1201328 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
35 NZ5014 - 2009 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723512 ERR1201329 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
36 NZ5015 - 2009 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723513 ERR1201330 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
37 NZ5016 - 2009 New Zealand WGS Reads Illumina MiSeq SAMEA3723514 ERR1201331 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
38 NZ5017 - 2009 New Zealand WGS Reads Illumina MiSeq SAMEA3723515 ERR1201332 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
39 NZ5018 - 2009 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723516 ERR1201333 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
40 NZ5019 - 2009 New Zealand WGS Reads Illumina MiSeq SAMEA3723517 ERR1201334 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
41 NZ5020 - 2010 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723518 ERR1201335 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
42 NZ5021 - 2010 New Zealand WGS Reads Illumina MiSeq SAMEA3723519 ERR1201336 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
43 NZ5022 - 2010 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723520 ERR1201337 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
44 NZ5023 - 2010 New Zealand WGS Reads Illumina MiSeq SAMEA3723521 ERR1201338 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
45 NZ5024 - 2011 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723522 ERR1201339 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
46 NZ5025 - 2011 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723523 ERR1201340 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
47 NZ5026 - 2011 New Zealand WGS Reads Illumina MiSeq SAMEA3723524 ERR1201341 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
48 NZ5027 - 2011 New Zealand WGS Reads Illumina MiSeq SAMEA3723525 ERR1201342 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
49 NZ5028 - 2011 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723526 ERR1201343 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
50 NZ5029 - 2011 New Zealand WGS Reads Illumina MiSeq SAMEA3723527 ERR1201344 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
51 NZ5030 - 2012 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723528 ERR1201345 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
52 NZ5031 - 2012 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723529 ERR1201346 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
53 NZ5032 - 2012 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723530 ERR1201347 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
54 NZ5033 - 2013 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723531 ERR1201348 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
55 NZ5034 - 2013 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723532 ERR1201349 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
56 NZ5035 - 2013 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723533 ERR1201350 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
57 NZ5036 - 2013 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723534 ERR1201351 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
58 NZ5037 - 2013 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723535 ERR1201352 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
59 NZ5038 - 2013 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723536 ERR1201353 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
60 NZ5039 - 2013 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723537 ERR1201354 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
61 NZ5040 - 2013 New Zealand WGS Reads Illumina HiSeq 2000 SAMEA3723538 ERR1201355 Baines (2016) PMID: 26856837 Baines (2016) PMID: 26856837
62 NZ5042 - 2006 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
63 NZ5043 - 2006 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished



ID Alternate ID Year Country Data Type Sequence Platform Sample/Genome Accession Run Accession Isolate Reference Sequence Reference
64 NZ5048 - 2008 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
65 NZ5049 - 2008 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
66 NZ5050 - 2008 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
67 NZ5051 - 2009 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
68 NZ5052 - 2010 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
69 NZ5053 - 2010 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
70 NZ5054 - 2010 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
71 NZ5055 - 2011 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
72 NZ5056 - 2011 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
73 NZ5057 - 2011 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
74 NZ5058 - 2012 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
75 NZ5059 - 2011 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
76 NZ5061 - 2013 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
77 NZ5062 - 2013 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
78 NZ5063 - 2013 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
79 NZ5064 - 2013 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
80 NZ5065 - 2013 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
81 NZ5066 - 2013 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
82 NZ5067 - 2013 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
83 NZ5068 - 2013 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
84 NZ5069 - 2013 New Zealand WGS Reads Illumina HiSeq 2000 - - Unpublished Unpublished
85 MRSA1 - 2011/12 United Kingdom WGS Reads Illumina MiSeq SAMEA1317989 ERR108055 Ellington (2015) PMID: 25769787 Ellington (2015) PMID: 25769787
86 MRSA4 - 2011/12 United Kingdom WGS Reads Illumina MiSeq SAMEA1317994 ERR108058 Ellington (2015) PMID: 25769787 Ellington (2015) PMID: 25769787
87 MRSA5 - 2011/12 United Kingdom WGS Reads Illumina MiSeq SAMEA1317977 ERR108059 Ellington (2015) PMID: 25769787 Ellington (2015) PMID: 25769787
88 MRSA7 - 2011/12 United Kingdom WGS Reads Illumina MiSeq SAMEA1317988 ERR108061 Ellington (2015) PMID: 25769787 Ellington (2015) PMID: 25769787
89 MRSA10 - 2011/12 United Kingdom WGS Reads Illumina MiSeq SAMEA1317982  ERR108040 Ellington (2015) PMID: 25769787 Ellington (2015) PMID: 25769787
90 MRSA13 - 2011/12 United Kingdom WGS Reads Illumina MiSeq SAMEA1317981 ERR108043 Ellington (2015) PMID: 25769787 Ellington (2015) PMID: 25769787
91 MRSA15 - 2011/12 United Kingdom WGS Reads Illumina MiSeq SAMEA1317983 ERR108045 Ellington (2015) PMID: 25769787 Ellington (2015) PMID: 25769787
92 MRSA17 - 2011/12 United Kingdom WGS Reads Illumina MiSeq SAMEA1317996 ERR108047 Ellington (2015) PMID: 25769787 Ellington (2015) PMID: 25769787
93 BPH2819 - 2011 Australia WGS Reads Illumina HiSeq 2000 - - Holmes (2018) PMID: 29506483 Unpublished
94 BPH2715 - 2011 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
95 BPH2716 - 2011 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
96 BPH2719 - 2011 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
97 BPH2743 - 2011 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
98 BPH2754 - 2011 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
99 BPH2757 - 2011 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished

100 BPH2758 - 2011 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
101 BPH2786 - 2011 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
102 BPH2793 - 2011 Australia WGS Reads Illumina HiSeq 2000 - - Holmes (2018) PMID: 29506483 Unpublished
103 BPH2794 - 2011 Australia WGS Reads Illumina HiSeq 2000 - - Holmes (2018) PMID: 29506483 Unpublished
104 BPH2818 - 2011 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
105 BPH2883 - 2012 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
106 BPH2885 - 2012 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
107 BPH2886 - 2012 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
108 BPH2901 - 2012 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
109 BPH2913 - 2012 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
110 BPH2914 - 2012 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
111 BPH2933 - 2012 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
112 BPH2936 - 2012 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
113 BPH2939 - 2012 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
114 BPH2942 - 2012 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
115 BPH2955 - 2012 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
116 BPH2959 - 2012 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
117 BPH2985 - 2012 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
118 BPH2881 - 2012 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
119 BPH2809 - 2011 Australia WGS Reads Illumina HiSeq 2000 - - Holmes (2018) PMID: 29506483 Unpublished
120 BPH2767 - 2011 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
121 BPH2849 - 2012 Australia WGS Reads Illumina MiSeq - - Holmes (2018) PMID: 29506483 Unpublished
122 BPH2872 - 2012 Australia WGS Reads Illumina HiSeq 2000 - - Holmes (2018) PMID: 29506483 Unpublished
123 BPH3214 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
124 BPH3217 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
125 BPH3227 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
126 BPH3232 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
127 BPH3240 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished



ID Alternate ID Year Country Data Type Sequence Platform Sample/Genome Accession Run Accession Isolate Reference Sequence Reference
128 BPH3241 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
129 BPH3252 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
130 BPH3263 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
131 BPH3273 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
132 BPH3274 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
133 BPH3282 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
134 BPH3295 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
135 BPH3309 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
136 BPH3317 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
137 BPH3318 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
138 BPH3321 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
139 BPH3322 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
140 BPH3323 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
141 BPH3329 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
142 BPH3334 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
143 BPH3336 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
144 BPH3347 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
145 BPH3359 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
146 BPH3388 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
147 BPH3391 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
148 BPH3412 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
149 BPH3416 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
150 BPH3419 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
151 BPH3422 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
152 BPH3424 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
153 BPH3428 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
154 BPH3446 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
155 BPH3459 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
156 BPH3462 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
157 BPH3467 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
158 BPH3475 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
159 BPH3480 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
160 BPH3513 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
161 BPH3542 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
162 BPH3556 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
163 BPH3571 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
164 BPH3575 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
165 BPH3579 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
166 BPH3585 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
167 BPH3607 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
168 BPH3610 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
169 BPH3611 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
170 BPH3627 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
171 BPH3635 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
172 BPH3653 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
173 BPH3656 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
174 BPH3659 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
175 BPH3679 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
176 BPH3701 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
177 BPH3716 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
178 BPH3721 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
179 BPH3728 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
180 BPH3582 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
181 BPH3616 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
182 BPH3620 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
183 BPH3530 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
184 BPH3591 - 2007 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
185 BPH3675 - 2008 Australia WGS Reads Illumina NextSeq 500 - - Holmes (2011) PMID: 21742831 Unpublished
186 S20106-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
187 S20111-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
188 S20112-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
189 S20302-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
190 S20405-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
191 S20614-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished



ID Alternate ID Year Country Data Type Sequence Platform Sample/Genome Accession Run Accession Isolate Reference Sequence Reference
192 S20807-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
193 S20902-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
194 S31914-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
195 S31920-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
196 S32101-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
197 S32102-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
198 S32302-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
199 S41105-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
200 S41109-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
201 S41114-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
202 S41205-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
203 S41211-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
204 S41216-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
205 S41301-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
206 S42902-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
207 S42914-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
208 S43001-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
209 S51002-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
210 S51015-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
211 S51405-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
212 S51407-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
213 S51409-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
214 S51501-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
215 S51512-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
216 S51517-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
217 S51530-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
218 S51602-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
219 S51608-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
220 S51609-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
221 S53504-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
222 S53506-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
223 S62501-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
224 S62610-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
225 S63301-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
226 S63302-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
227 S63303-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
228 S63708-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
229 S63709-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
230 S63710-2015 - 2015 Australia WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys Unpublished
231 EUH15 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649751 SRR1177884 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
232 4597 2006734597 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649743 SRR1177876 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
233 5535 2006745535 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649744 SRR1177877 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
234 8535 2003718535 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649747 SRR1177880 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
235 GA48963 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649754 SRR1177887 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
236 GA50819 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649756 SRR1177889 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
237 CA598 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649775 SRR1177908 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
238 NY593 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649789 SRR1177922 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
239 CA26 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649748 SRR1177881 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
240 CA541 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649749 SRR1177882 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
241 GA53649 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649759 SRR1177892 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
242 SR4155 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649766 SRR1177899 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
243 SR4156 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649767 SRR1177900 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
244 CA11 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649770 SRR1177903 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
245 CA39 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649771 SRR1177904 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
246 CA436 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649772 SRR1177905 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
247 CA544 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649773 SRR1177906 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
248 CA545 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649774 SRR1177907 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
249 CA9 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649776 SRR1177909 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
250 GA12 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649777 SRR1177910 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
251 GA984 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649780 SRR1177913 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
252 MN055 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649781 SRR1177914 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
253 NY341 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649784 SRR1177917 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
254 NY439 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649788 SRR1177921 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
255 SR3569 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649794 SRR1177927 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619



ID Alternate ID Year Country Data Type Sequence Platform Sample/Genome Accession Run Accession Isolate Reference Sequence Reference
256 SR3777 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649796 SRR1177929 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
257 SR4153 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649798 SRR1177931 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
258 SR4187 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649799 SRR1177932 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
259 SR3585 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649764 SRR1177897 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
260 SR4152 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649765 SRR1177898 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
261 MN105a - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649782 SRR1177915 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
262 NY224 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649783 SRR1177916 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
263 NY356 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649785 SRR1177918 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
264 NY360 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649786 SRR1177919 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
265 NY417 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649787 SRR1177920 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
266 SR220b - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649793 SRR1177926 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
267 SR3732 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649795 SRR1177928 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
268 407a - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649811 SRR1177944 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
269 107 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649802 SRR1177935 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
270 115c - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649804 SRR1177937 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
271 122VISA - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649805 SRR1177938 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
272 217 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649808 SRR1177941 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
273 221 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649809 SRR1177942 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
274 506 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649813 SRR1177946 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
275 123a - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649806 SRR1177939 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
276 504a - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649812 SRR1177945 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
277 120336 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649800 SRR1177933 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
278 120335 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649768 SRR1177901 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
279 120337 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649801 SRR1177934 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
280 120338 - 2005 United States WGS Reads Illumina HiSeq 2000 SAMN02649815 SRR1177948 Alam (2014) PMID:24787619 Alam (2014) PMID:24787619
281 US_086 - 2012 Thailand WGS Reads Illumina HiSeq 2000 SAMEA3449000 ERR1069853 Chantratita (2016) PMID: 26806258 Moradigaravand (2017) PMID: 28679748
282 US_095 - 2012 Thailand WGS Reads Illumina HiSeq 2000 SAMEA3449005 ERR1069858 Chantratita (2016) PMID: 26806258 Moradigaravand (2017) PMID: 28679748
283 US_100 - 2012 Thailand WGS Reads Illumina HiSeq 2000 SAMEA3449010 ERR1069863 Chantratita (2016) PMID: 26806258 Moradigaravand (2017) PMID: 28679748
284 US_103 - 2012 Thailand WGS Reads Illumina HiSeq 2000 SAMEA3449012 ERR1069865 Chantratita (2016) PMID: 26806258 Moradigaravand (2017) PMID: 28679748
285 KS_037 - 2013 Thailand WGS Reads Illumina HiSeq 2000 SAMEA3448917 ERR1070004 Chantratita (2016) PMID: 26806258 Moradigaravand (2017) PMID: 28679748
286 SS_014 - 2012 Thailand WGS Reads Illumina HiSeq 2000 SAMEA3448933 ERR1070020 Chantratita (2016) PMID: 26806258 Moradigaravand (2017) PMID: 28679748
287 WCH0001 - 2004 United States WGS Reads Illumina MiSeq SAMN05728285 SRR4139964 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
288 WCH0013 - 2008 United States WGS Reads Illumina MiSeq SAMN05728286 SRR4139965 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
289 WCH0014 - 2008 United States WGS Reads Illumina MiSeq SAMN05728287 SRR4140017 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
290 WCH0032 - 2008 United States WGS Reads Illumina MiSeq SAMN05728288 SRR4140028 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
291 WCH0049 - 2006 United States WGS Reads Illumina MiSeq SAMN05728289 SRR4140039 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
292 WCH0052 - 2006 United States WGS Reads Illumina MiSeq SAMN05728290 SRR4140050 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
293 WCH0053 - 2006 United States WGS Reads Illumina MiSeq SAMN05728291 SRR4140061 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
294 WCH0059 - 2006 United States WGS Reads Illumina MiSeq SAMN05728292 SRR4140072 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
295 WCH0063 - 2007 United States WGS Reads Illumina MiSeq SAMN05728293 SRR4140083 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
296 WCH0064 - 2007 United States WGS Reads Illumina MiSeq SAMN05728294 SRR4140094 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
297 WCH0065 - 2007 United States WGS Reads Illumina MiSeq SAMN05728295 SRR4139966 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
298 WCH0070 - 2005 United States WGS Reads Illumina MiSeq SAMN05728296 SRR4139977 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
299 WCH0071 - 2005 United States WGS Reads Illumina MiSeq SAMN05728297 SRR4139988 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
300 WCH0073 - 2005 United States WGS Reads Illumina MiSeq SAMN05728299 SRR4140010 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
301 WCH0076 - 2005 United States WGS Reads Illumina MiSeq SAMN05728301 SRR4140013 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
302 WCH0077 - 2005 United States WGS Reads Illumina MiSeq SAMN05728302 SRR4140014 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
303 WCH0078 - 2005 United States WGS Reads Illumina MiSeq SAMN05728303 SRR4140015 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
304 WCH0079 - 2006 United States WGS Reads Illumina MiSeq SAMN05728304 SRR4140016 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
305 WCH0084 - 2009 United States WGS Reads Illumina MiSeq SAMN05728305 SRR4140018 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
306 WCH0085 - 2009 United States WGS Reads Illumina MiSeq SAMN05728306 SRR4140019 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
307 WCH0091 - 2009 United States WGS Reads Illumina MiSeq SAMN05728307 SRR4140020 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
308 WCH0093 - 2009 United States WGS Reads Illumina MiSeq SAMN05728308 SRR4140021 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
309 WCH0096 - 2009 United States WGS Reads Illumina MiSeq SAMN05728309 SRR4140022 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
310 WCH0097 - 2009 United States WGS Reads Illumina MiSeq SAMN05728310 SRR4140023 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
311 WCH0099 - 2009 United States WGS Reads Illumina MiSeq SAMN05728311 SRR4140024 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
312 WCH0112 - 2009 United States WGS Reads Illumina MiSeq SAMN05728312 SRR4140025 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
313 WCH0113 - 2009 United States WGS Reads Illumina MiSeq SAMN05728313 SRR4140026 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
314 WCH0116 - 2009 United States WGS Reads Illumina MiSeq SAMN05728314 SRR4140027 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
315 WCH0119 - 2009 United States WGS Reads Illumina MiSeq SAMN05728315 SRR4140029 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
316 WCH0120 - 2009 United States WGS Reads Illumina MiSeq SAMN05728316 SRR4140030 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
317 WCH0128 - 2011 United States WGS Reads Illumina MiSeq SAMN05728317 SRR4140031 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
318 WCH0129 - 2011 United States WGS Reads Illumina MiSeq SAMN05728318 SRR4140032 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
319 WCH0148 - 2010 United States WGS Reads Illumina MiSeq SAMN05728319 SRR4140033 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618



ID Alternate ID Year Country Data Type Sequence Platform Sample/Genome Accession Run Accession Isolate Reference Sequence Reference
320 WCH0158 - 2010 United States WGS Reads Illumina MiSeq SAMN05728320 SRR4140034 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
321 WCH0168 - 2010 United States WGS Reads Illumina MiSeq SAMN05728321 SRR4140035 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
322 WCH0183 - 2004 United States WGS Reads Illumina MiSeq SAMN05728322 SRR4140036 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
323 WCH0186 - 2004 United States WGS Reads Illumina MiSeq SAMN05728323 SRR4140037 Azarian (2016) PMID:27732618 Azarian (2016) PMID:27732618
324 GR07A - 2012 Ireland WGS Reads Illumina HiSeq 2000 SAMEA2536974 ERR599944 Harrison (2016) PMID:27716432 Harrison (2016) PMID:27716432
325 GUH23 - 2012 Ireland WGS Reads Illumina HiSeq 2000 SAMEA2536935 ERR599956 Harrison (2016) PMID:27716432 Harrison (2016) PMID:27716432
326 GR13A - 2013 Ireland WGS Reads Illumina HiSeq 2000 SAMEA2536984 ERR599771 Harrison (2016) PMID:27716432 Harrison (2016) PMID:27716432
327 GR14A - 2013 Ireland WGS Reads Illumina HiSeq 2000 SAMEA2536985 ERR599959 Harrison (2016) PMID:27716432 Harrison (2016) PMID:27716432
328 GUH34A - 2013 Ireland WGS Reads Illumina HiSeq 2000 SAMEA2536950 ERR599921 Harrison (2016) PMID:27716432 Harrison (2016) PMID:27716432
329 GR14B - 2013 Ireland WGS Reads Illumina HiSeq 2000 SAMEA2536997 ERR599960 Harrison (2016) PMID:27716432 Harrison (2016) PMID:27716432
330 GR13B - 2013 Ireland WGS Reads Illumina HiSeq 2000 SAMEA2536999 ERR599782 Harrison (2016) PMID:27716432 Harrison (2016) PMID:27716432
331 GR14C - 2013 Ireland WGS Reads Illumina HiSeq 2000 SAMEA2537000 ERR599962 Harrison (2016) PMID:27716432 Harrison (2016) PMID:27716432
332 87 A3 2009 Gambia WGS Reads Illumina MiSeq SAMEA3727081 ERR1213811 Senghore (2016) PMID:27474712 Senghore (2016) PMID:27474712
333 135 A5 2002 Gambia WGS Reads Illumina MiSeq SAMEA3727091 ERR1213821 Senghore (2016) PMID:27474712 Senghore (2016) PMID:27474712
334 860 SA17 2005 Gambia WGS Reads Illumina MiSeq SAMEA3727060 ERR1213790 Senghore (2016) PMID:27474712 Senghore (2016) PMID:27474712
335 98128 SA16 2004 Gambia WGS Reads Illumina MiSeq SAMEA3727052 ERR1213782 Ebruke (2016) PMID: 26969294 Ebruke (2016) PMID: 26969294
336 116431 SA3 2004 Gambia WGS Reads Illumina MiSeq SAMEA3727054 ERR1213784 Ebruke (2016) PMID: 26969294 Ebruke (2016) PMID: 26969294
337 104528 SA14 2004 Gambia WGS Reads Illumina MiSeq SAMEA3727050 ERR1213780 Ebruke (2016) PMID: 26969294 Ebruke (2016) PMID: 26969294
338 103277 SA15 2004 Gambia WGS Reads Illumina MiSeq SAMEA3727051 ERR1213781 Ebruke (2016) PMID: 26969294 Ebruke (2016) PMID: 26969294
339 BSAC_st45 - 2001 Wales WGS Reads Illumina HiSeq 2000 SAMEA1317462 ERR107800 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
340 BSAC_st48 - 2001 Wales WGS Reads Illumina HiSeq 2000 SAMEA1317583 ERR107801 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
341 BSAC_st527 - 2003 Wales WGS Reads Illumina HiSeq 2000 SAMEA1317575 ERR107892 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
342 BSAC_st970 - 2004 England WGS Reads Illumina HiSeq 2000 SAMEA1317493 ERR107971 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
343 BSAC_st1792 - 2008 Wales WGS Reads Illumina HiSeq 2000 SAMEA1317469 ERR111046 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
344 BSAC_st1823 - 2008 Ireland WGS Reads Illumina HiSeq 2000 SAMEA1317453 ERR111058 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
345 BSAC_st1827 - 2008 Ireland WGS Reads Illumina HiSeq 2000 SAMEA1317405 ERR111061 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
346 BSAC_st1193 - 2005 England WGS Reads Illumina HiSeq 2000 SAMEA1469669 ERR158648 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
347 BSAC_st1307 - 2006 England WGS Reads Illumina HiSeq 2000 SAMEA1469581 ERR158691 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
348 BSAC_st2293 - 2009 Wales WGS Reads Illumina HiSeq 2000 SAMEA1469613 ERR158744 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
349 BSAC_st1062 - 2005 England WGS Reads Illumina HiSeq 2000 SAMEA1464639 ERR118363 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
350 BSAC_st1664 - 2007 England WGS Reads Illumina HiSeq 2000 SAMEA1464719 ERR118490 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
351 BSAC_st124 - 2001 England WGS Reads Illumina HiSeq 2000 SAMEA1464181 ERR118529 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
352 BSAC_st228 - 2001 England WGS Reads Illumina HiSeq 2000 SAMEA1464466 ERR118568 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
353 BSAC_st277 - 2002 Wales WGS Reads Illumina HiSeq 2000 SAMEA1464600 ERR118586 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
354 BSAC_st774 - 2004 Wales WGS Reads Illumina HiSeq 2000 SAMEA1464454 ERR129305 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
355 BSAC_st776 - 2004 Wales WGS Reads Illumina HiSeq 2000 SAMEA1464217 ERR129306 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
356 BSAC_st659 - 2003 England WGS Reads Illumina HiSeq 2000 SAMEA1464480 ERR129259 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
357 BSAC_st1815 - 2008 Ireland WGS Reads Illumina HiSeq 2000 SAMEA1464546 ERR134357 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
358 BSAC_st326 - 2002 Wales WGS Reads Illumina HiSeq 2000 SAMEA1464437 ERR134334 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
359 BSAC_st2661 - 2009 England WGS Reads Illumina HiSeq 2000 SAMEA1464475 ERR134384 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
360 BSAC_st2801 - 2010 Wales WGS Reads Illumina HiSeq 2000 SAMEA1464381 ERR134410 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
361 BSAC_st2805 - 2010 Wales WGS Reads Illumina HiSeq 2000 SAMEA1464542 ERR134412 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
362 BSAC_st586 - 2003 Wales WGS Reads Illumina HiSeq 2000 SAMEA1464299 ERR134340 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
363 BSAC_st852 - 2004 Ireland WGS Reads Illumina HiSeq 2000 SAMEA1464464 ERR129332 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
364 BSAC_st2761 - 2010 England WGS Reads Illumina HiSeq 2000 SAMEA1464721 ERR134399 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
365 BSAC_st1028 - 2005 Wales WGS Reads Illumina HiSeq 2000 SAMEA1464230 ERR118356 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
366 BSAC_st1424 - 2006 England WGS Reads Illumina HiSeq 2000 SAMEA1464594 ERR134348 Reuter (2016) PMID:26672018 Reuter (2016) PMID:26672018
367 754 - 2014 Germany WGS Reads Illumina MiSeq SAMEA2743501 ERR593824 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
368 782 - 2014 Germany WGS Reads Illumina MiSeq SAMEA2743744 ERR594068 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
369 968 - 2014 Germany WGS Reads Illumina MiSeq SAMEA2743845 ERR594162 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
370 1055 - 2014 Germany WGS Reads Illumina MiSeq SAMEA2742908 ERR593111 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
371 1063 - 2014 Germany WGS Reads Illumina MiSeq SAMEA2743741 ERR594065 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
372 1354 - 2014 Germany WGS Reads Illumina MiSeq SAMEA2743803 ERR594130 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
373 1358 - 2014 Germany WGS Reads Illumina MiSeq SAMEA2743822 ERR594150 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
374 2632 - 2015 Germany WGS Reads Illumina MiSeq SAMEA3716941 ERR1195900 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
375 2642 - 2015 Germany WGS Reads Illumina MiSeq SAMEA3716953 ERR1195913 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
376 2800 - 2015 Germany WGS Reads Illumina MiSeq SAMEA3716989 ERR1195956 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
377 2804 - 2015 Germany WGS Reads Illumina MiSeq SAMEA3716994 ERR1195961 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
378 2808 - 2015 Germany WGS Reads Illumina MiSeq SAMEA3716996 ERR1195965 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
379 2858 - 2015 Germany WGS Reads Illumina MiSeq SAMEA3717028 ERR1196002 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
380 283 - 2013 Germany WGS Reads Illumina MiSeq SAMEA2742910 ERR593113 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
381 427 - 2013 Germany WGS Reads Illumina MiSeq SAMEA2765399 ERR598731 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
382 590 - 2013 Germany WGS Reads Illumina MiSeq SAMEA2743035 ERR593236 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
383 724 - 2014 Germany WGS Reads Illumina MiSeq SAMEA2743288 ERR593610 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178



ID Alternate ID Year Country Data Type Sequence Platform Sample/Genome Accession Run Accession Isolate Reference Sequence Reference
384 833 - 2014 Germany WGS Reads Illumina MiSeq SAMEA2743782 ERR594105 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
385 1367 - 2014 Germany WGS Reads Illumina MiSeq SAMEA2743819 ERR594147 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
386 2499 - 2014 Germany WGS Reads Illumina MiSeq SAMEA3717882 ERR1197500 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
387 2625 - 2015 Germany WGS Reads Illumina MiSeq SAMEA3716934 ERR1195890 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
388 2919 - 2015 Germany WGS Reads Illumina MiSeq SAMEA3717128 ERR1197193 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
389 3011 - 2015 Germany WGS Reads Illumina MiSeq SAMEA3717177 ERR1197248 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
390 2788 - 2015 Germany WGS Reads Illumina MiSeq SAMEA3716986 ERR1195953 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
391 2941 - 2015 Germany WGS Reads Illumina MiSeq SAMEA3717130 ERR1197195 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
392 2774 - 2015 Germany WGS Reads Illumina MiSeq SAMEA3716977 ERR1195942 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
393 2448 - 2014 Germany WGS Reads Illumina MiSeq SAMEA3716839 ERR1195779 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
394 1023 - 2014 Germany WGS Reads Illumina MiSeq SAMEA2746598 ERR594218 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
395 1335 - 2014 Germany WGS Reads Illumina MiSeq SAMEA2743790 ERR594115 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
396 485 - 2013 Germany WGS Reads Illumina MiSeq SAMEA2742967 ERR593163 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
397 965 - 2014 Germany WGS Reads Illumina MiSeq SAMEA2744118 ERR594172 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
398 2574 - 2014 Germany WGS Reads Illumina MiSeq SAMEA3716897 ERR1195844 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
399 505 - 2013 Germany WGS Reads Illumina MiSeq SAMEA2742983 ERR593179 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
400 1344 - 2014 Germany WGS Reads Illumina MiSeq SAMEA2743807 ERR594134 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
401 424 - 2013 Germany WGS Reads Illumina MiSeq SAMEA2742929 ERR593132 Mellmann (2016) PMID:27558178 Mellmann (2016) PMID:27558178
402 Sa_NOG-W33 Sa_NOG-W33 - Ghana WGS Reads Illumina HiSeq 2000 - - Kpeli (2016) PMID:27547406 Kpeli (2016) PMID:27547406
403 Sa_NOG-W35 Sa_NOG-W35 - Ghana WGS Reads Illumina HiSeq 2000 - - Kpeli (2016) PMID:27547406 Kpeli (2016) PMID:27547406
404 Sa_NOG-W36 Sa_NOG-W36 - Ghana WGS Reads Illumina HiSeq 2000 - - Kpeli (2016) PMID:27547406 Kpeli (2016) PMID:27547406
405 Sa_NOG-W64 Sa_NOG-W64 - Ghana WGS Reads Illumina HiSeq 2000 - - Kpeli (2016) PMID:27547406 Kpeli (2016) PMID:27547406
406 Sa_NOG-W71 Sa_NOG-W71 - Ghana WGS Reads Illumina HiSeq 2000 - - Kpeli (2016) PMID:27547406 Kpeli (2016) PMID:27547406
407 Sa_NOG-W72 Sa_NOG-W72 - Ghana WGS Reads Illumina HiSeq 2000 - - Kpeli (2016) PMID:27547406 Kpeli (2016) PMID:27547406
408 N34_260215 N34_260215 - Ghana WGS Reads Illumina HiSeq 2000 - - Amissah (2017) PMID: 29056927 Amissah (2017) PMID: 29056927
409 W31_250215 W31_250215 - Ghana WGS Reads Illumina HiSeq 2000 - - Amissah (2017) PMID: 29056927 Amissah (2017) PMID: 29056927
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Chapter 4: Supplementary Material  
Publication: Supplementary Dataset S1



Supplementary Dataset
ID Year Country State (AUS) Data Type Sequence Platform Sample/Genome Accession Run Accession Sequence Reference

1 BPH0468 2005 Australia QLD WGS Reads Illumina MiSeq SAMEA3212938 ERR732815 Baines. 2015. mBio. PMID: 25736880
2 BPH0475 2003 Australia VIC WGS Reads Illumina MiSeq SAMEA3212931 ERR732816 Baines. 2015. mBio. PMID: 25736880
3 BPH0488 2003 Australia VIC WGS Reads Illumina MiSeq SAMEA3212956 ERR732817 Baines. 2015. mBio. PMID: 25736880
4 BPH0491 2005 Australia VIC WGS Reads Illumina MiSeq SAMEA3212955 ERR732818 Baines. 2015. mBio. PMID: 25736880
5 BPH0494 2005 Australia QLD WGS Reads Illumina MiSeq SAMEA3212940 ERR732819 Baines. 2015. mBio. PMID: 25736880
6 BPH0496 2004 Australia QLD WGS Reads Illumina MiSeq SAMEA3212928 ERR732820 Baines. 2015. mBio. PMID: 25736880
7 BPH0499 2005 Australia VIC WGS Reads Illumina MiSeq SAMEA3212937 ERR732821 Baines. 2015. mBio. PMID: 25736880
8 BPH0502 2003 Australia WA WGS Reads Illumina MiSeq SAMEA3212919 ERR732822 Baines. 2015. mBio. PMID: 25736880
9 BPH0503 2003 Australia VIC WGS Reads Illumina MiSeq SAMEA3212967 ERR732823 Baines. 2015. mBio. PMID: 25736880

10 BPH0508 2006 Australia QLD WGS Reads Illumina MiSeq SAMEA3212893 ERR732824 Baines. 2015. mBio. PMID: 25736880
11 BPH0509 2005 Australia QLD WGS Reads Illumina MiSeq SAMEA3212911 ERR732825 Baines. 2015. mBio. PMID: 25736880
12 BPH0510 2005 Australia NSW WGS Reads Illumina MiSeq SAMEA3212957 ERR732826 Baines. 2015. mBio. PMID: 25736880
13 BPH2002 2002 Australia VIC WGS Reads Illumina MiSeq SAMEA3212904 ERR732827 Baines. 2015. mBio. PMID: 25736880
14 BPH2003 2001 Australia VIC WGS Reads Illumina MiSeq SAMEA3212913 ERR732828 Baines. 2015. mBio. PMID: 25736880
- pBPH2003 (BPH2003) - - - Complete Genome Pacific Biosciences RS-II GCA_900607265 - This Study
- pBPH2003 (BPH2003) - - - WGS Long Reads Pacific Biosciences RS-II SAMEA5047398 ERR2858549 This Study

15 BPH2004 2001 Australia VIC WGS Reads Illumina MiSeq SAMEA3212949 ERR732829 Baines. 2015. mBio. PMID: 25736880
16 BPH2005 1999 Australia VIC WGS Reads Illumina MiSeq SAMEA3212961 ERR732830 Baines. 2015. mBio. PMID: 25736880
17 BPH2006 2001 Australia VIC WGS Reads Illumina MiSeq SAMEA3212925 ERR732831 Baines. 2015. mBio. PMID: 25736880
18 BPH2007 2001 Australia VIC WGS Reads Illumina MiSeq SAMEA3212952 ERR732832 Baines. 2015. mBio. PMID: 25736880
19 BPH2008 2000 Australia VIC WGS Reads Illumina MiSeq SAMEA3212918 ERR732833 Baines. 2015. mBio. PMID: 25736880
20 BPH2009 2000 Australia VIC WGS Reads Illumina MiSeq SAMEA3212948 ERR732834 Baines. 2015. mBio. PMID: 25736880
21 BPH2010 2001 Australia VIC WGS Reads Illumina MiSeq SAMEA3212899 ERR732835 Baines. 2015. mBio. PMID: 25736880
22 BPH2011 2001 Australia VIC WGS Reads Illumina MiSeq SAMEA3212962 ERR732836 Baines. 2015. mBio. PMID: 25736880
23 BPH2012 1999 Australia VIC WGS Reads Illumina MiSeq SAMEA3212958 ERR732837 Baines. 2015. mBio. PMID: 25736880
24 BPH2013 2004 Australia VIC WGS Reads Illumina MiSeq SAMEA3212934 ERR732838 Baines. 2015. mBio. PMID: 25736880
25 BPH2014 1999 Australia VIC WGS Reads Illumina MiSeq SAMEA3212969 ERR732839 Baines. 2015. mBio. PMID: 25736880
26 BPH2015 2004 Australia VIC WGS Reads Illumina MiSeq SAMEA3212954 ERR732840 Baines. 2015. mBio. PMID: 25736880
27 BPH2016 2005 Australia VIC WGS Reads Illumina MiSeq SAMEA3212908 ERR732841 Baines. 2015. mBio. PMID: 25736880
28 BPH2017 2005 Australia VIC WGS Reads Illumina MiSeq SAMEA3212936 ERR732842 Baines. 2015. mBio. PMID: 25736880
29 BPH2018 2004 Australia VIC WGS Reads Illumina MiSeq SAMEA3212942 ERR732843 Baines. 2015. mBio. PMID: 25736880
30 BPH2019 2005 Australia VIC WGS Reads Illumina MiSeq SAMEA3212951 ERR732844 Baines. 2015. mBio. PMID: 25736880
- SV3 (BPH2019) - - - Complete Genome Pacific Biosciences RS-II GCA_900607255 - This Study
- SV3 (BPH2019) - - - WGS Long Reads Pacific Biosciences RS-II SAMEA5047399 ERR2858550 This Study

31 BPH2021 2004 Australia VIC WGS Reads Illumina MiSeq SAMEA3212903 ERR732845 Baines. 2015. mBio. PMID: 25736880
32 BPH2022 2005 Australia VIC WGS Reads Illumina MiSeq SAMEA3212945 ERR732846 Baines. 2015. mBio. PMID: 25736880
33 BPH2023 2006 Australia VIC WGS Reads Illumina MiSeq SAMEA3212915 ERR732847 Baines. 2015. mBio. PMID: 25736880
34 BPH2024 2007 Australia VIC WGS Reads Illumina MiSeq SAMEA3212944 ERR732848 Baines. 2015. mBio. PMID: 25736880
35 BPH2029 2009 Australia VIC WGS Reads Illumina MiSeq SAMEA3212905 ERR732852 Baines. 2015. mBio. PMID: 25736880
36 BPH2031 2008 Australia VIC WGS Reads Illumina MiSeq SAMEA3212965 ERR732853 Baines. 2015. mBio. PMID: 25736880
37 BPH2032 1998 Australia VIC WGS Reads Illumina MiSeq SAMEA3212926 ERR732854 Baines. 2015. mBio. PMID: 25736880
38 BPH2034 2008 Australia VIC WGS Reads Illumina MiSeq SAMEA3212917 ERR732856 Baines. 2015. mBio. PMID: 25736880
39 BPH2054 1980 Australia VIC WGS Reads Illumina MiSeq SAMEA3212883 ERR732860 Baines. 2015. mBio. PMID: 25736880
40 BPH2055 1980 Australia VIC WGS Reads Illumina MiSeq SAMEA3212885 ERR732861 Baines. 2015. mBio. PMID: 25736880
41 BPH2056 1981 Australia VIC WGS Reads Illumina MiSeq SAMEA3212902 ERR732862 Baines. 2015. mBio. PMID: 25736880
- SV1 (BPH2056) - - - Complete Genome Pacific Biosciences RS-II GCA_900607305 - This Study
- SV1 (BPH2056) - - - WGS Long Reads Pacific Biosciences RS-II SAMEA5047400 ERR2858551 This Study

42 BPH2057 1981 Australia VIC WGS Reads Illumina MiSeq SAMEA3212889 ERR732863 Baines. 2015. mBio. PMID: 25736880



43 BPH2059 1981 Australia VIC WGS Reads Illumina MiSeq SAMEA3212897 ERR732864 Baines. 2015. mBio. PMID: 25736880
44 BPH2068 2009 Australia VIC WGS Reads Illumina MiSeq SAMEA3212906 ERR732865 Baines. 2015. mBio. PMID: 25736880
45 BPH2070 1998 Australia VIC WGS Reads Illumina MiSeq SAMEA3212890 ERR732866 Baines. 2015. mBio. PMID: 25736880
- SV2 (BPH2070) - - - Complete Genome Pacific Biosciences RS-II GCA_900607275 - This Study
- SV2 (BPH2070) - - - WGS Long Reads Pacific Biosciences RS-II SAMEA5047401 ERR2858552 This Study

46 BPH2071 1998 Australia VIC WGS Reads Illumina MiSeq SAMEA3212888 ERR732867 Baines. 2015. mBio. PMID: 25736880
47 BPH2072 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212947 ERR732868 Baines. 2015. mBio. PMID: 25736880
48 BPH2073 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212927 ERR732869 Baines. 2015. mBio. PMID: 25736880
49 BPH2075 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212896 ERR732870 Baines. 2015. mBio. PMID: 25736880
50 BPH2077 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212932 ERR732871 Baines. 2015. mBio. PMID: 25736880
51 BPH2078 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212950 ERR732872 Baines. 2015. mBio. PMID: 25736880
52 BPH2079 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212922 ERR732873 Baines. 2015. mBio. PMID: 25736880
53 BPH2080 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212929 ERR732874 Baines. 2015. mBio. PMID: 25736880
54 BPH2081 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212941 ERR732875 Baines. 2015. mBio. PMID: 25736880
55 BPH2082 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212920 ERR732876 Baines. 2015. mBio. PMID: 25736880
56 BPH2083 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212886 ERR732877 Baines. 2015. mBio. PMID: 25736880
57 BPH2084 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212892 ERR732878 Baines. 2015. mBio. PMID: 25736880
58 BPH2085 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212907 ERR732879 Baines. 2015. mBio. PMID: 25736880
59 BPH2086 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212900 ERR732880 Baines. 2015. mBio. PMID: 25736880
60 BPH2088 1982 Australia NSW WGS Reads Illumina MiSeq SAMEA3212968 ERR732881 Baines. 2015. mBio. PMID: 25736880
61 BPH2090 2012 Australia VIC WGS Reads Illumina MiSeq SAMEA3212943 ERR732882 Baines. 2015. mBio. PMID: 25736880
62 BPH2094 1998 Australia NSW WGS Reads Ion Torrent PGM SAMEA3212946 ERR732883 Baines. 2015. mBio. PMID: 25736880
63 BPH2095 2003 Australia NSW WGS Reads Ion Torrent PGM SAMEA3212887 ERR732884 Baines. 2015. mBio. PMID: 25736880
64 BPH2096 2005 Australia NSW WGS Reads Ion Torrent PGM SAMEA3212923 ERR732885 Baines. 2015. mBio. PMID: 25736880
65 BPH2097 2007 Australia NSW WGS Reads Ion Torrent PGM SAMEA3212939 ERR732886 Baines. 2015. mBio. PMID: 25736880
66 BPH2098 2007 Australia NSW WGS Reads Ion Torrent PGM SAMEA3212884 ERR732887 Baines. 2015. mBio. PMID: 25736880
67 BPH2099 2007 Australia NSW WGS Reads Ion Torrent PGM SAMEA3212933 ERR732888 Baines. 2015. mBio. PMID: 25736880
68 JKD6000 2002 Australia VIC WGS Reads Illumina Genome Analyzer IIx SAMEA3212909 ERR732889 Baines. 2015. mBio. PMID: 25736880
69 JKD6004 2002 Australia QLD WGS Reads Illumina Genome Analyzer IIx SAMEA3212901 ERR732891 Baines. 2015. mBio. PMID: 25736880
70 JKD6008 2006 New Zealand - Complete Genome Roache 454 GS20, SOLiD CP002120 - Howden. 2010. JBact. PMID:20802046
71 JKD6009 2003 New Zealand - WGS Reads Illumina Genome Analyzer IIx SAMEA3212894 ERR732894 Baines. 2015. mBio. PMID: 25736880
- SV5 (JKD6009) - - - Complete Genome Pacific Biosciences RS-II GCA_900607245 - This Study
- SV5 (JKD6009) - - - WGS Long Reads Pacific Biosciences RS-II SAMEA5047402 ERR2858553 This Study

72 JKD6021 2001 Australia VIC WGS Reads Illumina Genome Analyzer IIx SAMEA3212953 ERR732895 Baines. 2015. mBio. PMID: 25736880
73 JKD6052 2004 Australia QLD WGS Reads Illumina Genome Analyzer IIx SAMEA3212916 ERR732899 Baines. 2015. mBio. PMID: 25736880
74 JKD6121 2005 Australia VIC WGS Reads Illumina Genome Analyzer IIx SAMEA3212963 ERR732900 Baines. 2015. mBio. PMID: 25736880
75 BPH2065 1981 Australia SA WGS Reads Illumina NextSeq 500 SAMEA5042664 ERR2855733 This Study
76 BPH2066 1981 Australia SA WGS Reads Illumina NextSeq 500 SAMEA5042665 ERR2855734 This Study
77 BPH2104 1990 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042666 ERR2855735 This Study
78 BPH2106 1992 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042667 ERR2855736 This Study
79 BPH2107 1990 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042669 ERR2855737 This Study
80 BPH2154 1992 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042676 ERR2855744 This Study
81 BPH2161 1992 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042678 ERR2855746 This Study
82 BPH2163 1989 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042679 ERR2855747 This Study
83 BPH2165 1989 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042680 ERR2855748 This Study
84 BPH2203 1992 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042687 ERR2855755 This Study
85 BPH2205 1989 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042689 ERR2855757 This Study
86 BPH2226 1990 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042695 ERR2855763 This Study
87 BPH2228 1990 Australia QLD WGS Reads Illumina NextSeq 500 SAMEA5042696 ERR2855764 This Study
88 BPH2233 1990 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042699 ERR2855767 This Study
89 BPH2234 1991 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042700 ERR2855768 This Study



90 BPH2235 1991 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042701 ERR2855769 This Study
91 BPH2236 1991 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042702 ERR2855770 This Study
92 BPH2238 1989 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042703 ERR2855771 This Study
93 BPH2710 2011 Australia VIC WGS Reads Illumina MiSeq SAMEA104317322   ERR2137022  Publication in process
94 BPH2718 2011 Australia VIC WGS Reads Illumina MiSeq SAMEA104317330   ERR2137030  Publication in process
95 BPH2723 2011 Australia VIC WGS Reads Illumina MiSeq SAMEA104317335   ERR2137035  Publication in process
96 BPH2726 2011 Australia VIC WGS Reads Illumina MiSeq SAMEA104317338   ERR2137038  Publication in process
97 BPH2747 2011 Australia VIC WGS Reads Illumina MiSeq SAMEA104317359   ERR2137059  Publication in process
98 BPH2779 2011 Australia VIC WGS Reads Illumina HiSeq SAMEA104317390   ERR2137090  Publication in process
99 BPH2780 2011 Australia VIC WGS Reads Illumina HiSeq SAMEA104317391   ERR2137091  Publication in process
100 BPH2781 2011 Australia VIC WGS Reads Illumina HiSeq SAMEA104317392   ERR2137092  Publication in process
101 BPH2787 2011 Australia NSW WGS Reads Illumina MiSeq SAMEA104317398   ERR2137098  Publication in process
102 BPH2798 2011 Australia VIC WGS Reads Illumina HiSeq SAMEA104317409   ERR2137109  Publication in process
103 BPH2824 2011 Australia VIC WGS Reads Illumina HiSeq SAMEA104317431   ERR2137131  Publication in process
104 BPH2827 2011 Australia NSW WGS Reads Illumina MiSeq SAMEA104317434   ERR2137134  Publication in process
105 BPH2869 2012 Australia NSW WGS Reads Illumina MiSeq SAMEA104317472   ERR2137172  Publication in process

- SV6 (BPH2869) - - - Complete Genome Pacific Biosciences RS-II GCA_900607295 - This Study
- SV6 (BPH2869) - - - WGS Long Reads Pacific Biosciences RS-II SAMEA104317472  ERR2858554 This Study

106 BPH2896 2012 Australia VIC WGS Reads Illumina MiSeq SAMEA104317497   ERR2137197  Publication in process
107 BPH2946 2012 Australia VIC WGS Reads Illumina MiSeq SAMEA104317543   ERR2137243  Publication in process
108 BPH2947 2012 Australia VIC WGS Reads Illumina MiSeq SAMEA104317544   ERR2137244  Publication in process
109 BPH3202 2008 Australia QLD WGS Reads Illumina NextSeq 500 SAMEA104317594 ERR2137294 Publication in process
110 BPH3208 2007 Australia QLD WGS Reads Illumina NextSeq 500 SAMEA104317600 ERR2137300 Publication in process
111 BPH3220 2008 Australia QLD WGS Reads Illumina NextSeq 500 SAMEA104317612 ERR2137312 Publication in process
112 BPH3234 2008 Australia QLD WGS Reads Illumina NextSeq 500 SAMEA104317626 ERR2137326 Publication in process
113 BPH3244 2007 Australia QLD WGS Reads Illumina NextSeq 500 SAMEA104317636 ERR2137336 Publication in process

- SV4 (BPH3244) - - - Complete Genome Pacific Biosciences RS-II GCA_900607285 - This Study
- SV4 (BPH3244) - - - WGS Long Reads Pacific Biosciences RS-II SAMEA104317636 ERR2858555 This Study

114 BPH3250 2007 Australia QLD WGS Reads Illumina NextSeq 500 SAMEA104317642 ERR2137342 Publication in process
115 BPH3254 2008 Australia QLD WGS Reads Illumina NextSeq 500 SAMEA104317646 ERR2137346 Publication in process
116 BPH3260 2007 Australia QLD WGS Reads Illumina NextSeq 500 SAMEA104317652 ERR2137352 Publication in process
117 BPH3262 2008 Australia QLD WGS Reads Illumina NextSeq 500 SAMEA104317654 ERR2137354 Publication in process
118 BPH3266 2008 Australia QLD WGS Reads Illumina NextSeq 500 SAMEA104317658 ERR2137358 Publication in process
119 BPH3272 2007 Australia QLD WGS Reads Illumina NextSeq 500 SAMEA104317664 ERR2137364 Publication in process
120 BPH3276 2008 Australia QLD WGS Reads Illumina NextSeq 500 SAMEA104317668 ERR2137368 Publication in process
121 BPH3284 2008 Australia QLD WGS Reads Illumina NextSeq 500 SAMEA104317676 ERR2137376 Publication in process
122 BPH3306 2007 Australia QLD WGS Reads Illumina NextSeq 500 SAMEA104317698 ERR2137398 Publication in process
123 BPH3324 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317716 ERR2137416 Publication in process
124 BPH3328 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317720 ERR2137420 Publication in process
125 BPH3332 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317724 ERR2137424 Publication in process
126 BPH3344 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317736 ERR2137436 Publication in process
127 BPH3346 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317738 ERR2137438 Publication in process
128 BPH3348 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317740 ERR2137440 Publication in process
129 BPH3356 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317748 ERR2137448 Publication in process
130 BPH3360 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317752 ERR2137452 Publication in process
131 BPH3362 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317754 ERR2137454 Publication in process
132 BPH3366 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317758 ERR2137458 Publication in process
133 BPH3368 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317760 ERR2137460 Publication in process
134 BPH3370 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317762 ERR2137462 Publication in process
135 BPH3372 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317764 ERR2137464 Publication in process
136 BPH3376 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317768 ERR2137468 Publication in process



137 BPH3382 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317774 ERR2137474 Publication in process
138 BPH3394 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317784 ERR2137484 Publication in process
139 BPH3401 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317791 ERR2137491 Publication in process
140 BPH3403 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317793 ERR2137493 Publication in process
141 BPH3413 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317802 ERR2137502 Publication in process
142 BPH3415 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317804 ERR2137504 Publication in process
143 BPH3417 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317806 ERR2137506 Publication in process
144 BPH3431 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317820 ERR2137520 Publication in process
145 BPH3433 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317822 ERR2137522 Publication in process
146 BPH3435 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317824 ERR2137524 Publication in process
147 BPH3439 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317828 ERR2137528 Publication in process
148 BPH3443 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317832 ERR2137532 Publication in process
149 BPH3451 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317839 ERR2137539 Publication in process
150 BPH3453 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317841 ERR2137541 Publication in process
151 BPH3455 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317843 ERR2137543 Publication in process
152 BPH3457 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317845 ERR2137545 Publication in process
153 BPH3463 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317851 ERR2137551 Publication in process
154 BPH3465 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317853 ERR2137553 Publication in process
155 BPH3469 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317857 ERR2137557 Publication in process
156 BPH3483 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317871 ERR2137571 Publication in process
157 BPH3485 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317873 ERR2137573 Publication in process
158 BPH3493 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317881 ERR2137581 Publication in process
159 BPH3495 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317883 ERR2137583 Publication in process
160 BPH3499 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317886 ERR2137586 Publication in process
161 BPH3507 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317894 ERR2137594 Publication in process
162 BPH3511 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317898 ERR2137598 Publication in process
163 BPH3523 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317910 ERR2137610 Publication in process
164 BPH3525 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317912 ERR2137612 Publication in process
165 BPH3527 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317914 ERR2137614 Publication in process
166 BPH3529 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317916 ERR2137616 Publication in process
167 BPH3531 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317918 ERR2137618 Publication in process
168 BPH3533 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317920 ERR2137620 Publication in process
169 BPH3535 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317922 ERR2137622 Publication in process
170 BPH3541 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317928 ERR2137628 Publication in process
171 BPH3543 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317930 ERR2137630 Publication in process
172 BPH3545 2008 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317932 ERR2137632 Publication in process
173 BPH3547 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317934 ERR2137634 Publication in process
174 BPH3549 2007 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA104317936 ERR2137636 Publication in process
175 BPH3632 2008 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325186 ERR2145145 Publication in process
176 BPH3634 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325188 ERR2145147 Publication in process
177 BPH3636 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325190 ERR2145149 Publication in process
178 BPH3638 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325192 ERR2145151 Publication in process
179 BPH3640 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325194 ERR2145153 Publication in process
180 BPH3643 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325197 ERR2145156 Publication in process
181 BPH3644 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325198 ERR2145157 Publication in process
182 BPH3646 2008 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325200 ERR2145159 Publication in process
183 BPH3648 2008 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325202 ERR2145161 Publication in process
184 BPH3650 2008 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325204 ERR2145163 Publication in process
185 BPH3652 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325206 ERR2145165 Publication in process
186 BPH3658 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325212 ERR2145171 Publication in process
187 BPH3660 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325214 ERR2145173 Publication in process



188 BPH3662 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325216 ERR2145175 Publication in process
189 BPH3664 2008 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325218 ERR2145177 Publication in process
190 BPH3666 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325220 ERR2145179 Publication in process
191 BPH3668 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325222 ERR2145181 Publication in process
192 BPH3670 2008 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325224 ERR2145183 Publication in process
193 BPH3672 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325226 ERR2145185 Publication in process
194 BPH3674 2008 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325228 ERR2145187 Publication in process
195 BPH3676 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325230 ERR2145189 Publication in process
196 BPH3678 2008 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325232 ERR2145191 Publication in process
197 BPH3680 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325234 ERR2145193 Publication in process
198 BPH3682 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325236 ERR2145195 Publication in process
199 BPH3684 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325238 ERR2145197 Publication in process
200 BPH3686 2008 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325240 ERR2145199 Publication in process
201 BPH3688 2008 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325242 ERR2145201 Publication in process
202 BPH3692 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325246 ERR2145205 Publication in process
203 BPH3694 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325248 ERR2145207 Publication in process
204 BPH3696 2008 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325250 ERR2145209 Publication in process
205 BPH3698 2008 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325252 ERR2145211 Publication in process
206 BPH3700 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325254 ERR2145213 Publication in process
207 BPH3702 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325256 ERR2145215 Publication in process
208 BPH3704 2008 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325258 ERR2145217 Publication in process
209 BPH3706 2008 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325260 ERR2145219 Publication in process
210 BPH3708 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325262 ERR2145221 Publication in process
211 BPH3710 2008 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325264 ERR2145223 Publication in process
212 BPH3712 2007 Australia NSW WGS Reads Illumina NextSeq 500 SAMEA104325266 ERR2145225 Publication in process

Additional WGS Data
213 JKD6001 2003 Australia VIC WGS Reads Illumina Genome Analyzer IIx SAMEA3212898 ERR732890 Baines. 2015. mBio. PMID: 25736880
214 JKD6005 2002 Australia QLD WGS Reads Illumina Genome Analyzer IIx SAMEA3212895 ERR732892 Baines. 2015. mBio. PMID: 25736880
215 JKD6007 2002 Australia QLD WGS Reads Illumina MiSeq SAMEA3212912 ERR732893 Baines. 2015. mBio. PMID: 25736880
216 JKD6022 2001 Australia VIC WGS Reads Illumina MiSeq SAMEA3212914 ERR732896 Baines. 2015. mBio. PMID: 25736880
217 JKD6023 2001 Australia VIC WGS Reads Illumina Genome Analyzer IIx SAMEA3212964 ERR732897 Baines. 2015. mBio. PMID: 25736880
218 JKD6051 2003 Australia QLD WGS Reads Illumina Genome Analyzer IIx SAMEA3212960 ERR732898 Baines. 2015. mBio. PMID: 25736880
219 BPH2108 1990 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042670 ERR2855738 This Study
220 BPH2109 1989 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042671 ERR2855739 This Study
221 BPH2113 1990 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042672 ERR2855740 This Study
222 BPH2119 1991 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042673 ERR2855741 This Study
223 BPH2120 1990 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042674 ERR2855742 This Study
224 BPH2139 1992 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042675 ERR2855743 This Study
225 BPH2157 1992 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042677 ERR2855745 This Study
226 BPH2167 1990 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042681 ERR2855749 This Study
227 BPH2168 1990 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042682 ERR2855750 This Study
228 BPH2196 1989 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042683 ERR2855751 This Study
229 BPH2198 1989 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042684 ERR2855752 This Study
230 BPH2199 1989 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042685 ERR2855753 This Study
231 BPH2202 1990 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042686 ERR2855754 This Study
232 BPH2204 1990 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042688 ERR2855756 This Study
233 BPH2207 1990 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042690 ERR2855758 This Study
234 BPH2210 1990 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042691 ERR2855759 This Study
235 BPH2213 1991 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042692 ERR2855760 This Study
236 BPH2219 1991 Australia TAS WGS Reads Illumina NextSeq 500 SAMEA5042693 ERR2855761 This Study
237 BPH2222 1991 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042694 ERR2855762 This Study



238 BPH2230 1991 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042697 ERR2855765 This Study
239 BPH2232 1991 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042698 ERR2855766 This Study
240 BPH2240 1989 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042704 ERR2855772 This Study
241 BPH2242 1989 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042705 ERR2855773 This Study
242 BPH2243 1989 Australia VIC WGS Reads Illumina NextSeq 500 SAMEA5042706 ERR2855774 This Study
243 S20209-2015 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
244 S20305-2015 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
245 S20603-2015 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
246 S20607-2015 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
247 S20608-2015 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
248 S20610-2015 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
249 S20613-2015 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
250 S20617-2015 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
251 S20622-2015 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
252 S20623-2015 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
253 S20629-2015 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
254 S20826-2015 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
255 S23616-2015 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
256 S23619-2015 2015 Australia NSW WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
257 S31902-2015 2015 Australia VIC WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
258 S31904-2015 2015 Australia VIC WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
259 S31913-2015 2015 Australia VIC WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
260 S31918-2015 2015 Australia VIC WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
261 S32313-2015 2015 Australia VIC WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
262 S41210-2015 2015 Australia QLD WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
263 S51001-2015 2015 Australia NT WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
264 S51003-2015 2015 Australia NT WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
265 S51006-2015 2015 Australia NT WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
266 S51007-2015 2015 Australia NT WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
267 S51008-2015 2015 Australia NT WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
268 S51014-2015 2015 Australia NT WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
269 S51024-2015 2015 Australia NT WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
270 S51408-2015 2015 Australia SA WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
271 S51504-2015 2015 Australia SA WGS Reads Illumina MiSeq - - agargroup.org.au/agar-surveys
272 TW20 2003 United Kingdom - Complete Genomes - FN433596, FN433597, FN433598 - Holden. 2010. JBact. PMID: 19948800
273 Z172 2010 Taiwan - Complete Genomes Illumina/Solexa + PacBio CP006838, CP006839, CP006840 - Chen. 2013. GenomeA. PMCID:PMC3853063
274 T0131 2006 China - Complete Genomes Roche 454 / Solexa CP002643 - Li. 2011. JBact. PMID:21551295
275 BMB9393 1993 Brazil - Complete Genome 454 GS FLX Titanium CP005288, CP005289 - Costa. 2013. GenomeA. PMID:23929475
276 XN108 - China - Complete Genomes Ion Torrent PGM CP007447 - Zhang. 2014. GenomeA. PMID:25059856
277 GV69 1996 Brazil - Complete Genomes 454 GS FLX Titanium CP009681; SAMN03144721 SRR2601051 Botelho. 2016. StandGenSci. PMID:27152133
278 HC1335 2001 Brazil - Complete Genomes 454 GS FLX Titanium CP012012 - Botelho. 2016. GenBiolEvol. PMID:27635055
279 M92 - Canada - Complete Genomes PacBio RS-II CP015447 - McClure. 2017. GenomeA. PMID:28596402
280 2A8 2001 Czech Republic - WGS Reads Illumina HiSeq 2000 SAMEA1029549 ERR064912 Castillo-Ramirez. 2012. GB. PMID:23270620
281 3HK 2000 Czech Republic - WGS Reads Illumina HiSeq 2000 SAMEA1029566 ERR064907 Castillo-Ramirez. 2012. GB. PMID:23270620
282 AGT1 1997 Argentina - WGS Reads Illumina HiSeq 2000 SAMEA1029527 ERR064926 Castillo-Ramirez. 2012. GB. PMID:23270620
283 AGT9 1997 Argentina - WGS Reads Illumina HiSeq 2000 SAMEA1029509 ERR064923 Castillo-Ramirez. 2012. GB. PMID:23270620
284 AGT67 1997 Argentina - WGS Reads Illumina HiSeq 2000 SAMEA1029555 ERR064924 Castillo-Ramirez. 2012. GB. PMID:23270620
285 AGT120 1998 Argentina - WGS Reads Illumina HiSeq 2000 SAMEA1029554 ERR064919 Castillo-Ramirez. 2012. GB. PMID:23270620
286 ANS46 1982 Australia - WGS Reads Illumina HiSeq 2000 SAMEA1029537 ERR064898 Castillo-Ramirez. 2012. GB. PMID:23270620
287 BK2421 1996 United States - WGS Reads Illumina HiSeq 2000 SAMEA1029510 ERR064899 Castillo-Ramirez. 2012. GB. PMID:23270620
288 BRA2 1997 Brazil - WGS Reads Illumina HiSeq 2000 SAMEA1029514 ERR064914 Castillo-Ramirez. 2012. GB. PMID:23270620



289 BRA36 1997 Brazil - WGS Reads Illumina HiSeq 2000 SAMEA1029559 ERR064917 Castillo-Ramirez. 2012. GB. PMID:23270620
290 BZ48 1997 Brazil - WGS Reads Illumina HiSeq 2000 SAMEA1029508 ERR064918 Castillo-Ramirez. 2012. GB. PMID:23270620
291 CHI59 1998 China - WGS Reads Illumina HiSeq 2000 SAMEA1029524 ERR064937 Castillo-Ramirez. 2012. GB. PMID:23270620
292 CHI61 1998 China - WGS Reads Illumina HiSeq 2000 SAMEA1029538 ERR064938 Castillo-Ramirez. 2012. GB. PMID:23270620
293 CHL1 1997 Chile - WGS Reads Illumina HiSeq 2000 SAMEA1029526 ERR064915 Castillo-Ramirez. 2012. GB. PMID:23270620
294 CHL151 1998 Chile - WGS Reads Illumina HiSeq 2000 SAMEA1029539 ERR064916 Castillo-Ramirez. 2012. GB. PMID:23270620
295 D71 1996 Germany - WGS Reads Illumina Genome Analyzer II SAMEA862562 ERR024980 Castillo-Ramirez. 2012. GB. PMID:23270620
296 D90 1996 Germany - WGS Reads Illumina Genome Analyzer II SAMEA862585 ERR025801 Castillo-Ramirez. 2012. GB. PMID:23270620
297 DEN907 2001 Denmark - WGS Reads Illumina HiSeq 2000 SAMEA1029548 ERR064948 Castillo-Ramirez. 2012. GB. PMID:23270620
298 DEU2 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862577 ERR026652 Castillo-Ramirez. 2012. GB. PMID:23270620
299 DEU3 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862574 ERR026653 Castillo-Ramirez. 2012. GB. PMID:23270620
300 DEU5 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862580 ERR026655 Castillo-Ramirez. 2012. GB. PMID:23270620
301 DEU6 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862581 ERR026656 Castillo-Ramirez. 2012. GB. PMID:23270620
302 DEU8 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862579 ERR026658 Castillo-Ramirez. 2012. GB. PMID:23270620
303 DEU10 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862583 ERR026649 Castillo-Ramirez. 2012. GB. PMID:23270620
304 DEU11 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862554 ERR026650 Castillo-Ramirez. 2012. GB. PMID:23270620
305 DEU12 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862553 ERR026651 Castillo-Ramirez. 2012. GB. PMID:23270620
306 DEU14 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862555 ERR026664 Castillo-Ramirez. 2012. GB. PMID:23270620
307 DEU15 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862558 ERR026665 Castillo-Ramirez. 2012. GB. PMID:23270620
308 DEU16 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862557 ERR026666 Castillo-Ramirez. 2012. GB. PMID:23270620
309 DEU17 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862559 ERR026667 Castillo-Ramirez. 2012. GB. PMID:23270620
310 DEU19 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862561 ERR026668 Castillo-Ramirez. 2012. GB. PMID:23270620
311 DEU20 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862560 ERR026669 Castillo-Ramirez. 2012. GB. PMID:23270620
312 DEU23 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862541 ERR026662 Castillo-Ramirez. 2012. GB. PMID:23270620
313 DEU25 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862542 ERR026663 Castillo-Ramirez. 2012. GB. PMID:23270620
314 DEU27 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862536 ERR026677 Castillo-Ramirez. 2012. GB. PMID:23270620
315 DEU28 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862537 ERR026678 Castillo-Ramirez. 2012. GB. PMID:23270620
316 DEU29 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862538 ERR026679 Castillo-Ramirez. 2012. GB. PMID:23270620
317 DEU30 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862531 ERR026680 Castillo-Ramirez. 2012. GB. PMID:23270620
318 DEU35 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862662 ERR026683 Castillo-Ramirez. 2012. GB. PMID:23270620
319 DEU36 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862661 ERR026684 Castillo-Ramirez. 2012. GB. PMID:23270620
320 DEU37 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862660 ERR026674 Castillo-Ramirez. 2012. GB. PMID:23270620
321 DEU38 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862667 ERR026675 Castillo-Ramirez. 2012. GB. PMID:23270620
322 DEU39 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862666 ERR026676 Castillo-Ramirez. 2012. GB. PMID:23270620
323 DEU41 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862664 ERR026690 Castillo-Ramirez. 2012. GB. PMID:23270620
324 DEU42 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862655 ERR026691 Castillo-Ramirez. 2012. GB. PMID:23270620
325 DEU43 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862654 ERR026692 Castillo-Ramirez. 2012. GB. PMID:23270620
326 DEU46 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862570 ERR026694 Castillo-Ramirez. 2012. GB. PMID:23270620
327 DEU47 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862573 ERR026695 Castillo-Ramirez. 2012. GB. PMID:23270620
328 DEU49 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862567 ERR026697 Castillo-Ramirez. 2012. GB. PMID:23270620
329 DEU50 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862566 ERR026687 Castillo-Ramirez. 2012. GB. PMID:23270620
330 ES26 1996 Spain - WGS Reads Illumina Genome Analyzer II SAMEA862530 ERR024981 Castillo-Ramirez. 2012. GB. PMID:23270620
331 FFP103 1990 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029533 ERR064932 Castillo-Ramirez. 2012. GB. PMID:23270620
332 GRE4 1998 Greece - WGS Reads Illumina HiSeq 2000 SAMEA1029513 ERR064904 Castillo-Ramirez. 2012. GB. PMID:23270620
333 GRE18 1998 Greece - WGS Reads Illumina HiSeq 2000 SAMEA1029546 ERR064902 Castillo-Ramirez. 2012. GB. PMID:23270620
334 GRE108 1998 Greece - WGS Reads Illumina HiSeq 2000 SAMEA1029521 ERR064936 Castillo-Ramirez. 2012. GB. PMID:23270620
335 GRE317 1999 Greece - WGS Reads Illumina HiSeq 2000 SAMEA1029564 ERR064903 Castillo-Ramirez. 2012. GB. PMID:23270620
336 H202 2006 Thailand - WGS Reads Illumina Genome Analyzer II SAMEA862584 ERR025802 Castillo-Ramirez. 2012. GB. PMID:23270620
337 H211 2006 Denmark - WGS Reads Illumina Genome Analyzer II SAMEA862528 ERR024972 Castillo-Ramirez. 2012. GB. PMID:23270620
338 H216 2006 Denmark - WGS Reads Illumina Genome Analyzer II SAMEA862587 ERR025803 Castillo-Ramirez. 2012. GB. PMID:23270620
339 H24 2005 Egypt - WGS Reads Illumina Genome Analyzer II SAMEA862527 ERR024973 Castillo-Ramirez. 2012. GB. PMID:23270620



340 H482 2007 Romania - WGS Reads Illumina Genome Analyzer II SAMEA862595 ERR024983 Castillo-Ramirez. 2012. GB. PMID:23270620
341 HDG2 1992 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029561 ERR064930 Castillo-Ramirez. 2012. GB. PMID:23270620
342 HGSA9 1997 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029534 ERR064921 Castillo-Ramirez. 2012. GB. PMID:23270620
343 HGSA142 2003 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029517 ERR064922 Castillo-Ramirez. 2012. GB. PMID:23270620
344 HSA10 1992 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029520 ERR064931 Castillo-Ramirez. 2012. GB. PMID:23270620
345 HSA11 1992 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029542 ERR064929 Castillo-Ramirez. 2012. GB. PMID:23270620
346 HSJ216 1997 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029550 ERR064920 Castillo-Ramirez. 2012. GB. PMID:23270620
347 HU106 1996 Hungary - WGS Reads Illumina HiSeq 2000 SAMEA1029518 ERR064927 Castillo-Ramirez. 2012. GB. PMID:23270620
348 HU109 1996 Hungary - WGS Reads Illumina HiSeq 2000 SAMEA1029567 ERR064909 Castillo-Ramirez. 2012. GB. PMID:23270620
349 HU4 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862618 ERR026705 Castillo-Ramirez. 2012. GB. PMID:23270620
350 HU5 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862625 ERR026706 Castillo-Ramirez. 2012. GB. PMID:23270620
351 HU6 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862624 ERR026707 Castillo-Ramirez. 2012. GB. PMID:23270620
352 HU7 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862623 ERR026708 Castillo-Ramirez. 2012. GB. PMID:23270620
353 HU8 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862622 ERR026709 Castillo-Ramirez. 2012. GB. PMID:23270620
354 HU9 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862627 ERR026710 Castillo-Ramirez. 2012. GB. PMID:23270620
355 HU11 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862634 ERR026701 Castillo-Ramirez. 2012. GB. PMID:23270620
356 HU13 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862636 ERR024668 Castillo-Ramirez. 2012. GB. PMID:23270620
357 HU14 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862637 ERR024672 Castillo-Ramirez. 2012. GB. PMID:23270620
358 HU15 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862630 ERR024673 Castillo-Ramirez. 2012. GB. PMID:23270620
359 HU16 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862631 ERR024674 Castillo-Ramirez. 2012. GB. PMID:23270620
360 HU17 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862632 ERR024675 Castillo-Ramirez. 2012. GB. PMID:23270620
361 HU21 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862639 ERR024678 Castillo-Ramirez. 2012. GB. PMID:23270620
362 HU23 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862643 ERR024679 Castillo-Ramirez. 2012. GB. PMID:23270620
363 HU25 1993 Brazil - WGS Reads Illumina HiSeq 2000 SAMEA1029569 ERR024670 Castillo-Ramirez. 2012. GB. PMID:23270620
364 HU26 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862644 ERR024671 Castillo-Ramirez. 2012. GB. PMID:23270620
365 HUR18 1997 Hungary - WGS Reads Illumina HiSeq 2000 SAMEA1029551 ERR064910 Castillo-Ramirez. 2012. GB. PMID:23270620
366 HUSA304 1993 Hungary - WGS Reads Illumina HiSeq 2000 SAMEA1029531 ERR064928 Castillo-Ramirez. 2012. GB. PMID:23270620
367 ICP5011 1993 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029545 ERR064933 Castillo-Ramirez. 2012. GB. PMID:23270620
368 ICP5014 1993 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029543 ERR064934 Castillo-Ramirez. 2012. GB. PMID:23270620
369 ICP5062 1993 Portugal - WGS Reads Illumina HiSeq 2000 SAMEA1029562 ERR064935 Castillo-Ramirez. 2012. GB. PMID:23270620
370 IU1 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862647 ERR024681 Castillo-Ramirez. 2012. GB. PMID:23270620
371 IU2 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862646 ERR024685 Castillo-Ramirez. 2012. GB. PMID:23270620
372 IU4 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862648 ERR024687 Castillo-Ramirez. 2012. GB. PMID:23270620
373 IU6 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862651 ERR024688 Castillo-Ramirez. 2012. GB. PMID:23270620
374 IU7 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862650 ERR024689 Castillo-Ramirez. 2012. GB. PMID:23270620
375 IU9 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862617 ERR024691 Castillo-Ramirez. 2012. GB. PMID:23270620
376 IU10 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862652 ERR024692 Castillo-Ramirez. 2012. GB. PMID:23270620
377 IU11 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862653 ERR024682 Castillo-Ramirez. 2012. GB. PMID:23270620
378 IU12 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862658 ERR024683 Castillo-Ramirez. 2012. GB. PMID:23270620
379 IU13 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862659 ERR024684 Castillo-Ramirez. 2012. GB. PMID:23270620
380 IU15 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862657 ERR024974 Castillo-Ramirez. 2012. GB. PMID:23270620
381 LHH1 1994 United States - WGS Reads Illumina HiSeq 2000 SAMEA1029523 ERR064900 Castillo-Ramirez. 2012. GB. PMID:23270620
382 LIT68 1996 Lithuania - WGS Reads Illumina Genome Analyzer II SAMEA862586 ERR025804 Castillo-Ramirez. 2012. GB. PMID:23270620
383 LIT76 1996 Lithuania - WGS Reads Illumina Genome Analyzer II SAMEA862593 ERR025805 Castillo-Ramirez. 2012. GB. PMID:23270620
384 LIT89 1996 Lithuania - WGS Reads Illumina Genome Analyzer II SAMEA862592 ERR025796 Castillo-Ramirez. 2012. GB. PMID:23270620
385 M116 2004 Vietnam - WGS Reads Illumina Genome Analyzer II SAMEA862545 ERR024988 Castillo-Ramirez. 2012. GB. PMID:23270620
386 M278 2005 Portugal - WGS Reads Illumina Genome Analyzer II SAMEA862548 ERR024991 Castillo-Ramirez. 2012. GB. PMID:23270620
387 M418 2006 India - WGS Reads Illumina Genome Analyzer II SAMEA862549 ERR024992 Castillo-Ramirez. 2012. GB. PMID:23270620
388 M592 2006 Syria - WGS Reads Illumina Genome Analyzer II SAMEA862550 ERR024993 Castillo-Ramirez. 2012. GB. PMID:23270620
389 M705 2007 Thailand - WGS Reads Illumina Genome Analyzer II SAMEA862613 ERR024958 Castillo-Ramirez. 2012. GB. PMID:23270620
390 M996 2008 China - WGS Reads Illumina Genome Analyzer II SAMEA862551 ERR024994 Castillo-Ramirez. 2012. GB. PMID:23270620



391 M1229 2009 Denmark - WGS Reads Illumina Genome Analyzer II SAMEA862546 ERR024989 Castillo-Ramirez. 2012. GB. PMID:23270620
392 MAL1 1996 Malaysia - WGS Reads Illumina Genome Analyzer II SAMEA862552 ERR024984 Castillo-Ramirez. 2012. GB. PMID:23270620
393 MAL3 1996 Malaysia - WGS Reads Illumina Genome Analyzer II SAMEA862609 ERR024964 Castillo-Ramirez. 2012. GB. PMID:23270620
394 MAL9 1996 Malaysia - WGS Reads Illumina Genome Analyzer II SAMEA862607 ERR024966 Castillo-Ramirez. 2012. GB. PMID:23270620
395 MAL11 1996 Malaysia - WGS Reads Illumina Genome Analyzer II SAMEA862543 ERR024985 Castillo-Ramirez. 2012. GB. PMID:23270620
396 MAL119 1996 Malaysia - WGS Reads Illumina Genome Analyzer II SAMEA862611 ERR024962 Castillo-Ramirez. 2012. GB. PMID:23270620
397 MAL215 1996 Malaysia - WGS Reads Illumina Genome Analyzer II SAMEA862608 ERR024963 Castillo-Ramirez. 2012. GB. PMID:23270620
398 MU1 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862569 ERR026688 Castillo-Ramirez. 2012. GB. PMID:23270620
399 MU3 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862565 ERR026003 Castillo-Ramirez. 2012. GB. PMID:23270620
400 MU4 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862564 ERR026007 Castillo-Ramirez. 2012. GB. PMID:23270620
401 MU5 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862604 ERR026008 Castillo-Ramirez. 2012. GB. PMID:23270620
402 MU6 2008 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862605 ERR026009 Castillo-Ramirez. 2012. GB. PMID:23270620
403 MU7 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862602 ERR026010 Castillo-Ramirez. 2012. GB. PMID:23270620
404 MU9 2007 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862603 ERR026011 Castillo-Ramirez. 2012. GB. PMID:23270620
405 MU10 2006 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862600 ERR026012 Castillo-Ramirez. 2012. GB. PMID:23270620
406 MU20 2009 Turkey - WGS Reads Illumina Genome Analyzer II SAMEA862620 ERR026703 Castillo-Ramirez. 2012. GB. PMID:23270620
407 Na21 2006 Sri Lanka - WGS Reads Illumina Genome Analyzer II SAMEA862544 ERR024986 Castillo-Ramirez. 2012. GB. PMID:23270620
408 NA32 2006 Denmark - WGS Reads Illumina Genome Analyzer II SAMEA862615 ERR024967 Castillo-Ramirez. 2012. GB. PMID:23270620
409 P32 1996 Poland - WGS Reads Illumina Genome Analyzer II SAMEA862589 ERR025795 Castillo-Ramirez. 2012. GB. PMID:23270620
410 R35 1987 United States - WGS Reads Illumina HiSeq 2000 SAMEA1029532 ERR064901 Castillo-Ramirez. 2012. GB. PMID:23270620
411 RA3 1996 Argentina - WGS Reads Illumina Genome Analyzer II SAMEA862588 ERR025798 Castillo-Ramirez. 2012. GB. PMID:23270620
412 RA6 1996 Argentina - WGS Reads Illumina Genome Analyzer II SAMEA862591 ERR025799 Castillo-Ramirez. 2012. GB. PMID:23270620
413 RA7 1996 Argentina - WGS Reads Illumina Genome Analyzer II SAMEA862616 ERR024968 Castillo-Ramirez. 2012. GB. PMID:23270620
414 S2 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029563 ERR064953 Castillo-Ramirez. 2012. GB. PMID:23270620
415 S7 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029556 ERR064946 Castillo-Ramirez. 2012. GB. PMID:23270620
416 S21 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029536 ERR064958 Castillo-Ramirez. 2012. GB. PMID:23270620
417 S24 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029553 ERR064957 Castillo-Ramirez. 2012. GB. PMID:23270620
418 S25 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029535 ERR064951 Castillo-Ramirez. 2012. GB. PMID:23270620
419 S26 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029511 ERR064949 Castillo-Ramirez. 2012. GB. PMID:23270620
420 S38 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029568 ERR064947 Castillo-Ramirez. 2012. GB. PMID:23270620
421 S39 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029558 ERR064959 Castillo-Ramirez. 2012. GB. PMID:23270620
422 S40 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029528 ERR064944 Castillo-Ramirez. 2012. GB. PMID:23270620
423 S42 2006 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029515 ERR064955 Castillo-Ramirez. 2012. GB. PMID:23270620
424 S71 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029541 ERR064943 Castillo-Ramirez. 2012. GB. PMID:23270620
425 S78 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029525 ERR064954 Castillo-Ramirez. 2012. GB. PMID:23270620
426 S81 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029565 ERR064956 Castillo-Ramirez. 2012. GB. PMID:23270620
427 S85 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029529 ERR064939 Castillo-Ramirez. 2012. GB. PMID:23270620
428 S87 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029512 ERR064941 Castillo-Ramirez. 2012. GB. PMID:23270620
429 S93 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029560 ERR064942 Castillo-Ramirez. 2012. GB. PMID:23270620
430 S97 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029522 ERR064950 Castillo-Ramirez. 2012. GB. PMID:23270620
431 S102 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029519 ERR064945 Castillo-Ramirez. 2012. GB. PMID:23270620
432 S106 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029547 ERR064952 Castillo-Ramirez. 2012. GB. PMID:23270620
433 S130 2007 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA1029516 ERR064940 Castillo-Ramirez. 2012. GB. PMID:23270620
434 TUR1 1996 Turkey - WGS Reads Illumina HiSeq 2000 SAMEA1029552 ERR064906 Castillo-Ramirez. 2012. GB. PMID:23270620
435 TUR9 1995 Turkey - WGS Reads Illumina HiSeq 2000 SAMEA1029530 ERR064905 Castillo-Ramirez. 2012. GB. PMID:23270620
436 TUR27 1996 Turkey - WGS Reads Illumina HiSeq 2000 SAMEA1029557 ERR064908 Castillo-Ramirez. 2012. GB. PMID:23270620
437 UK102 1996 United Kingdom - WGS Reads Illumina Genome Analyzer II SAMEA862590 ERR025800 Castillo-Ramirez. 2012. GB. PMID:23270620
438 URU34 1997 Uruguay - WGS Reads Illumina HiSeq 2000 SAMEA1029544 ERR064925 Castillo-Ramirez. 2012. GB. PMID:23270620
439 URU110 1998 Uruguay - WGS Reads Illumina HiSeq 2000 SAMEA1029540 ERR064911 Castillo-Ramirez. 2012. GB. PMID:23270620
440 SR2852 2005 United States - WGS Reads Illumina HiSeq 2000 SAMN02649763 SRR1177896 Alam. GenomeBiolEvol. 2014. PMID:24787619
441 031_01 2001 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800273 ERR029457 Hsu. 2015. GenBiol. PMID:25903077



442 362_05 2005 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800274 ERR029458 Hsu. 2015. GenBiol. PMID:25903077
443 058_08 2008 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800253 ERR029464 Hsu. 2015. GenBiol. PMID:25903077
444 352_05 2005 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800280 ERR029467 Hsu. 2015. GenBiol. PMID:25903077
445 131_09 2009 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800276 ERR029469 Hsu. 2015. GenBiol. PMID:25903077
446 009_10 2010 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800287 ERR029470 Hsu. 2015. GenBiol. PMID:25903077
447 134_09 2009 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800277 ERR029472 Hsu. 2015. GenBiol. PMID:25903077
448 135_09 2009 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800278 ERR029473 Hsu. 2015. GenBiol. PMID:25903077
449 049_05 2005 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800292 ERR029476 Hsu. 2015. GenBiol. PMID:25903077
450 CGH1_08 2008 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800297 ERR030155 Hsu. 2015. GenBiol. PMID:25903077
451 CGH1_10 2010 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800177 ERR030157 Hsu. 2015. GenBiol. PMID:25903077
452 CGH2_08 2008 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800181 ERR030159 Hsu. 2015. GenBiol. PMID:25903077
453 CGH3_10 2010 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800213 ERR030170 Hsu. 2015. GenBiol. PMID:25903077
454 CGH6_06 2006 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800382 ERR030173 Hsu. 2015. GenBiol. PMID:25903077
455 CGH4_09 2009 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800215 ERR030176 Hsu. 2015. GenBiol. PMID:25903077
456 CGH4_10 2010 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800216 ERR030177 Hsu. 2015. GenBiol. PMID:25903077
457 CGH5_09 2009 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800383 ERR030182 Hsu. 2015. GenBiol. PMID:25903077
458 012_00 2000 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800207 ERR030186 Hsu. 2015. GenBiol. PMID:25903077
459 011_00 2000 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800205 ERR030191 Hsu. 2015. GenBiol. PMID:25903077
460 003_06 2006 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800206 ERR030192 Hsu. 2015. GenBiol. PMID:25903077
461 106_06 2006 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800200 ERR030194 Hsu. 2015. GenBiol. PMID:25903077
462 100_06 2006 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800201 ERR030195 Hsu. 2015. GenBiol. PMID:25903077
463 106_07 2007 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800360 ERR030200 Hsu. 2015. GenBiol. PMID:25903077
464 339_07 2007 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800357 ERR030201 Hsu. 2015. GenBiol. PMID:25903077
465 157_04 2004 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800333 ERR030202 Hsu. 2015. GenBiol. PMID:25903077
466 019_01 2001 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800332 ERR030203 Hsu. 2015. GenBiol. PMID:25903077
467 002_00 2000 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800331 ERR030204 Hsu. 2015. GenBiol. PMID:25903077
468 020_01 2001 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800329 ERR030205 Hsu. 2015. GenBiol. PMID:25903077
469 101_07 2007 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800327 ERR030209 Hsu. 2015. GenBiol. PMID:25903077
470 030_05 2005 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800258 ERR030213 Hsu. 2015. GenBiol. PMID:25903077
471 255_04 2004 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800353 ERR030216 Hsu. 2015. GenBiol. PMID:25903077
472 259_04 2004 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800354 ERR030217 Hsu. 2015. GenBiol. PMID:25903077
473 263_04 2004 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800352 ERR030219 Hsu. 2015. GenBiol. PMID:25903077
474 264_04 2004 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800261 ERR030220 Hsu. 2015. GenBiol. PMID:25903077
475 028_01 2001 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800260 ERR030221 Hsu. 2015. GenBiol. PMID:25903077
476 069_02 2002 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800271 ERR030224 Hsu. 2015. GenBiol. PMID:25903077
477 006_00 2000 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800285 ERR030228 Hsu. 2015. GenBiol. PMID:25903077
478 067_02 2002 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800265 ERR030232 Hsu. 2015. GenBiol. PMID:25903077
479 068_02 2002 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800272 ERR030233 Hsu. 2015. GenBiol. PMID:25903077
480 071_03 2003 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800269 ERR030235 Hsu. 2015. GenBiol. PMID:25903077
481 078_05 2005 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800264 ERR030238 Hsu. 2015. GenBiol. PMID:25903077
482 086_03 2003 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800263 ERR030239 Hsu. 2015. GenBiol. PMID:25903077
483 009_00 2000 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800336 ERR030240 Hsu. 2015. GenBiol. PMID:25903077
484 TTSH1_01 2001 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800251 ERR030242 Hsu. 2015. GenBiol. PMID:25903077
485 TTSH2_07 2007 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800229 ERR030249 Hsu. 2015. GenBiol. PMID:25903077
486 TTSH1_10 2010 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800219 ERR030252 Hsu. 2015. GenBiol. PMID:25903077
487 TTSH2_03 2003 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800226 ERR030255 Hsu. 2015. GenBiol. PMID:25903077
488 TTSH2_08 2008 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800230 ERR030259 Hsu. 2015. GenBiol. PMID:25903077
489 TTSH3_07 2007 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800196 ERR030260 Hsu. 2015. GenBiol. PMID:25903077
490 TTSH3_08 2008 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800232 ERR030261 Hsu. 2015. GenBiol. PMID:25903077
491 TTSH3_03 2003 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800234 ERR030266 Hsu. 2015. GenBiol. PMID:25903077
492 TTSH4_02 2002 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800293 ERR030276 Hsu. 2015. GenBiol. PMID:25903077



493 TTSH4_03 2003 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800372 ERR030277 Hsu. 2015. GenBiol. PMID:25903077
494 TTSH5_02 2002 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800345 ERR031666 Hsu. 2015. GenBiol. PMID:25903077
495 TTSH5_06 2006 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA800346 ERR031670 Hsu. 2015. GenBiol. PMID:25903077
496 WAU_8 1982 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA1021823 ERR053014 Hsu. 2015. GenBiol. PMID:25903077
497 WAU_9 1985 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA1021807 ERR053015 Hsu. 2015. GenBiol. PMID:25903077
498 WAU_10 1985 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA1021856 ERR053016 Hsu. 2015. GenBiol. PMID:25903077
499 WAU_16 1996 Singapore - WGS Reads Illumina Genome Analyzer II SAMEA1022012 ERR053022 Hsu. 2015. GenBiol. PMID:25903077
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518 T303_N3 2008 Thailand - WGS Reads Illumina Genome Analyzer II SAMEA958836 ERR033080 Tong. GenRes. 2015. PMID:25491771
519 SA13002 2012 China - WGS Reads Illumina MiSeq SAMN03856026 SRR2097047 Kong. 2016. PLoS One. PMID:26950298
520 SA13005 2013 China - WGS Reads Illumina MiSeq SAMN03878399 SRR2106469 Kong. 2016. PLoS One. PMID:26950298
521 SA13007 2012 China - WGS Reads Illumina MiSeq SAMN03878400 SRR2106470 Kong. 2016. PLoS One. PMID:26950298
522 SA13009 2012 China - WGS Reads Illumina MiSeq SAMN03878401 SRR2106471 Kong. 2016. PLoS One. PMID:26950298
523 SA13012 2012 China - WGS Reads Illumina MiSeq SAMN03878402 SRR2106472 Kong. 2016. PLoS One. PMID:26950298
524 SA13023 2013 China - WGS Reads Illumina MiSeq SAMN03878403 SRR2106473 Kong. 2016. PLoS One. PMID:26950298
525 BSAC_st3021 2010 England - WGS Reads Illumina HiSeq 2000 SAMEA1464569 ERR124493 Reuter. GenRes. 2016. PMID:26672018
526 BSAC_st3046 2010 England - WGS Reads Illumina HiSeq 2000 SAMEA1464296 ERR124495 Reuter. GenRes. 2016. PMID:26672018
527 BSAC_st697 2003 England - WGS Reads Illumina HiSeq 2000 SAMEA1464583 ERR129279 Reuter. GenRes. 2016. PMID:26672018
528 D8 2007 Gambia - WGS Reads Illumina MiSeq SAMEA3727072 ERR1213802 Senghore. AppEnvMicro. 2016. PMID:27474712
529 DS_009 2011 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA3448838 ERR1069915 Moradigaravand. mBio. 2017. PMID: 28679748
530 DS_014 2011 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA3448843 ERR1069920 Moradigaravand. mBio. 2017. PMID: 28679748
531 US_002 2011 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA3448943 ERR1070030 Moradigaravand. mBio. 2017. PMID: 28679748
532 US_008 2011 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA3448948 ERR1070035 Moradigaravand. mBio. 2017. PMID: 28679748
533 US_030 2011 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA3448965 ERR1070052 Moradigaravand. mBio. 2017. PMID: 28679748
534 US_017 2011 Thailand - WGS Reads Illumina HiSeq 2000 SAMEA3448955 ERR1070042 Moradigaravand. mBio. 2017. PMID: 28679748
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