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Abstract

Staphylococcus aureus infections pose a serious challenge in healthcare due to the emergence
of resistance to multiple antibiotics. ST239 is a multidrug-resistant MRSA strain that has been
responsible for epidemics in healthcare settings across the globe since the late 1970s.
However, in recent years there have been reports of strains that have successfully replaced

ST239 as the dominant strain in clinical environments.

In 2004, Robinson and Enright hypothesised that ST239 is a natural hybrid that formed
through a single large chromosomal replacement event between two distantly-related S.
aureus strains, where 20% of the ancestral ST8-like genome was replaced with the
homologous region from an ST30-like ancestor. In this thesis, I use a diverse range of ST239,
ST8 and ST30 sequences from publicly-available sequencing repositories to make genomic
comparisons between ST239 and its hypothesised ancestors. I confirm that the evolution of
ST239 is consistent with the Robinson-Enright model, and investigate how the acquired and
backbone regions of ST239 have adapted to evolutionary pressures in the same genome.
There is evidence of weaker selective constraints on the acquired region of ST239 compared
to the genomic backbone, as well as evidence of parallel evolution in antimicrobial resistance
and virulence related genes, which suggests that antibiotics and the host immune response are
important evolutionary pressures faced by ST239. This is consistent with the close
relationship between ST239 and the SCCmec-1II element, which encodes multiple
antimicrobial resistance genes. In over 40,000 S. aureus sequences, SCCmec-III is strongly
linked to ST239, with only a few rare exceptions. In contrast with previous estimates, the

most recent common ancestor of the ST239 sequences is dated several years prior to the



clinical introduction of methicillin, which suggests that use of earlier antimicrobials is more

likely to have driven the global emergence of ST239.

Finally, I develop a method to calculate the relative competitive ability of a collection of 15 S.
aureus isolates in co-culture, including ST239, ST8 and ST30 isolates, through whole-genome
sequencing. Competitive ability and growth rate are not correlated, suggesting that these two
fitness measures are independent. The ST239 isolates have greater antimicrobial resistance
and overall lower fitness, however, fitness and antimicrobial resistance are not correlated.
This may indicate that, although ST239 has been a globally successful multidrug-resistant
epidemic MRSA strain, the extreme genetic transfer events in its early evolution have had an

overall negative impact on fitness, contributing to its eventual decline.
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Chapter 1

1. Introduction

1.1 Staphylococcus aureus

Staphylococcus aureus is a common human pathogen, and a leading cause of healthcare-
associated infections worldwide, causing potentially fatal bacteraemia, pneumonia, and skin
and soft tissue infections (Ippolito et al., 2010). Livestock-associated S. aureus infections are
also a major concern. For example, S. aureus is the biggest cause of mastitis in dairy cattle
leading to depressed milk production, and is estimated to cause annual global economic losses
of $533 billion (Shaheen et al., 2016). Additionally, S. aureus is a common human
commensal that is typically carried in the nares of around 27% of healthy individuals, as well

as on skin and other body sites (Wertheim et al., 2005).

BAGeAe Spot Magn  Det WDwL—Al

B0J0kVA1.0 20000x¢SE (8.3

Figure 1.1. False-colour scanning electron micrograph of S. aureus colonies under 20,000x
magnification (image from Centers for Disease Control and Prevention Public Health Tmage Library,
2001).
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Bacteria from the genus Staphylococcus were first identified as pathogenic in 1880 by Sir
Alexander Ogston, a Scottish surgeon who isolated bacteria from the pus of a surgical abscess
in a knee joint (Licitra, 2013). The genus was named due to its distinctive shape (Figure 1.1),

staphyle from the Greek for “bunch of grapes” and kokkos from the Greek for “berry”.

In 1884, German physician Friedrich Julius Rosenbach was able to isolate and distinguish two
different species of Staphylococcus based on the colour of the colonies, which he named
aureus, from the Latin for “gold”, and albus, from the Latin for “white”. S. albus was later

renamed S. epidermidis to reflect its ubiquity on human skin (Licitra, 2013).

1.1.1 Methicillin-resistant and multidrug-resistant S. aureus

S. aureus is a highly successful, Gram-positive, human and animal pathogen that is described
as a “high priority” for the development of new antibiotics by the World Health Organisation
(World Health Organisation, 2017). It has been able to adapt to the antibiotic era by evolving

resistance to all antibiotics (Foster, 2017).

Although the antimicrobial properties of Penicillium mould had been recorded long before Sir
Alexander Fleming’s infamous serendipitous discovery in 1928 (Fleming, 1929), for example
by Ernest Duchesne in the 1890s (Duckett, 1999), it was Fleming’s work that prompted the
war-efforts of researchers such as Florey and Chain, which led to the introduction of penicillin
into clinics in 1941, as the first antibiotic to treat infection (Abraham, 1941). S. aureus that
was resistant to penicillin was described just one year later (Rammelkamp and Maxon, 1942).
By the end of the 1940s, over half of staphylococcal infections in a large hospital in the UK

were resistant to penicillin (Barber and Rozwadowska-Dowzenko, 1948), and by the late
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1950s several cases had been reported of S. aureus that were resistant to most antibiotics

(Jessen et al., 1969).

To combat this, new antibiotics were developed including methicillin, a second-generation
penicillin antibiotic, which was released onto the market in October 1960. Six months later,
methicillin-resistant S. aureus (MRSA) was reported in a hospital in South England (Jevons,
1961). By 1967, multidrug-resistant MRSA had been reported in Denmark, France,
Switzerland, the UK and the USA (Benner, 1968), as well as in Australia (Rountree and
Beard, 1968) and Asia (Pal and Ray, 1964). Rapid dissemination of MRSA around the globe

followed (Grundmann et al., 2006).

However, in the 1970s, reports of MRSA began to decrease in Europe. No single reason for
this decline has been identified, although changes in streptomycin and tetracycline
prescribing, the introduction of more rigorous infection-control policies, and the significant
fitness costs of highly multidrug-resistant MRSA strains, may have contributed (Grundmann
et al., 2006; Nielsen et al., 2012). Unfortunately, a dramatic increase in MRSA infections in
Europe and the USA followed in the early 1980s (Stryjewski and Corey, 2014). A similar rise
was subsequently observed in the Asia-Pacific region (Bell et al., 2002) and in Latin America

(Guzman-Blanco et al., 2009).

More recently, reports indicate that the rate of MRSA infection has remained static or has
begun to decrease (Stryjewski and Corey, 2014). In 2017, the Centers for Disease Control
recorded 119,000 cases of S. aureus infections in the USA, resulting in almost 20,000 deaths
(Kavanagh, 2019). This reflected an overall decrease in hospital-acquired infections of 74%
between 2005 — 2016 (Kourtis et al., 2019). Similarly, decreasing rates of MRSA infections

4
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have been noted around the world (Dai et al., 2018; Nikolaras et al., 2019). However, MRSA
still poses a significant public-health threat due to multi-drug resistance, and morbidity and
mortality remain persistently high (Turner et al., 2019). Although several candidates for an
MRSA vaccine have been identified, none have successfully passed clinical trials (Turner et

al., 2019; Pfizer, 2018).

MRSA has typically been considered as a healthcare-associated pathogen, that occurs in
patients with established risk-factors (Naimi et al., 2003). However, since the 1990s, cases of
community-acquired MRSA have been rising dramatically. These infections often occur in
previously healthy individuals and in younger patients, and are typically associated with skin
and soft tissue infections (Kong et al., 2016). Although these community-associated
infections are typically susceptible to non-B-lactam antibiotics, multi-drug resistant strains
have been described, and reports of multi-drug resistant community-associated MRSA
infections arising from healthcare settings are becoming much more common (Chambers and
DeLeo, 2009; Chua et al., 2011; Kong et al., 2016). Several dominant community-associated
MRSA strains have emerged internationally, which are typically prevalent in distinct
geographic locations, although they are more rarely identified outside of these regions. For
example, since the 2000s USA300 (ST8) has been the dominant community-associated
MRSA strain in North America. In Western Europe, ST80 is a more common community-
associated MRSA, and in Australia, ST93 and the Southwest Pacific clone of ST30 are both

dominant MRSA strains in the community (David and Daum, 2010).

1.1.1.1 Methicillin resistance
Penicillin resistance in S. aureus is primarily conferred by the blaZ gene, which can be carried
by plasmids or encoded on the chromosome (Olsen et al., 2006). The blaZ gene encodes a [3-

5
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lactamase enzyme that inactivates penicillin through hydrolysis of the -lactam ring (Rolinson

et al., 1960).

Methicillin, a second generation B-lactam alternative to penicillin, is effective against (-
lactamase producing penicillin-resistant S. aureus. Resistance to methicillin is conferred
through the expression of penicillin-binding protein PBP2a, which is typically encoded by the
mecA gene and is induced by (-lactam binding to the mecR1 regulator (Olsen et al., 2006).
PBP2a has a lower binding affinity to B-lactams than the endogenous S. aureus PBP, and
therefore decreases susceptibility to -lactams including penicillin and methicillin (Stryjewski
and Corey, 2014). Resistance to methicillin is encoded in the mobile genetic element (MGE)
Staphylococcal Chromosome Cassette SCCmec, which typically carries both the mec operon
as well as site-specific recombinase genes ccrAB/ccrC (Liu et al., 2016). The CcrAB/CcrC
recombinases accurately excise the SCCmec element, which can then be acquired by
methicillin-susceptible S. aureus (MSSA) strains and integrated into the chromosome at the
attB insertion site near to the origin of replication, leading to the spread of methicillin
resistance (Liu et al., 2016). Horizontal transfer of mec into distantly-related lineages of S.
aureus has been highly significant in the evolution of MRSA (Enright et al., 2002), and
several major MRSA clones have arisen separately from successful epidemic MSSA strains

on multiple occasions (Stryjewski and Corey, 2014).

The first SCCmec element, SCCmec-I, was identified in 2000 (Katayama et al., 2000) from
the MRSA strain N315, which was isolated in Japan in the early 1980s (Okonogi et al., 1989).
Subsequently, as of October 2019, 14 different classes of SCCmec have been identified in S.

aureus ranging from SCCmec-I1 to SCCmec-XIV (Urushibara et al., 2019), based on the
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nature of the mec and ccr gene complexes (Figure 1.2). SCCmec elements are highly variable,
and are further sub-typed by the variable J-region segments (Liu et al., 2016). For example,
there are 79 different sub-types of SCCmec-IV (Liu et al., 2010) and 39 different sub-types of

SCCmec-III (Monecke et al., 2018).

In addition to methicillin resistance, 27% of all known S. aureus AMR genes are carried on
the SCCmec element, including resistance to [(-lactams, aminoglycosides and macrolides
(John et al., 2019). Additionally, heavy-metal resistance genes can also be carried within the
SCCmec element. For example, SCCmec-III is one of the largest SCCmec elements at >60 kb
in length and carries SCCmec in tandem with SCCHg, which encodes mercury resistance (Ito,
2001). SCCmec-III also carries multiple antibiotic resistance genes through integrated
plasmids in the J-regions, encoding resistances such as tetracycline, erythromycin and

spectinomycin, as well as cadmium resistance (Lakhundi and Zhang, 2018).

1.1.1.2 Multi-drug resistance

MRSA infections pose a serious challenge in healthcare due to increasing resistance to

multiple antibiotics (Lakhundi and Zhang, 2018).

Early MRSA infections isolated in the 1960s and early 1970s typically remained susceptible
to non-f-lactam antibiotics, with the exception of some tetracycline-, streptomycin-, and
erythromycin-resistant infections (Grubb, 1998). However, in the late 1970s, strains of MRSA
that were resistant to multiple non-p-lactam antibiotics began to emerge. These strains were
able to spread over several continents, causing serious, primarily hospital-associated, multi-
drug resistant MRSA infections around the globe. These strains are described as epidemic

MRSAs (EMRSAs).
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Resistance determinants to all classes of antibiotics have been identified in S. aureus (Foster,
2017). Many of these can be carried on MGEs, such as aminoglycoside resistance, which is
typically conveyed through inactivation of aminoglycosides by aminoglycoside-modification
enzymes (Khosravi et al., 2017). Alternatively, resistance can be conveyed through the
expulsion of antibiotics via increased expression of multi-drug efflux pumps, such as mepA,
which is known to be associated with resistance to several classes of antibiotics (Kaatz et al.,
2005). Finally, resistance can occur as a result of point mutations, such resistance to
rifampicin, which occurs as a consequence of mutations in the rpoB gene (Aubry-Damon et

al., 1998).

1.1.1.3 Vancomycin resistance

Vancomycin is a glycopeptide antibiotic that was first approved for use in humans in 1958.
The antibiotic interferes with peptidoglycan synthesis in Gram-positive bacteria, inhibiting

cell wall synthesis (McGuinness et al., 2017).

In the late 1980s, vancomyin began to be commonly used for the treatment of MRSA
infections. The first S. aureus clinical isolate with reduced susceptibility to glycopeptides,
known as vancomycin-intermediate S. aureus (VISA), was isolated from a patient in Japan in
1996 (Hiramatsu et al., 1997). The first completely vancomycin-resistant S. aureus (VRSA)
was reported in 2002 in the USA (CDC, 2002), and several further examples of VRSA have

since been reported (McGuinness et al., 2017).

Vancomycin resistance in S. aureus is conferred by the vanA operon, which is encoded on

transposon Tn1546, which originated from a vancomycin-resistant Enterococci (VRE)
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conjugative plasmid (Arthur, 1993). The van operon is comprised of vanA, vanH, vanX, vany,
and vanZ genes, and the two-component sensor-regulator system genes vanS and vanR, which
activate transcription of the operon in the presence of vancomyin. Several genes and
mutations are known to contribute to the development of VISA, including the two-component
regulatory systems graRS and walKR, and the DNA-dependent RNA polymerase [3—subunit

rpoB (McGuinness et al., 2017).

Despite increasing reports of VRSA, vancomycin remains one of the main antibiotics for the

treatment of invasive MRSA infections, and hence there are significant concerns related to the

decreasing susceptibility of MRSA to this antibiotic (Choo and Chambers, 2016).

1.2 MRSA lineages

The first S. aureus whole-genome sequences were published in 2001, and demonstrated a
complex mixture of genes in the S. aureus genome, alongside substantial evidence of lateral
gene transfer (Kuroda et al., 2001). Subsequently, whole-genome sequencing has been able to
capture the diversity of tens of thousands of S. aureus genomes (Petit et al., 2018). There are
many S. aureus lineages, which are highly diverse, however isolates belonging to the same
lineage are typically well conserved (Lindsay, 2014). In 2000, a multi-locus sequence type
(MLST) scheme was developed to describe the different S. aureus lineages (Enright et al.,
2000). The MLST typing scheme is based on the different allelic profiles of seven
housekeeping genes; carbamate kinase (arcC), shikimate dehydrogenase (aroE), glycerol
kinase (glp), guanylate kinase (gmk), phosphate acetyltransferase (pta), triosephosphate
isomerase (tpi), and acetyl coenzyme A acetyltransferase (yqiL). Closely related MLST strains

are catagorised into clonal complexes (CCs). Over 70% of known S. aureus genomes can be
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categorised into just seven predominant CCs; CC5, CC8, CC15, CC22, CC30, CC45, and
CC398 (Petit et al., 2018). The most prevalent S. aureus ST in online sequencing repositories
is ST22, with over 6,000 ST22 sequences, which are mostly resistant to methicillin (Petit et

al., 2018).

1.2.1 MRSA ST239

ST239 is a major CC8 EMRSA strain that has been the causative agent of multiple epidemics
in healthcare settings around the globe (Baines et al., 2015). Several major EMRSA strains
have been assigned to ST239, including EMRSA-1, EMRSA-4, EMRSA-7, and EMRSA-9
(Ko et al., 2005). Although community-associated and commensal ST239 have been
recorded, ST239 is primarily associated with bacteraemia or vascular devices, and is therefore

typically a healthcare-associated MRSA strain (Song et al., 2011; Holden et al., 2010).

Several studies have estimated the initial emergence date of ST239 to around the mid-to-late
1960s (Harris et al., 2010; Gray et al., 2010; Didelot et al., 2019). The first ST239 isolates
were collected in the late 1970s in Australia (Pavillard et al., 1982). This was followed by the
first EMRSA, an ST239 strain known as EMRSA-1, which emerged in the UK in 1981
(Cookson and Phillips, 1988). Between 1987 — 1988, over 40% of MRSA isolates collected in
England and Wales were ST239 EMRSA-1 (Kerr et al., 1990) and ST239 became highly

prevalent throughout Europe (Lakhundi and Zhang, 2018).

In Brazil between 1992 — 1994, ST239 was responsible for 70% of MRSA infections
(Teixeira et al., 1995). The ST239 Brazilian strain spread across Latin America to Argentina,
Colombia, Ecuador, Chile, Uruguay and Paraguay (Rodriguez-Noriega and Seas, 2010). A
collection of MRSA isolates from the Asian Bacterial Bank that were isolated between 1998
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and 2003 suggested that ST239 (or ST241, which is a single-locus variant of ST239) was the
dominant MRSA clones in China, India, Indonesia, the Philippines, Saudi Arabia, Singapore,
Sri Lanka, Taiwan, Thailand, and Vietnam (Ko et al., 2005). Several outbreaks of ST239 have
also occurred in Australia, and in 2011, ST239 accounted for 49.3% of all hospital-associated
MRSA in Australia (Coombs et al., 2013). Reports of ST239 in the USA and Africa have
been relatively rare (Wang et al., 2012; Abdulgader et al., 2015). More recently, reports from
around the globe suggest that levels of ST239 MRSA have been decreasing dramatically

(Amorim et al., 2007; Conceicao et al., 2007; Hu et al., 2018).

1.2.1.1 The Robinson-Enright model

In 2004, Robinson and Enright published their hypothesis that ST239 is a hybrid bacteria, and
that its genome had formed through a single large chromosomal replacement event (Robinson
and Enright, 2004). A range of 41 genes across the ST239 genome were sequenced, and
roughly half of these were closely related to the MRSA strain ST30. The remaining genes
were closely related to the MRSA strain ST8. Further sequencing of the hybrid boundaries led
Robinson and Enright to hypothesise that ST239 had formed through a natural hybridisation
event, where ~557 kb spanning the origin of replication (oriC) was acquired from the ST30-
like parent, and the remaining ~2,220 kb originated from the ST8-like parent (Figure 1.3)

(Robinson and Enright, 2004).

In 2010, Holden published the first ST239 whole-genome sequence, from a strain that was
isolated from an ICU in a London hospital in 2003, called ST239 TW20 (Edgeworth et al.,
2007; Holden et al., 2010). Holden compared the ~635 kb ST30-like region of the TW20

genome to the CC30 MRSA252 complete genome sequence, and confirmed that this region
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ST8

ST239

Figure 1.3. The Robinson-Enright model for the hypothesised evolutionary relationships of STs
involved in the chromosomal replacement that formed the ST239 hybrid. The approximate
contributions of each of the ST8 and ST30 parent chromosomes to the ST239 hybrid chromosome are
shown with black and white sectors. Image from Robinson and Enright, 2004.

was more closely related to CC30 by a shift of roughly 1% in DNA percentage identity,
compared to the ~2.5 Mb ST8-like region of TW20. This supported the Robinson-Enright
hypothesis. Castillo-Ramirez (2011) was able to explicitly state the location of the genetic
boundary between the ST30-like and the ST8-like regions in the TW20 genome,
characterising the ST30-like region as a continuous 622,898 bp region spanning the origin of
replication, located between bases 2,848,037 — 3,043,210 and 1 — 427,725, and the ST8-like
region as a 2,420,310 bp region located between bases 427,726 — 2,848,036 (Castillo-Ramirez

etal., 2011).

Although Robinson and Enright could not identify the mechanism of the genetic exchange

that formed the ST239 hybrid, they concluded that conjugative plasmids, transposons and
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phage-mediated exchange were unlikely mechanisms because the exchanged region contains
essential genetic material rather than accessory genetic material that is typically carried on
MGE:s (Robinson and Enright, 2004). Lindsay (2014) proposed that ST239 was more likely to
have been formed by a natural transformation event via bacterially encoded competence
proteins, which have been shown to be capable of transferring very large regions of DNA in
S. aureus that would not fit in transducing phage heads (Lindsay, 2014; Morikawa et al.,
2012). Alternatively, the phage-mediated transduction of large regions of bacterial
chromosomal DNA has been reported. For example, P1 phage can transfer up to 100 kb of E.
coli DNA (Thomason et al., 2007), and the G jumbo phage in Bacillus subtilis, which has one
of the largest phage capsids known, can contain over 600 kb of DNA in its head (Hua et al.,

2017). However, there is no evidence of jumbo phage in the ST239 genome.

Robinson and Enright also noted that ST239 contains SCCmec-III, which is not typically
carried by either the ST8 or ST30 parent (Robinson and Enright, 2004). ST8 and ST30 most
commonly carry SCCmec-1V, however they can carry other SCCmec types, or none at all.
Therefore, Robinson and Enright further hypothesised that SCCmec-III may have been

acquired by ST239 in a separate HGT event, either before or after the hybridisation occurred.

1.2.2 MRSA ST8

The major hypothesised ST239 ancestor, ST8, has been responsible for several healthcare-
associated epidemics, including EMRSA-2. This EMRSA emerged in the UK in the late

1980s (Richardson and Marples, 1988) and typically carried SCCmec-1V (Enright, 2003).

In the early 2000s, an aggressive ST8 community-associated MRSA strain emerged in the
USA, known as USA300, also carrying SCCmec-1V (CDC, 2001; Planet, 2017). By the mid-
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2000s, USA300 was the major cause of all skin and soft-tissue infections in the USA (Talan
et al., 2011), as well as a significant cause of invasive infections, such as bacteraemia
(Seybold et al., 2006), thus increasing rates of MRSA infection and significantly adding to the

overall burden of disease (Planet, 2017).

Both community-associated and healthcare-associated USA300 remain a major healthcare
challenge in the USA, however the expansion of the USA300 strain is beginning to slow
(Planet, 2017; Turner et al., 2019). Despite multiple reported USA300 infections in countries
around the globe through numerous separate introduction events (Toleman et al., 2016; Glaser
et al., 2016), USA300 has not become established outside of North America and northern

South America (Planet 2017).

1.2.3 MRSA ST30

ST30 is the hypothesised minor ancestor of ST239. Between the mid-1990s and early 2000s,
the dominant community-associated MRSA strain in New Zealand was an ST30 strain known
as the South West Pacific strain, which typically carries SCCmec-IV (Williamson et al.,
2014). It has become one of the primary community-associated MRSA strains in countries in
Oceania (Williamson et al., 2014), Asia (Hsu et al., 2006; Isobe et al., 2012), South America
(Fernandez et al., 2013), Europe (Bartels et al., 2010) and the Middle East (Mediavilla et al.,

2012).

The South West Pacific strain was first isolated in the community in Auckland, New Zealand
in 1992, from individuals who had contact with Western Samoa (Mitchell et al., 1996).

Although it has since been replaced as the dominant New Zealand community-associated
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strain by ST5-IV, which has additional fusidic acid resistance, the South West Pacific strain
has remained responsible for a significant proportion of community-associated and

healthcare-associated MRSA infections in New Zealand (Williamson et al., 2014).

ST30 is hypothesised to have diverged from a recent common CC30 ancestor with the
healthcare-associated EMRSA-16 strain, which is an ST36 strain that typically carries
SCCmec-II (DeLeo et al., 2011). EMRSA-16 was first reported in 1991 in the UK (Cox et al.,

1995), and has been one of the most successful EMRSA clones of the antibiotic era.

1.2.4 MRSA ST22

In recent years, MRSA ST22 has begun to replace ST239 and other prevalent healthcare-
associated MRSA strains around the world (Hsu et al., 2005a; Amorim et al., 2007; Aires-de-
Sousa et al., 2008; Witte et al., 2008). ST22 includes EMRSA-15, which carries an SCCmec-
IV element, which is the most frequently identified strain of MRSA in Europe (Grundmann et
al., 2010). EMRSA-15 was initially isolated in the UK in 1991 (Richardson and Reith, 1993),
and subsequently has been identified in countries around the globe, including as a cause of
community-associated infection (Holden et al., 2013). An analysis of 193 ST22 isolates from
around the world by Holden (2013) estimated the date of emergence of the pandemic ST22
population to England in the 1980s, which originated from a community-associated MSSA

population (Holden et al., 2013).

1.3 Fitness costs of horizontal gene transfer and antimicrobial resistance

1.3.1 Horizontal gene transfer

Horizontal gene transfer (HGT) is the movement of genetic material across strain and species

16


https://dx.doi.org/10.1073%2Fpnas.1111084108

Chapter 1
boundaries, and can confer novel, beneficial phenotypes to the recipient (Baltrus, 2013). HGT
is therefore an important evolutionary force, particularly in bacteria, where mechanisms of
HGT include conjugation, transduction, and transformation (Gyles and Boerlin, 2013). HGT
events contribute substantially to pan-genome variation within species, and are therefore key

to the successful adaptation of bacterial species to new niches (Brockhurst et al., 2019).

The drivers and mechanisms of HGT are complex and scientific understanding of important
HGT processes is still incomplete. Recent observations of novel HGT processes in S. aureus
include hyper-mobile regions of the S. aureus genome that are due to the presence of lateral-
transducing S. aureus prophages (Chen et al., 2018), and the presence of auto-transducing
phage, which are able to acquire beneficial genes from competing strains within the same

environment (Haaber et al., 2016).

MGESs can be transferred at high frequency between individuals via HGT. In S. aureus
genomes, MGEs make up 15 — 20% of the genome, and are highly diverse compared to the S.
aureus core genome. These MGEs often encode genes involved in AMR, virulence and host-
adaptation, and include plasmids, transposons, bacteriophage, S. aureus pathogenicity islands,
and the SCCmec element (Lindsay, 2014). The hypothesised large chromosomal replacement
event that formed the ST239 hybrid is an extreme example of a HGT event, where 20% of the
ST30 genome was transferred horizontally to replace the homologous region in ST8
(Robinson and Enright, 2004). Similar large HGT have resulted in other hybrid S. aureus
lineages, including ST42 (Robinson and Enright, 2004), ST34 (Thomas et al., 2012) and
ST2249 (Nimmo et al., 2014), ST582 (Didelot and Wilson, 2015) and ST71 (Spoor et al.,

2015), as well as hybrid lineages of other pathogenic bacterial species, such as Klebsiella
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pneumonia ST258 (Chen et al., 2014), Campylobacter coli ST1150 (Sheppard et al., 2013)

and Streptococcus agalactiae (Brochet et al., 2008).

Although HGT is often associated with the acquisition of beneficial phenotypic traits, it also
commonly results in a fitness cost to the recipient, which can manifest as reduced growth rate
or reduced competitive ability. For example, recently acquired genetic regions often function
inefficiently within new genomic backgrounds, potentially disrupting existing regulatory and
physiological networks (Baltrus, 2013). Therefore, HGT can cause disruption to interactions
within complex cellular networks, as genes in the transferred region have not co-evolved with
the pathways in the recipient genome. Additionally, the bio-synthetic cost of expressing and
maintaining additional DNA, epistatic interactions between chromosomal and MGE genes,
and the expression of toxic gene products, can also negatively impact recipient fitness
(Brockhurst et al., 2019). Overall, the fitness costs associated with the acquisition of MGEs
are complex, as MGEs are able to replicate via both vertical and horizontal transmission, and
therefore have fitness interests that do not necessarily align with the vertically-transmissible
recipient chromosome (Brockhurst et al., 2019). Finally, MGEs that act as genetic parasites
can encode no beneficial accessory genes, and yet are still able persist in the population

(Brown et al., 2013).

Robinson and Enright suggested that negative effects caused by the mixing of large portions
of unrelated genomes may have resulted in ST239 being relatively unfit compared to its
hypothesised parent strains (Robinson and Enright, 2004). This negative impact may translate
into decreased growth rate, for example, the doubling time of ST239 is roughly 1.4x longer

than that of ST30 and ST8 (Okuma et al., 2002).
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1.3.2 Antimicrobial resistance
Antimicrobial resistance (AMR) can arise through de novo mutations, for example, leading to
increases in drug efflux or alterations to the antibiotic target site, or via HGT, which may, for
example, encode drug modification enzymes (Andersson and Hughes, 2010). Experimental
techniques to study AMR have typically focused on the evolution of resistance via
chromosomal mutations, however, clinical microbial sequencing studies have shown that the
acquisition of MGEs is the main mechanism behind AMR acquisition, which poses the

greatest public health threat (MacLean and San Millan, 2019).

AMR is also often associated with a fitness cost (Andersson and Levin, 1999). This is because
antibiotics typically target important cellular functions, such as cell wall synthesis, regulation
of chromosome super-coiling, RNA transcription and protein synthesis, and therefore
chromosomal AMR mutations also impact these vital processes (Andersson and Hughes,
2010). The fitness costs of AMR can be highly variable, as they are influenced by a wide

variety of factors (Vogwill and MacLean, 2014).

1.3.3 SCCmec

In ST239, carriage of the large SCCmec-III element may impose an additional fitness cost,
due to the maintenance of the large genetic element and accommodation of the alternative
PBP2a into the staphylococcal cell wall synthesis complex (Ender et al., 2004), as well as
fitness costs imposed by other AMR genes carried by the SCCmec-III element. However,
there is evidence that smaller SCCmec elements, such as those typically associated with
community-acquired MRSA, carry a lesser fitness cost. Lee (2007) established that although

the larger SCCmec elements, such as SCCmec-I, do impose a fitness cost to their host that
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manifests as a reduced growth rate, the smaller SCCmec-IV element carries no fitness cost
(Lee et al., 2007). Knight (2012) observed a similar fitness cost of the SCCmec-II element
that was not detected in S. aureus isolates that carried SCCmec-1V (Knight et al., 2013). Lee
(2007) suggested that the MecA protein encoded in SCCmec-IV, which has an altered
ribosome binding site that produces less PBP2a, may contribute to the reduced fitness cost of
SCCmec-IV. MRSA strains that carry smaller SCCmec elements, such as SCCmec-1V and
SCCmec-V, are therefore more able to persist under non-antibiotic selective pressures, such as
in the community. As these strains move into healthcare settings, they have been seen to out-
compete less fit well-established healthcare-associated strains that are associated with larger

SCCmec elements in clinical settings (Hsu et al., 2007a; Knight et al., 2012).

1.3.4 Compensatory evolution

Over time, compensatory evolution can reduce the fitness costs associated with HGT or
AMR. Compensatory adaptations can effectively restore the efficiency of affected functions,
or substitute the affected function with an alternative function. This has many consequences
for the acquisition and maintenance of AMR, for example, by stabilising resistant populations
in the absence of antibiotics without loss of resistance (Andersson and Hughes, 2010), and
allowing AMR plasmids to persist in populations (San Millan and MacLean, 2017). This has

massive implications for the reversal of AMR in healthcare.
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2. Thesis objectives

In this thesis, I aim to explore the evolutionary drivers that have contributed to the formation,

global emergence, and eventual decline of the hybrid MRSA ST239.

In Chapter 2, I aim to describe the global distribution of recorded ST239 isolates, and
establish how prevalent the SCCmec-III element is within ST239 and the wider S. aureus
population. Additionally, I will collect a diverse range of ST239, ST8 and ST30 sequences
from publicly available sequencing repositories, as well as experimental isolates. These

diverse data-sets and isolates will be the basis of the further chapters in this thesis.

In Chapter 3, I aim to analyse the separate genetic regions that comprise the ST239 genome,
using the increased diversity of ST239 sequences in publicly available sequencing
repositories, in order to test whether their evolution is consistent with the Robinson-Enright
model. T also aim to identify the closest known ancestor of the true donor of the acquired

region of the ST239 genome.

In Chapter 4, I will estimate the time to MRCA of the ST239 genomes, as an estimate of the
date of the hybridisation event that formed ST239. I also aim to establish whether the
SCCmec-III element was acquired prior to, or subsequently to, the hybridisation.
Additionally, I will investigate the effect of compensatory adaptation in both the acquired and
backbone regions, and explore the contribution of selection to the evolution of the ST239

genome.
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In Chapter 5, I aim to develop a method to calculate the competitive ability of the S. aureus
isolates in co-culture, which can be used as a measure of bacterial fitness in Chapter 6. This
method will apply whole-genome sequencing to determine the depth of coverage at variant
sites and genes that are unique to individual isolates in a range of growth-limiting and growth-

promoting conditions.

In Chapter 6, I aim to assess the fitness and AMR levels of the S. aureus isolates, to

investigate the hypothesis that the large chromosomal replacement event that formed ST239 is

associated with decreased fitness.
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Chapter 2

Investigating the epidemiology of ST239
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Abstract

For several decades, ST239 has been a dominant MRSA strain in healthcare settings around
the globe, and has been the causative agent of major epidemics. In this chapter, I find that,
although epidemiological data surrounding ST239 is sparse, there are records of ST239 in the
scientific literature and in online sequencing repositories that describe ST239 in multiple
countries on all inhabited continents since the late 1970s. This is evidence that ST239 MRSA
is extremely widespread and has had a major impact in healthcare settings around the world.
However, there is also evidence of MRSA strains that have successfully replaced ST239 as
the dominant MRSA in clinical environments, most commonly ST22, which contains a small
SCCmec-1V element that encodes methicillin resistance but has no fitness cost. ST239 is
closely linked to the large ~60 kb SCCmec-III element, which was present in 94% of ST239
sequences in the Staphopia database. No alternative SCCmec elements were found in any
ST239 sequence. SCCmec-III was identified in three S. aureus isolates that are not closely
related to ST239 (ST5, ST21 and ST101), suggesting that there may be some limited mobility
of this large genetic element. ST239, ST8 and ST30 isolates are highly represented in
publicly-available online bacterial sequencing repositories, which were used to create a
geographically and temporally diverse data-set of 96 ST239, 57 ST30 and 111 ST8 sequences,
alongside 15 ST239, ST8 and CC30 isolates that were obtained and sequenced, to be used in
further chapters of this thesis. By combining individual reports of ST239 from around the
world to create a detailed overview, trends in SCCmec type prevalence and strain-replacement
have been identified, which may help to anticipate the behaviour of current and future ST239

epidemics.
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1. Introduction

1.1 Aims and objectives

In this chapter, I aim to describe the distribution of recorded ST239 isolates around the world,
and characterise the prevalence of the large, AMR-linked SCCmec-III element within ST239
and within the wider S. aureus population. Additionally, I aim to collate a diverse data-set of
ST239, ST8 and ST30 sequences and isolates. Where possible, these will be linked to both
geographic location and isolation date metadata. These diverse data-sets and isolates will be
used in future chapters to make robust evolutionary comparisons between ST239 and the

closest relatives of its hypothesised parent strains.

1.2 Bacterial DNA sequence databases

During the last few decades, the number of publicly-available bacterial DNA sequences in
online repositories, such as the National Center for Biotechnology Information (NCBI) and
the European Nucleotide Archive (ENA), has been increasing. S. aureus sequences make up a
large number of the bacterial DNA sequences in these repositories. For example, the number
of S. aureus Illumina shotgun genome sequences in the NCBI Short Read Archive (NCBI
SRA) and the ENA was almost 50,000, as of March 2018 (Petit et al., 2018). However, the
ability to search these databases for specific criteria or metadata on a large scale is very
limited. Therefore, the development and utilisation of methods to easily query the available
bacterial genomes could have far-reaching applications, including real-time genomic
epidemiology and surveillance. One recently developed method is the Bitsliced Genomic
Signature Index (BIGSI) (Bradley et al., 2017). BIGSI is a DNA search engine for microbial

data containing 447,833 bacterial and viral raw-read and assembled genomes, from the entire
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bacterial and viral WGS content of the ENA (as of December 2016), and can be used to

search SNPs, genes or MGEs, at ultra-fast rates.

1.2.1 Staphopia

Staphopia is a S. aureus-specific sequence analysis pipeline, database and application
programming interface, that was published in 2018 (Petit et al., 2018). The Staphopia library
contains over 40,000 S. aureus sequences (Figure 2.1) from the ENA database, primarily from

[llumina sequencing, that are searchable for a number of different attributes.

The authors identified several major challenges faced during the development of the
Staphopia pipeline (Petit et al., 2018). These included difficulties in tracing publications
linked to public genome data, and problems collecting metadata from public sequencing
projects. The authors found that this can lead to a vast amount of missing data, as only a

limited number of metadata fields are required upon submission of sequencing data to public
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Figure 2.1. Cumulative submissions of S. aureus genome projects 2010 — 2017. Green = published,
blue = unpublished. Image from Petit et al., 2018.
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repositories, and suggested that journals should enforce machine-readable standards for
metadata associated with deposited strains. Within the Staphopia database, only 40% of
sequences were associated with a collection date and around 35% were associated with a
geographic location, and a strong bias was identified towards strains from Europe and North

America.

1.2.2 S. aureus PubMLST

The MLST scheme is used to type microbial species, based on the DNA sequence of several
housekeeping genes that are expressed by all sub-types of a species (Enright et al., 2000).
PubMLST (Jolley et al., 2018) contains a collection of open-access, curated databases of over
100 bacterial species and genera, as well as several additional databases, including
eukaryotes. The S. aureus PubMLST database contains at least one isolate for every known
MLST allelic profile. As of August 2019, the S. aureus PubMLST database contained 5,204

different MLST profiles.
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Figure 2.2. The number of records in the Staphopia database for the top ten STs. Green = methicillin
resistant. Blue = methicillin susceptible. Image from Petit et al., 2018.
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However, many of the PubMLST records are not linked to sequencing data. Of the S. aureus
genomes that have been sequenced to-date, these are heavily over-represented by a small
number of common STs. For example, the Staphopia database contains only 1,090 different
MLST profiles from all 40,000 S. aureus sequences (Petit et al., 2018). The representation of
STs is highly biased towards the top 10 STs, which make up 70% of all genomes in the

Staphopia database (Figure 2.2).

1.2.3 Realising the power of bacterial DNA sequence databases

The full power of using bacterial DNA database search engines such as BIGSI and Staphopia
for bacterial genome mining is yet to be realised. Outside of the initial Staphopia study, which
analysed MLST, SCCmec type and prevalence of AMR genes in S. aureus (Petit et al., 2018),
the Staphopia database has been utilised for genome mining just once (as of August 2019), to
identify genetic variation within the S. aureus isdA gene (Bennet et al., 2019), which is a
heme-iron transporter that plays a key role in the survival of S. aureus and other micro-
organisms during human infection, and may be a target for the development of novel

therapeutics.

The authors of BIGSI demonstrated its use to rapidly find AMR genes, quantify the
prevalence of AMR genes, and to determine the host-range of thousands of plasmids (Bradley
et al., 2019). Additional studies have used the BIGSI database to investigate the prevalence of
a rare genomic island conferring copper resistance in Salmonella Typhimurium (Branchu et
al., 2019); to identify the prevalence of the plasmid-encoded qacA4 gene in S. epidermidis

that confers resistance to the topical antiseptic chlorhexidine gluconate (Addetia et al., 2019);
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and to show that the 23S region is well-conserved within bacterial isolates (Beale et al.,

2019).

Bacterial DNA sequence databases are only just becoming practical for scientific research. As
the number of sequenced bacterial genomes continues to increase, databases including further
and higher-quality genomes will enable researchers to make even more powerful and robust

conclusions about diverse pathogen data-sets.

1.3 Chapter summary

An extensive review of the prevalence of ST239 around the world was carried out, combining
records from the scientific literature and DNA sequencing repositories. This showed that,
since the late 1970s, ST239 MRSA has been recorded in multiple countries across Europe,
Asia, Oceania, South America, North America and Africa. However, there is evidence that the
prevalence of ST239 is now in decline, and there are several examples where the dominant
ST239 MRSA has been replaced by a different MRSA strain in clinical settings. The most
commonly reported strain that has replaced ST239 was ST22, which has decreased resistance

to antimicrobials, higher fitness, and contains the smaller SCCmec-1V element.

The diversity of ST239, ST8 and ST30 sequences represented in the Staphopia database was
investigated. The majority of the isolates were not associated with metadata, and those that
were associated with metadata were frequently from a small number of large-scale studies. A
total of 264 geographically and temporally diverse sequences were selected, including 96
ST239, 111 ST8 and 57 ST30 sequences, and these were mapped to their respective high-

quality reference sequences for further analysis in Chapters 3 and 4.
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Of all 3,178 ST239 sequences in the Staphopia database, 93.7% were identified as containing
SCCmec-IlI. An accurate SCCmec type could not be identified in the remaining ST239
sequences. This suggests a strong relationship between the ST239 genome and the SCCmec-
IIT element. Within the wider S. aureus population, three sequences, corresponding to ST22,
ST5 and ST101, that were not closely related to ST239, were found to contain SCCmec-I1I,
which suggests that there is some limited mobility of the large SCCmec-III element. Although
a single ST8 sequence containing SCCmec-III was identified, none of the ST30 isolates
contained SCCmec-III. This may suggest that the SCCmec-III was not present within the

ST30-like donor, and may have entered into ST239 separately to the hybridisation event.

Additionally, a total of fifteen ST239, ST8 and CC30 isolates were obtained, whole-genome
sequenced, and their MLST and SCCmec type was verified. All of the ST239 isolates
contained SCCmec-I1I, however a large amount of variability between the SCCmec-III

elements was observed.
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2. Methods

2.1 ST239 literature review

An extensive literature review of the prevalence of ST239 around the world was carried out.
Countries where ST239 was documented as the dominant MRSA strain in at least one
hospital, and where ST239 was described as being out-competed by another strain in at least
one hospital, were recorded, as well as articles that reported the presence of ST239 in a
country. The ST of any MRSA strain that had replaced ST239 as the dominant strain was also

recorded.

2.2 ST239, ST8 and ST30 sequence identification

Sequences with an MLST profile corresponding to ST239, ST30 and ST8 (Table 2.1) were
identified within the Staphopia database (Jolley et al., 2018; Petit et al., 2018). The isolation
date and geographic location were extracted from the metadata files. Additional ST239, ST30
and ST8 sequences with corresponding isolation date and location metadata were identified
from the NCBI database using MegaBLAST (Morgulis et al., 2008). Further ST239, ST30
and ST8 sequences with corresponding isolation date and location metadata were also

identified through a literature search.

Housekeeping gene

ST |arcC |aroE |gIpF | gmk  pta | tpi |yqiL

239 | 2 3 1 1 4 4 3
8 3 3 1 1 4 4 3

30 2 2 2 2 6 3 2

Table 2.1. MLST alleles for ST239, ST8 and ST30.
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2.3 Geographic distributions

All maps of ST239, ST8 and ST30 presence were created using MapCHART (MapChart,
2019). Location data was displayed by country only, and was collected from the metadata in

Section 2.2.

2.4 Mapping and phylogeny

A total of 96 ST239, 111 ST8 and 57 ST30 sequences were downloaded from EMBL-EBI
(Madeira et al., 2019) (Appendix B.1.1 — B.1.3). Where the sequences were downloaded as
assemblies or complete genomes, raw sequence reads were simulated with dwgsim v0.1.11
(Homer, 2011). [llumina reads were trimmed using Trimmomatic (Bolger et al., 2014), and
bwa v0.7.15 and SAMtools v1.3.1 (Li and Durbin, 2009) were used to map the ST239, ST8
and ST30 sequences to the reference sequences with accession numbers FN433596,
CP007690 and LN626917, respectively. Consensus sequences were generated for each isolate,
and combined to make a multifasta alignment. Genes were annotated with Prokka v1.13
(Seeman, 2014). The pan-genome was calculated and the core genes extracted using Roary
v3.12.0 (Page et al., 2015), and maximum-likelihood phylogenies were estimated with
RaxML v8.2.9 (Stamatakis, 2014), using a GTR model with gamma correction for among site
rate variation, which was replicated for 100 bootstraps. All trees were viewed in Figtree

v1.4.4 (Rambaut, 2010).

2.5 SCCmec type

The SCCmec type of all ST239 sequences in the Staphopia database was predicted using the
Staphopia API (Petit et al., 2018). For ST239 sequences where no SCCmec type was

accurately identified, the Staphopia SCCmec primer record was analysed for the presence of
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any SCCmec-related genes, such as mecA or ccrA. Where no SCCmec-related genes were

present, the SCCmec type was recorded as “no evidence of SCCmec”.

The Staphopia database was mined for all sequences predicted to contain SCCmec-III. The ST
of these sequences was recorded, and the MLST of these sequences was identified using
PubMLST (Jolley et al., 2018). The MLST was confirmed using ARIBA v2.13.3 (Hunt et al.,

2017) and the SCCmec type was confirmed using SCCmecFinder (Kaya et al., 2018).

2.6 Experimental isolates

2.6.1 DNA extraction

The S. aureus isolates in Table 2.2 were obtained from BEI Resources, Manassas Virginia,
USA; the Leibniz Institute DSMZ, Braunschweig, Germany; Public Health England, London,
UK; or the John Radcliffe Hospital, Oxford, UK. Stocks of all isolates were mixed with 50%

glycerol and stored at -80°C.

For DNA extraction, the bacteria from cryostock were streaked on TSA, and incubated at
37°C for 24 hours. Single colonies were picked and incubated for 24 hours in 3 mL TSB, at
37°C with 225 RPM. Roughly 1 mL of each culture was digested in enzymatic lysis buffer
containing 25 — 30 mg/mL lysozyme, 0.1 mg/mL lysostaphin, 20 mM TrisCl, 2 mM EDTA
and 1.2% Triton-X100 for 2 hours. DNA was purified using the Qiagen DNeasy Blood and
Tissue kit (QIAGEN, 2006), and following the protocol for purification of bacterial or yeast
DNA with enzymatic lysis, using QIAcube. The concentration of genomic DNA in each
sample was then measured using a Promega QuantiFluor dsDNA System, and samples were

diluted to 10 — 50 ng/pL. in DNAse-free water before sequencing was carried out using an
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ST Name BEI Isolation | Isolation |Predicated | Source
Accession | Year |Location | MRSA/
MSSA
ST239A BR15 NR-45889 1998 Brazil MRSA BEI
ST239B Br5 / NRS56 NR-45890 1999 Brazil MRSA BEI
ST239C TW20 - 2003 UK MRSA PHE
ST239D SR2852 NR-50508 2011 USA MRSA BEI
ST8A NCTC 8325 - 1950 UK MSSA | DSMZ
ST8B RN1 NR-45904 1960 UK - BEI
ST8C A970230 / NRS172 NR-45971 1997 France MRSA BEI
ST8D GA-355/NRS685 NR-46214 | 2006 USA MRSA BEI
ST8E 880 (BR-VRSA)/ NR-49120 | 2012 Brazil MRSA BEI
SAMNO02732485 / JICLO1
ST8F JRH - 2016 UK - JRH
ST30A HIP12899 / NRS484 NR-46081 1996 USA MRSA BEI
ST30B | HT20020058 / SRR2910957 | NR-46024 | 2002 France MSSA BEI
ST30C 160013 / NRS283 NR-46067 | 2002 UK MRSA BEI
ST30D TN-82 / NRS740 NR-46269 | 2005 USA MRSA BEI
ST30E CA-409 / NRS651 NR-46180 | 2006 USA MRSA BEI

Table 2.2. Metadata of the experimental isolates used in this study.

[lumina HiSeq4000 system with 150 bp paired-end reads by the Oxford Genomic Centre,

Wellcome Trust Centre for Human Genetics, University of Oxford, UK.

2.6.2 Mapping and assembly

The ST239, ST8 and CC30 sequences were mapped to FN433596, CP007690 and LN626917,
respectively, as in Section 2.4. Additionally, these sequence reads were de novo assembled
into contigs using SPAdes v3.13.0 (Bankevich et al., 2012) and the contigs were ordered
against the FN433596, CP007690 or LN626917 reference sequences using abacas v1.3.1

(Assefa et al., 2009) and annotated with Prokka v1.3 (Seeman, 2014). Maximum-likelihood
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core genome phylogenies were estimated as in Section 2.4. MLST was determined using

PubMLST (Jolley et al., 2018).

The raw reads from the ST239C contaminant were uploaded to the PathogenWatch web
application (Centre for Genomic Pathogen Surveillance, 2018), and the predicted species and

ST of the contaminant was recorded.

2.6.3 SCCmec

SCCmec type was determined by PCR using the primers in Table 2.3, which were obtained
from Thermo Fisher Scientific, Loughborough, UK. These were then identified in the
assemblies of the isolates from Section 2.6.2. PCR amplification was carried out in a 50 pL
reaction volume, consisting of 20 pL combined 100 pM primers, 5 pL template DNA and 25
HL GoTaq® DNA polymerase. The thermal cycle was programmed for 4 min at 94°C for
initial denaturation, followed by 30 cycles of 30 s at 94°C for denaturation, 30 s at 53°C for
annealing, 60 s at 72°C for extension, and 4 min at 72°C for the final extension. PCR products
were examined by gel electrophoresis at 75 V for 45 — 85 min in a 1.5% (w/v) agarose gel in

1x TAE buffer with 5 uL. SYBR™ Safe DNA gel stain. The marker used was a 100 bp ladder.

The boundaries of the SCCmec-III element were identified in the TW20 reference genome
using BLAST against the reference SCCmec-III element with the accession number
AB037671 (Ito et al., 2001), and confirmed using SCCmecFinder (Kaya et al., 2018). The
SCCmec-III element was then extracted from the ST239A — D sequences, and visualised
against the TW20 SCCmec-I1I element using Artemis Comparison Tool v13.0.0 (Carver et al.,

2005). Gene function for genes that could be annotated by Prokka in Section 2.5.2 were
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SCCmec DNA sequence Reverse complement of DNA sequence
type
I 1. TTCGAGTTGCTGATGAAGAAGG 2. CCTTCTTCATCAGCAACTCGAA
3. ATTTACCACAAGGACTACCAGC 4. GCTGGTAGTCCTTGTGGTAAAT
I 1. AATCATCTGCCATTGGTGATGC 2. GCATCACCAATGGCAGATGATT
3. CGAATGAAGTGAAAGAAAGTGG 4. CCACTTTCTTTCACTTCATTCG
ILII 1. ATCAAGACTTGCATTCAGGC 2. GCCTGAATGCAAGTCTTGAT
3. GCGGTTTCAATTCACTTGTC 4. GACAAGTGAATTGAAACCGC
LILIV |1. CATCCTATGATAGCTTGGTC 2. GACCAAGCTATCATAGGATG
3. CTAAATCATAGCCATGACCG 4. CGGTCATGGCTATGATTTAG
111 1. GTGATTGTTCGAGATATGTGG 2. CCACATATCTCGAACAATCAC
3. CGCTTTATCTGTATCTATCGC 4. GCGATAGATACAGATAAAGCG
11 1. TTCTTAAGTACACGCTGAATCG 2. CGATTCAGCGTGTACTTAAGAA
3. GTCACAGTAATTCCATCAATGC 4. GCATTGATGGAATTACTGTGAC
mecA |1. TCCAGATTACAACTTCACCAGG 2. CCTGGTGAAGTTGTAATCTGGA
3. CCACTTCATATCTTGTAACG 4. CGTTACAAGATATGAAGTGG
Table 2.3. PCR primers for determining SCCmec type (adapted from Oliveira and de Lencastre,

2002).

identified in UniProt (The UniProt Consortium, 2018), and MegaBLAST (Morgulis et al.,

2008) was used to identify genes where no annotation was found with Prokka.
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3. Results

3.1. Evidence of the rise and fall of ST239

To investigate how widespread ST239 has become around the globe, literature reports of
ST239 prevalence, as well as ST239 isolates from online sequencing repositories, were
identified (Table 2.4a — 2.4b). Records of ST239 prevalence ranged from single cases of
ST239 infections, to large-scale surveillance of epidemics that have resulted in ST239
becoming the dominant MRSA lineage in multiple different hospitals across several countries.
Multiple incidences of ST239 MRSA were recorded in Europe, Asia, Oceania, South
America, North America and Africa, with the earliest isolates being identified in the late
1970s. Since routine, global, detailed surveillance data of MRSA is not available, it is likely
that the prevalence of ST239 has been severely under-reported, and that a vast amount of data
has not been recorded. Therefore, gaps in the data do not necessarily mean that ST239 was
absent. However, there is evidence that ST239 has been the dominant MRSA in a wide range
of different countries over many years, which shows that ST239 MRSA is extremely

widespread, and has had a major impact in healthcare settings across the globe.

Several examples where the dominant ST239 MRSA has been replaced by a different MRSA
lineage were also identified. These replacement events may be evidence of ST239 being out-
competed by strains that are more fit in the clinical environment. The most commonly
reported MRSA strain that has replaced ST239 was ST22, which was recorded in India,
Australia, Portugal, Kuwait, and on multiple occasions in Singapore. ST22 typically contains
SCCmec-1V, which is a small SCCmec element that has been shown to have no fitness cost

and carry few AMR genes (Lee et al., 2007). Several of the studies showed that clinical ST22-
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Europe and Africa

Croatia
Czechia
Denmark
France
Finland
Germany
Greece
Hungary
Ireland
Italy
Lithuania
Malta
Netherlands
Poland
Portugal
Romania
Russia
Spain
Switzerland
Turkey
UK
Algeria
Egypt
Gambia
Ghana
Kenya
Morocco
Niger
Nigeria
Senegal
South Africa
Tunisia

Year of isolation
Norway

1979
1980
1981

1982
1983
1984
1985
1986
1987
1988
1989
1990
1991 I
1992

1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003 I Bl
2004

2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017

Table 2.4a — 2.4b. Reports of ST239 prevalence around the world. Key: yellow, ST239 is a dominant
MRSA strain in at least one hospital; green, at least one isolate of ST239 was recorded in this country;
red, ST239 has been or is being out-competed by another strain in at least one hospital. The dominant
strain that has replaced ST239-III is recorded as Y ST36-II; ¥ ST228-I/ST5-1I; © ST22-1V; '’
ST22-1V/ST772-V; 2 ST5-11I; “ST59-1V; 8 ST80-1V; M ST772-V. Reference list in Appendix B.2.1.
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IV isolates are less resistant to antimicrobials than ST239-III (Hsu et al., 2005b; Hsu et al.,
2007a; Amorim et al., 2007; D’Souza et al., 2010), but clinical ST22-IV isolates have been
shown to have higher fitness than ST239-1III in in vitro growth rate comparison experiments
(Knight et al., 2012). This suggests that the advantages of high multi-drug resistance that
ST239 has benefited from in the past are no longer able to compete with the fitness

advantages of ST22-IV in these clinical environments.

In Australia, ST239 has persisted as one of the major healthcare-associated MRSA strains for
decades. Although there was a comprehensive report suggesting that ST22-IV is beginning to
overtake ST239 as the dominant MRSA strain in several hospitals across Australia (Coombs
et al., 2013), other evidence supports that ST239 was still the dominant MRSA strain in at
least one hospital in Australia in 2013 (Abbott et al., 2015). In China, studies have reported
that ST239 was a dominant MRSA strain for over a decade (Aires de Sousa et al., 2003b; Xu
et al., 2009). However, this has been replaced in multiple hospitals across China over several

years by ST59-1V (Li et al., 2018) and ST5-1I (Dal et al., 2018).

Overall this data suggests that, whilst ST239 has been a major healthcare-associated MRSA

strain around the globe, its prevalence is now in decline, as several other dominant MRSA

strains are beginning to emerge.

3.2 ST239, ST8 and ST30 sequences

3.2.1 Staphopia

ST239, ST8 and ST30 sequences were all represented in the top 10 STs within the Staphopia

database (Table 2.5). Some of these sequences were associated with metadata, such as an
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ST Total number | Total number of Total number of Total number of
of sequences sequences with sequences with | sequences with both
date of isolation location of date and location of
isolation isolation
ST239 3,178 386 (12.1%) 313 (9.8%) 313 (9.8%)
ST8 6,280 3,886 (61.9%) 3,706 (59.0%) 3,397 (54.1%)
ST30 1,896 455 (24.0%) 467 (24.6%) 442 (23.3%)

Table 2.5. Number of ST239, ST8 and ST30 sequences associated with metadata in the Staphopia
database.

isolation date and location, however the majority were not associated with any metadata. Of
those that were associated with a location and date of isolation, many were closely related
sequences from the same study, such as isolates that were collected over a set time-period
from one particular hospital. For example, 276 of the 329 ST30 sequences associated with
geographic location metadata from the UK were collected from health-care workers,
environmental locations, and patients in an ICU and a high-dependency unit at the Royal
Sussex County Hospital, Brighton, England, between 31 October 2011 and 23™ December

2012 (Price et al., 2017).

3.2.2 Geographic distribution of ST239, ST8 and ST30 sequences

ST239 and ST8 belong to CC8, and ST30 belongs to CC30. CC8 and CC30 are two of the
five major EMRSA CCs, which also include CC5, CC45 and CC22. These EMRSASs are well
adapted to the hospital environment, are established in several hospitals within a country, or
have spread internationally (Enright et al., 2002), and their high frequency within healthcare
settings is reflected by their prevalence within the Staphopia database. Within the Staphopia
and NCBI databases, ST239 sequences were identified that had been isolated from 34
countries across all six inhabited continents. ST8 and ST30 sequences were identified from 25

countries and 22 countries, respectively (Figures 2.3a — 2.3c) (Appendix B.1.4).
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Figure 2.3a. 34 countries where ST239 has been isolated and recorded in online sequence databases.
Purple, an ST239 sequence was present from this country.

Figure 2.3b. 25 countries where ST8 has been isolated and recorded in online sequence databases.
Purple, an ST8 sequence was present from this country.
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Figure 2.3c. 22 countries where ST30 has been isolated and recorded in online sequence databases.
Purple, an ST30 sequence was present from this country.

All three STs were represented at least once on each inhabited continent (with the exception
of ST30, which was not identified in Oceania), which reflects their ability to spread
internationally. The ST239 isolates had a much higher representation in Asian countries
compared to the ST8 and ST30 isolates, for which only a single ST8 isolate from Japan was
identified, and a single ST30 isolate from South Korea. The high prevalence of ST239 in Asia
is consistent with the literature, with studies suggesting that, in the mid-2000s, ST239 was the
predominant MRSA strain in Asia, causing up to 90% of hospital-acquired MRSA within a
region accounting for over 60% of the world’s population (Feil et al., 2008). The high number
of ST239 isolates in the Staphopia database that were associated with geographic location
data from Asia (n = 172), is primarily due to a single study that included 106 S. aureus
isolates from Singapore between 2000 — 2010 (Wellcome Sanger Institute, 2011). The 77
isolates from Australia that were associated with geographic location metadata, which
contribute to a high prevalence of ST239 in Oceania (n = 78) compared to ST8 (n = 14) and

ST30 (n = 0), were also from a single study, spanning 32 years (Baines et al., 2015). There
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has been a very low representation of ST239 in South America in these databases, even
though ST239 was first described in Brazil, and is a known Brazilian epidemic strain

(Teixeira et al., 1995), which may reflect a lack of sequencing of isolates from this region.

Additionally, ST8 is a highly prevalent strain in both hospital- and community-acquired
MRSA infections in the USA (Strauss et al., 2017), and the majority of ST8 sequences were
from isolates from the USA. The 3,284 ST8 isolates that were sequenced in the USA were
collected from many different states, years and from 31 individual studies. Thirteen different
studies sequenced ST8 isolates from the UK, however, 52% of these sequences were from the
same study at the Royal Sussex County Hospital, Brighton, England, between 31* October

2011 and 23" December 2012 (Price et al., 2017).

CC30 has been prevalent in healthcare settings in the UK (Enright et al., 2002), and is very
well represented in the UK in the Staphopia database. The prevalence of ST30 on all other

continents within the Staphopia database is at a low level.

3.2.3 Forming diverse data-sets

A total of 96 high-quality temporally and geographically diverse ST239 sequences were
selected from a range of different studies, and mapped to the ST239 complete reference
sequence with NCBI accession number FN433596, with an average depth of 120.0x, ranging
from 40.3x to 503.1x (Appendix B.1.1). The average coverage was 95.5%, ranging from
90.7% — 100%, and the average SNP divergence from the reference was 4,159, ranging from 0
—11,802. A total of 111 diverse ST8 sequences were mapped to the ST8 complete reference

sequence with NCBI accession number CP007690, with an average depth of 117.3x, ranging
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from 17.9x to 686.2x (Appendix B.1.2). The average coverage was 97.8%, ranging from 91.4
— 100%, and the average SNP divergence from the reference was 812, ranging from 0 — 2,360.
Additionally, 57 diverse ST30 sequences were mapped to the ST30 complete reference
sequence with NCBI accession number LN626917, with an average coverage of 113.9x,
ranging from 7.7x to 289.4x (Appendix B.1.3). The average coverage was 96.1%, ranging
from 92.1% — 100%, and the average SNP divergence from the reference was 2,983, ranging
from 0 — 4,382. The lower range of SNP divergence within the ST8 sequences suggests a
lower diversity of isolates compared to the ST239 and ST30 data-sets, even though the ST8

data-set contains the highest number of isolates.

The pan-genome of the 96 ST239 isolates consisted of a total of 3,337 genes. Of these, 1,889
were present in 99 — 100% of all strains, and are defined here as “core genes”, resulting in a
core genome length of 1,754,805 bp. These core genes ranged from 104 bp — 7,436 bp in
length, with an average of 928 bp per gene, including 683 core genes that were >1000 bp in
length. This is a narrower core genome than that observed by Harris (2010), who analysed 43
ST239 sequences from a global isolate collection alongside 20 ST239 sequences from a single
hospital in northeast Thailand that were isolated between 2006 — 2007 during an outbreak in
an ICU. The core genome identified by Harris consisted of 1,492 core genes, but only
included genes that were >1,000 bp in length. Therefore, the ST239 sequences collected in
this study represent a greater diversity of ST239 isolates than those included in the study by

Harris (Harris et al., 2010).
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Gene Type Percentage of No. genes in | No. genes in | No. genes in | No. genes in
strains ST239 data- | ST8 data-set | ST30 data-set | combined
set ST239, ST8
and ST30
data-set
Core genes 99% — 100% 1,889 2,253 2,217 1,980
Soft core genes 95% — 98.9% 521 135 147 86
Shell genes 15% — 94.9% 542 328 297 1,213
Cloud genes 0% — 14.9% 385 221 393 1,059
Total genes 0% — 100% 3,337 2,937 3,054 4,338

Table 2.6. Breakdown of the number of genes in the pan-genome of the ST239,

sequences.

ST8 and ST30

Figure 2.4. Out-group rooted maximum-likelihood phylogeny of the 96 ST239 sequences. Units in
SNPs/Mb. Blue, Europe; Pink, Asia; Orange, Oceania; Green, South America; Black, North America;

Red, Africa.
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Figure 2.5. Out-group rooted maximum-likelihood phylogeny of a) the 111 ST8 sequences, b) the 57
ST30 sequences. Units in SNPs/Mb. Blue, Europe; Pink, Asia; Orange, Oceania; Green, South
America; Black, North America; Red, Africa.

47



Chapter 2

The pan-genome of the ST8 isolates was made up of 2,937 genes, of which 2,253 were core,
and the pan-genome of the ST30 isolates was made up of 3,054 genes, of which 2,217 were
core (Table 2.6). Overall, 4,338 unique genes were identified across all 264 ST239, ST8 and
ST30 sequences. The number of core genes, shared by >99% of isolates from all three STs

was 1,980.

The maximum-likelihood phylogeny for the ST239 data-set had strong bootstrap support
(Figure 2.4), and the long branch lengths were suggestive of a diverse set of isolates. The
population structure is similar to that observed by Harris (2010), and by Castillo-Ramirez
(2012), who identified strong geographical clustering of ST239 sequences on continental,
national and city scales (Castillo-Ramirez, et al., 2012). For example, Harris observed a
tightly clustered South American clade, which may reflect a recent expansion of a single
variant across the continent. The South American ST239 isolates in this study were consistent
with this observation, with a single exception. Additionally, Harris noted clustering of isolates
from Thailand and China into a single diverse Asian clade. In this study, isolates from a
greater number of Asian countries were also included, and the majority of the Asian isolates
were clustered, however there were several exceptions, including three isolates from India and
one from China. Additionally, in this study a number of isolates from Oceania and North
America were also included. The isolates from Oceania formed a tightly clustered clade, with
one exception. These were more closely related to European and North American isolates than
the Asian isolates, which is in contrast with the North American isolates, which are dispersed

throughout the tree.
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Harris observed evidence of geographical clustering within the European isolates, however,
although Castillo-Ramirez observed clustering of the South American and Asian isolates, they
found that the European isolates were dispersed throughout the phylogeny. Castillo-Ramirez
found evidence of multiple independent introductions from Europe that were apparent in both
the core and accessory ST239 genome. The European isolates in this study do show some
evidence of geographical clustering, however, these are more diverse and spread throughout

the tree, which is more similar to Castillo-Ramirez (Castillo-Ramirez, et al., 2012).

The maximum-likelihood phylogeny for the ST8 and ST30 data-sets also had strong bootstrap

support overall (Figure 2.5a and 2.5b), although the support for some of the ST30 sequences

was quite low.

3.3 SCCmec type

3.3.1 SCCmec prevalence in ST239

ST239 is commonly resistant to methicillin due to the presence of the SCCmec-III element,
which has been identified in ST239 isolates from around the globe (Monecke et al., 2018).
The Staphopia database can be mined for the presence of different SCCmec types in S. aureus

sequences. The number of ST239 sequences containing each SCCmec type is recorded in

No. ST239 | Percentage of
sequences in | total ST239s
Staphopia
Evidence of SCCmec-II1 2,979 93.7%
Some evidence of an SCCmec 108
6.3%
No evidence of SCCmec 91
Total 3,178 100%

Table 2.7. SCCmec prevalence in ST239 sequences in Staphopia.
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Table 2.7. Of the 3,178 ST239 sequences in the Staphopia database, 2,979 (93.7%) were
identified as containing the SCCmec-III element. In the remaining 199 ST239 sequences, an
SCCmec type could not be accurately determined. Of these, 108 sequences showed some
evidence of the presence of an SCCmec element, for example, the presence of ccrA or mecA
genes, which are commonly found in SCCmec elements (IWG-SCC, 2009), therefore it is
unlikely that the SCCmec element is absent. It is possible that these isolates contain an
unpublished SCCmec element, however, it is also possible that the SCCmec region of these

sequences was poorly sequenced, and hence the SCCmec type could not be identified.

The remaining 91 ST239 sequences contained no genetic evidence of the presence of an
SCCmec element. It is possible that the SCCmec element in these sequences was also poorly
sequenced, and hence no SCCmec genes could be identified. It is also possible that these

sequences do not contain any SCCmec element, having lost the SCCmec element over time.

One example of a single ST239 isolate that may not contain an SCCmec element was
identified by Luedicke (2010). Although several SCCmec genes were not identified in this
ST239 isolate using a DNA array, including mecA and ccr genes, the SCCmec-III linked
mercury resistance genes merA, merB, merR, and merT were detected. Luedicke was also
unable to detect the spa gene region in this isolate for spa-typing, and unfortunately, DNA
sequencing of this isolate or phenotypic AMR susceptibility-testing was not carried out to
confirm whether this ST239 isolate is a true MSSA isolate (Luedicke et al., 2010). Monecke
(2018) suggested that this isolate may be an example of an ST239 that has lost the SCCmec-

IIT element (Monecke et al., 2018).
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Additionally, there are a few examples in the literature of ST239 isolates that may contain an
alternative SCCmec type, including SCCmec-IV (Ramdani-Bouguessa et al., 2006) and
SCCmec-V (Breurec et al., 2011). Abdulgader (2015) suggested that these may be examples
of replacement of SCCmec-III in the ST239 genome (Abdulgader et al., 2015). However, both
of these isolates were typed using PFGE or PCR methods, and therefore no whole-genome
sequencing data from these isolates can be accessed to determine whether these were
incorrectly typed, and these ST239-IV and ST239-V isolates are not represented in the
Staphopia database. Therefore, if these alternative SCCmec types are able to replace SCCmec-

IIT in ST239, it is probably very infrequent.

3.3.2 SCCmec-I11 prevalence in S. aureus

A total of 3,152 sequences containing SCCmec-III were identified in the Staphopia database
(Table 2.8). Of these, 2,979 (94%) were identified as ST239. Although the SCCmec-III
element is associated with the hypothesised ST30-donated region of the ST239 genome, there
was no evidence of SCCmec-III in any of the 1,896 ST30 sequences. However, a single ST8
isolate was identified as containing SCCmec-III; Staphopia ID 1196 (Tgen North, 2017) is a
human isolate that was identified as the only SCCmec-III ST8 isolate in a large scale study of

497 CC8 genomes (Bowers et al., 2018).

In total, 173 S. aureus sequences contained SCCmec-III that were not identified as ST239.
These included 30 unique STs (Appendix B.3.1), and 47 sequences where the ST could not be
identified, for example due to an undefined ST, poor sequencing quality of the housekeeping

genes required for MLST identification, or contamination with several different MLSTs.
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No. SCCmec-III | Percentage of
sequences in | total SCCmec-
Staphopia I1I sequences
Total 3,152 100%
ST239 2,979 94.5%
Shares 5 — 6 MLST 123 3.9%
genes with ST239
Shares 3 — 4 MLST 0 0%
genes with ST239
Shares 1 -2 MLST 3 0.10%
genes with ST239
Un-typable 47 1.5%

Table 2.8. SCCmec-III prevalence in Staphopia.

The majority of the non-ST239 sequences that were associated with an MLST were closely
related to ST239 (Table 2.8), sharing five or more MLST alleles with ST239, suggesting that
they are descended from a recent shared common ancestor with ST239. However, three of the
non-ST239 STs that contain SCCmec-III shared only one or two MLST genes with ST239,
and are therefore much less closely related to ST239. These included two sequences that were
part of a pre-publication release by the Wellcome Trust Sanger; an ST101 isolate (Sanger,
2012) and an ST21 that was isolated from a human blood sample in England in 2011 (Sanger,
2011). Additionally, an ST5 isolate containing SCCmec-I1I was identified, which was isolated
in 1995 from a human source. The ST5 isolate was previously recorded as the only SCCmec-
IIT containing ST5 in a study into the evolution of a selection of an international collection of
MRSA isolates (Robinson and Enright, 2003). The presence of SCCmec-III in three unrelated
non-ST239-like isolates suggests that the SCCmec-III element can be mobile and has moved
between S. aureus isolates. However although SCCmec-III has moved into epidemic isolates

ST21 and ST5 on rare occasions, it has not become prevalent.
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None of the sequences that contained SCCmec-III shared more than one MLST housekeeping
gene with ST30. This suggests that the ST30-like common ancestor of the acquired region of

ST239 may not have contained SCCmec-III.

3.4 Experimental isolates

Fifteen S. aureus isolates were obtained (Table 2.9). A range of dates and geographic locations
were selected, including some MRSA and some MSSA, in order to try to find the most varied
strains possible. In some cases, the SCCmec type had been previously characterised. Due to

the low number of available ST30 isolates, some ST36 isolates were selected, which are very

ID ST | Year of Isolation Location of Predicted | Predicted |Source
Isolation MRSA/ |SCCmec Type
MSSA

ST239A  |239 1998 Brazil MRSA N/A BEI
ST239B 239 1999 Brazil MRSA N/A BEI
ST239C 239 2003 UK MRSA N/A PHE
ST239D |239 2011 USA MRSA N/A BEI

ST8A 8 1950 UK MSSA None DSMZ
ST8B 8 1960 UK N/A N/A BEI
ST8C 8 1997 France MRSA N/A BEI
ST8D 8 2006 USA MRSA v BEI
ST8E 8 2012 Brazil MRSA v BEI
ST8F 8 2016 UK N/A N/A JRH
ST30A 30 1996 USA MRSA N/A BEI
ST30B 30 2002 France MSSA None BEI
ST30C 36 2002 UK MRSA N/A BEI
ST30D 36 2005 USA MRSA II BEI
ST30E 36 2006 USA MRSA I BEI

Table 2.9. Metadata of the 15 experimental strains.

53



Chapter 2
closely related to ST30, differing by only one MLST allele and both sharing the same arcC

type 2 housekeeping allele as ST239.

All DNA were extracted successfully and whole genome sequenced. All of the sequences
mapped successfully to their respective references (Appendix B.1.5), with a coverage ranging
from 93% — 99% and a depth from 273.1x — 449.3x, with the exception of ST239C and
ST239E. The low coverage and depth of the ST239C sequence suggested that the isolate had
become contaminated prior to sequencing. PathogenWatch analysis (Centre for Genomic
Pathogen Surveillance, 2018) reported that the contaminant was E. coli ST1. All future

experiments were run with the ST239C original stock, which was shown by PCR to be free of

MLST Gene Type
ID Predicted arcC | aroE | glpF | gmk | pta | tpi |yqiL Genetic
MLST MLST
239A 239 2 3 1 1 4 4 3 239
239B 239 2 3 1 1 4 4 3 239
239C 239 2 3 1 1 4 4 3 239
239D 239 2 3 1 1 4 4 3 239
30A 30 2 2 2 2 6 3 2 30
30B 30 2 2 2 2 3 2 2 N/A
30C 36 2 2 2 2 3 3 2 36
30D 36 2 2 2 2 3 3 2 36
30E 36 2 2 2 2 3 3 2 36
8A 8 3 3 1 1 4 4 3 8
8B 8 3 3 1 1 4 4 3 8
8C 8 3 3 1 1 4 4 3 8
8D 8 3 3 1 1 4 4 3 8
8E 8 3 3 1 1 4 4 3 8
8F 239 3 3 1 1 4 4 3 8

Table 2.10. MLST profiles of the 15 experimental isolates.

54



Chapter 2
the contamination. The low coverage for ST239E suggested that this isolate may not be an

ST239, as originally reported.

The MLST profiles of the isolates were determined (Table 2.10). ST30B was determined to
have a novel MLST type, closely related to ST30 and ST36. ST239E was determined by

MLST to be an ST8, and was therefore renamed as ST8F for the rest of the analysis.

3.4.1 De novo assembly

The sequences assembled successfully (Appendix B.1.6, A.1.1 — A.1.3), with a number of
contigs ranging from 39 — 168, N50 ranging from 83,606 — 671,206, and a genome length

ranging from 2,795,514 — 3,051,179 bp.

The pan-genome of all of the sequences contained a total of 4,928 genes, including 2,080 core
genes that were shared between all isolates (Table 2.11). A maximum-likelihood phylogeny
(Figure 2.6) showed the relatedness of the isolates, based on the core genes. The maximum
SNP distance between the ST239 sequences was 501 SNPs, which was between ST239A and
ST239D, and the minimum SNP distance was 83 SNPs, which was between ST239A and
ST239B. The maximum SNP distance between the ST8 isolates was 574 SNPs between ST8E
and ST8F, and the minimum SNP distance was 61 SNPs between ST8A and ST8B. The
maximum SNP distance between the ST30 isolates was 735 SNPs between ST30A and

ST30B, and the minimum SNP distance was 122 SNPs between ST30C and ST30D.

The combined phylogeny shows clustering of the ST239 isolates, ST8 isolates, and CC30

isolates. The ST8 isolates are more closely related to the ST239 isolates, which is to be
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Gene Type Frequency Number of Number of Number of Number of
genes shared | genes shared | genes shared | genes shared
between all between all between all between all
isolates ST239s ST8s ST30s
Core genes 99% — 100% 2,080 2,539 2,400 2,451
Soft core genes| 95% — 98.9% 0 0 0 0
Shell genes 15% — 94.9% 1,324 726 1,348 772
Cloud genes 0% — 14.9% 1,524 0 0 0
Total genes 0% — 100% 4,928 3,265 3,748 3,223

Table 2.11. Breakdown of the number of genes in the pan-genome across all fifteen experimental

isolates.
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Figure 2.6. Mid-point rooted phylogeny of all experimental isolates. Units in total number of SNPs.
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expected, as ST8 is predicted to be the donor of the large genetic region of ST239. The CC30
isolates were more closely related to the ST239 isolates than the ST8 isolates, which is also

fitting with the hypothesis that ST30 is the donor of the smaller acquired region in ST239.

3.4.2 Identification of SCCmec type

The SCCmec type of the experimental isolates was determined (Table 2.12) by PCR
(Appendix A.2.1; Appendix B.4.1.1 — B.4.1.3). No SCCmec bands were observed in the
MSSA isolates. The SCCmec type was also determined genetically, and agreed with the PCR-

determined typing.

All four of the ST239 isolates contained SCCmec-III, which is consistent with the high
proportion of ST239 isolates that contain SCCmec-III in online sequence databases (Section
3.3.1). Three of the CC30 isolates contained SCCmec-II, and one CC30 contained SCCmec-
IV, as well as three of the ST8 isolates. The remaining three ST8 isolates and one CC30

isolate were MSSA, and did not contain an SCCmec element.

ID SCCmec ID SCCmec ID SCCmec
type type type

ST239A 11 ST8A | MSSA | ST30A v

ST239B 1 ST8B | MSSA | ST30B | MSSA

ST239C 111 ST8C v ST30C II

ST239D 11 ST8D v ST30D II
ST8E v ST30E II
ST8F MSSA

Table 2.12. SCCmec type of the experimental isolates.

57




Chapter 2

3.4.3 SCCmec-III variability

SCCmec-I1I is known to be highly variable (Monecke et al., 2018), and this may contribute to
difficulties in defining SCCmec-III type within a S. aureus genome (Section 3.3). Although all
four ST239 isolates contained SCCmec-III (Section 3.4.2), there was a large amount of
genetic variability between the SCCmec-III elements (Appendix B.4.2). Many of the genes
that were shared between all of the ST239 SCCmec-III sequences have functions related to
MGEs, metabolism, and AMR and heavy-metal resistance, including resistance to methicillin,
streptomycin and erythromycin. However, 33 genes were unique to individual SCCmec-III
sequences, and also include several MGE-related genes, metabolism genes, and some heavy

metal resistance-related genes.

In addition to genetic variability caused by the presence and absence of genes, there were also
multiple occurrences of gene duplication in the SCCmec-III elements of ST239A, B, and C,
but not in ST239D (Table 2.13). Of these, the duplicate genes of antl and xerC were located
adjacent to one another on the MGE, and the PROKKA_00056 integrase and pspE in ST239C
are also located very close to one another along the MGE. These are therefore likely to be the
result of gene duplications. The hin DNA invertase is involved in the inversion of genetic
material, which may explain why multiple copies of the same hin gene are located distantly
from one another on the MGE in ST239A, B and C. The presence of DNA manipulation
genes, such as those encoding DNA invertase and recombinase enzymes, within the SCCmec-
IIT element lends further evidence for the large amount of genetic recombination detected

within ST239 SCCmec-I1I elements in Chapter 3.
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Gene Gene function ST Number Adjacent?
of genes
antl Streptomycin 3"- | ST239A 2 Yes
adenylyltransferase ST239B ) Yes
hin DNA-invertase | ST239A 2 No
ST239B 2 No
ST239C 2 No
PROKKA_00056 | Integrase core ST239C 4 Close (separated by 1, and 3
domain protein and 6 genes)
pspE Thiosulfate ST239C 2 Close (separated by 1 gene)
sulfurtransferase
xerC Tyrosine ST239A 2 Yes
recombinase ST239B 9 Yes
ST239C 3 Yes/No

Table 2.13. Duplicate genes in the SCCmec-III elements.
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4. Discussion

The Staphopia database contains the genetic records of several thousand ST239, ST8 and
ST30 S. aureus sequences. However, the majority of these are not associated with metadata
such as date and location of isolation, or source, such as human blood, animal or
environmental. Even where location or date are included, these are often limited to the
country of isolation rather than a city or hospital, and a year rather than the month or day of
isolation. Additionally, sequences that are associated with metadata are frequently from a
small number of large-scale studies, and therefore, some dates and locations are heavily over-
represented, such as during epidemics. Although ST239, ST8 and ST30 were represented
around the globe, many geographic locations were not covered. This may be due to the non-
presence of these isolates in these countries, however it is far more likely that studies to
isolate and sequence a diverse range of healthcare-associated S. aureus isolates have not been
carried out in these countries. Finally, the increasing quality of sequencing data over time may
lead to potential batch effects, as improvements in sequencing quality mean that isolates that
were sequenced further in the past may be of worse quality. These biases towards sampling,
and lack of appropriate metadata for the majority of sequenced isolates, mean that conclusions
drawn from these data are not truly representative of the global state of S. aureus

epidemiology.

Taking into account the inherent biases within these online sequencing repositories, a total of
264 geographically and temporally diverse sequences were selected, including 96 ST239
isolates, 111 ST8 isolates and 57 ST30 isolates, and these were mapped to their respective

high-quality reference sequences for further analysis in Chapters 3 and 4. Their dates of
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isolation ranged from 1980 — 2016 (ST239), 1905 — 2016 (ST8), and 1935 — 2015 (ST30), and
the isolates originated from countries across all six inhabited continents (with the exception of

ST30, which was not sequenced from any country in Oceania).

Several studies have drawn conclusions surrounding the evolution of ST239, which were
based on a single data-set by Harris that was published in 2010 as one of the first ever large-
scale bacterial whole-genome sequencing projects (Harris et al., 2010). However, this data-set
contained only 45 ST239 isolates from a global isolate collection, and 20 from a single
hospital in northeast Thailand that were isolated between 2006 — 2007 during an outbreak in
an ICU. Harris employed similar methods to their initial sequencing analysis as those used in
this study, for example, both studies mapped the ST239 sequences to the high-quality ST239
reference sequence, TW20. However, the data-set that has been prepared in this study

captures a greater diversity of ST239 isolates.

The Staphopia database was mined for the presence of the SCCmec-III element within 3,178
ST239 sequences. 93.7% of the ST239 sequences were identified as containing SCCmec-I1I,
and in the remaining sequences, an accurate SCCmec type could not be identified. This may
be due to the loss of SCCmec, or simply due to poor sequencing quality of the highly variable
SCCmec-III element. However, there is clearly a strong link between the ST239 genome and
the SCCmec-III element, as no alternative SCCmec types were identified within the ST239
genomes. This may suggest that SCCmec-III cannot frequently be lost from the ST239
genome, for example due to a very low rate of excision, or may be evidence of a reliance of

ST239 on the SCCmec-III element. This could be related to the high number of AMR genes
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carried on the SCCmec-III element, which may therefore be key to the success of ST239 in

clinical environments with high antibiotic usage.

The increased virulence of ST239 was initially observed by Holden (2010), who found that
ST239 was four times more likely to result in bacteraemia compared to other epidemic strains,
and also identified the presence of a number of virulence-associated genes (Holden et al.,
2010). This increased virulence has been linked to the success of ST239 as a healthcare-
associated MRSA strain, including carriage of the prophage-mediated virulence determinant
sasX (Li et al., 2012), and the ACME-II variant (Espedido et al., 2012). The sasX gene
encodes a staphylococcal surface protein, which is a cell wall-associated protein that promotes
nasal colonization, immune evasion and virulence, and is strongly associated with the ST239
genome (Li et al., 2012), although it is found less commonly in other invasive MRSA strains
(Kong et al., 2018; Bakthavatchalam et al., 2019; De Backer et al., 2019). The arginine
catabolic mobile element ACME contains the arc gene cluster arcCBDAR, which encodes a
complete arginine deiminase pathway to breakdown L-arginine. It is associated with SCCmec
elements and is linked to increased virulence and colonisation in S. aureus. The ACME-I
variant is closely linked to the growth and survival of the prevalent community-associated
ST8 USA300 strain (Diep et al., 2008), and the ACME-II variant has been linked to the

success of ST239 in healthcare settings (Espedido et al., 2012).

Within the wider S. aureus population, three sequences that were not closely related to ST239
were identified that also contained SCCmec-III. These were ST21, ST5 and ST101. The
detection of SCCmec-III in isolates that are not closely related to ST239 suggests that there is

some mobility of the SCCmec-III element within S. aureus, although this is limited as the
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SCCmec-I1I element has not become more prevalent in the S. aureus population, even though
it has appeared within epidemic strains on rare occasions. This suggests that, although there is
likely some benefit to the presence of SCCmec-III in ST239, this has not been the case for

other epidemic MRSA lineages.

Although a high number of ST30 sequences are included in the Staphopia database, no ST30
isolates that contain SCCmec-I1I were identified, despite SCCmec-III being encoded within
the hypothesised ST30-donated region of the ST239 genome. This may suggest that SCCmec-
III may not have been present within the ST30-like ancestor of ST239, and may therefore

have entered into ST239 separately to the hybridisation event.

A total of fifteen ST239, ST8 and ST30 isolates were obtained, whole-genome sequenced, and
their MLST and SCCmec type was verified. These isolates will form the basis of Chapters 5
and 6. The ST239 isolates all contained SCCmec-III, but a large amount of variability
between the SCCmec-III elements was observed. This variability within the SCCmec-III

elements may contribute to difficulties in genetic typing of SCCmec-III elements.

ST239 MRSA has been reported as a dominant EMRSA strain in healthcare settings around
the world since the late 1970s. However, there is evidence that ST239 is now being replaced
by more fit MRSA strains, such as ST22. These strains do not encode the large SCCmec-III
element that is strongly associated with ST239, which contains a high number of AMR genes.
There is evidence that some of these strains may be more treatable with a wider range of
antimicrobials than ST239, and may therefore contribute to the global trend towards the

decreasing morbidity and mortality of MRSA infections. Over the next decade, the number of
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publicly-available S. aureus sequences in online sequence databases such as Staphopia will
continue to increase, as DNA sequencing becomes cheaper, faster and more easily accessible.
Significant improvements in the collection of metadata will hopefully enable large-scale
global epidemiological analyses of MRSA, and other important infectious diseases, that will
provide a basis to make robust conclusions and predictions about the behaviour of pathogens

around the world.
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Chapter 3

Testing the Robinson-Enright model of
ST239
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Abstract

In 2004, Robinson and Enright first hypothesised that ST239 was a hybrid bacteria that had
formed through a single large chromosomal replacement event between an ST8-like isolate
and an ST30-like isolate. However, their hypothesis was based on just 41 gene sequences
from three ST239 isolates, two ST30 isolates and two ST8 isolates. Over the past decade, the
vast increase in the number of bacterial whole-genome sequences in publicly available online
sequence repositories has led to a much greater number of ST239, ST8 and ST30 sequences
that can be accessed via DNA search engines. The incorporation of a wide range of ST239,
ST8 and ST30 whole-genome sequences supports the Robinson-Enright model of the ST239
genome. ST30 of phage type 80/81 is the closest known relative of the acquired region of
ST239, which suggests that the ST239 donor lineage may have been closely related to a
healthcare-associated MSSA ST30 from this historic lineage. Both genetic regions of ST239
have subsequently evolved primarily through vertical inheritance, however the SCCmec-III
element may not have evolved vertically alongside the rest of the ST239 genome. This
suggests that the since the initial large chromosomal replacement event that formed the ST239
genome, the long-term evolution of ST239 has not been driven by further large structural

changes, but has primarily been driven by smaller genetic changes.
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1. Introduction

1.1 Aims and objectives

In this chapter, I aim to utilise the increased diversity of S. aureus DNA sequence information
in publicly available DNA sequence repositories to test the Robinson-Enright model of the
ST239 hybrid with increased power. I aim to determine whether ST30 is the closest known
ancestor of the true donor lineage, and to identify whether the subsequent evolution of ST239
has been impacted by further recombination events, regions of genetic variation, or large

structural changes.

1.2 The hybridisation of ST239

In 2004, Robinson and Enright first proposed that ST239 was formed through a single large
chromosomal replacement event, which they hypothesised after sequencing 41 genes across

the ST239 genome (Robinson and Enright, 2004). They found that 22 of these genes,

SA0318 SA2339
22445556689 3445566777788999

Sequence 3555688948341151440 44581112837013526569
Strain type (ST) 4567637991503958496 05257238934657427199
COL ST250 CTCTGTCAGTAAATAGTAT GGCGCGTATGAAACCHGTTC
E3008 ST8 CTCTGTCAGTAAATAGTAT GGCGCGTATGAAACCGGTTC
Nott110 STS CTCTGTCAGTAAATAGTAT GGCGCGTATGAAACCGGTTC
FEFP200 ST239 TGGCACTTTCGGTGG SV
EMRSAL11 ST239 TGGCACTTTCGGTGGE)V:NN
Fin75541 ST239 TGGCACTTTCGGTGGE)V:YN
E1410 ST30 TGGCACTTTCGGTGGTTCG
Btn1260 ST30 TGGCACTTTCGGTGGTTCGMAATATACGTA
MRSA252 ST36 TGGCACTTTCGGTGGTTCG TATACGTA}

Figure 3.1. Polymorphic sites spanning the left and right junctions of the ST239 mosaic chromosome.
Loci are numbered in accordance with the finished genome sequence of strain N315 (Kuroda et al.,
2001). Parent nucleotides are shown with black and white backgrounds. A grey background indicates
unique nucleotides. Image from Robinson and Enright, 2004.
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Figure 3.2. Alignment-free local homology analysis across the genome of S. aureus TW20. Regions
inferred to have been transferred from CC30 (MRSA252) are represented in black, while regions
homologous between TW20 and ST8 (TCH15156) are shown in grey. Image from Cong et al., 2016.

asymmetrically orientated around the origin of replication, were closely related to ST30, and
the remaining 19 genes were closely related to ST8. Further sequencing of the genetic
boundaries of the hybridisation (Figure 3.1) led them to suggest that ST239 had acquired
~557 kb spanning the origin of replication (oriC) from an ST30-like parent, and ~2,220 kb

spanning the terminus of replication (terC) from an ST8-like parent.

The Robinson-Enright model was later supported by Holden (2010), who published the first
ST239 whole-genome sequence for the ST239 isolate TW20 (Holden et al., 2010), and
Castillo-Ramirez (2011), who explicitly stated the location of the hybridisation boundaries at
base positions 427,726 and 2,848,036 along the TW20 genome (Castillo-Ramirez et al.,
2011). Subsequently, Cong (2016) visually represented the homologous regions of the TW20
complete genome compared with the ST8 TCH15156 and CC30 MRSA252 genomes (Figure

3.2) (Cong et al., 2016).

1.3 Hybrid pathogenic bacteria

Although the identification of hybrid MRSA strains is rare, additional hybrid MRSA strains
that are likely to have arisen from large-scale chromosomal recombination events have been
characterised, including ST34, ST42, and ST2249. In these cases, the hypothesised large

chromosomal replacement events that formed these hybrid MRSA genomes have involved
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similar regions of the S. aureus genome, from an ST30-like donor. The ST42 genome has a
primary ST10/ST145-like parent, and a single large chromosomal replacement making up
~8% of its genome originating from an ST39-like parent. Similarly, the ST34 genome consists
primarily of an ST10/ST145-like parent, with a single chromosomal replacement making up
~4.4% of its genome originating from an ST30-like parent (Robinson and Enright, 2004;
Thomas et al., 2012). ST2249 shares 35.3% of its genome with an ST239-like parent, and
64.7% of its genome with an ST45-like parent (Nimmo et al., 2014). Additionally, ST71 is a
bovine-associated hybrid MRSA. Its major parent is ST97, however multiple successive
recombination events have contributed to a region containing ~15% of the ST71 genome,
which spans a similar region to the other hybrid S. aureus lineages (Spoor et al., 2015).
Finally, the genome of the hybrid ST582 MRSA consists primarily of an ST15 parent, with a
single chromosomal replacement from an ST20-like parent making up ~10% of its genome
(Didelot and Wilson, 2015). However, in this case, the region of DNA that has been
horizontally transferred from the minor parent is a different region than the other S. aureus
hybrid genomes, which does not span the origin of replication (Aanensen et al., 2016).
Although they are poorly understood, large-scale chromosomal replacement events have
contributed to the evolution of S. aureus lineages on several occasions, however, only ST239

has emerged as a dominant international hybrid EMRSA strain.

There are further examples of highly successful pathogenic bacteria with composite genomes
that may have also been formed by large chromosomal replacement events, which suggests
that S. aureus is not the only pathogen that can undergo these large genetic transfer events.
For example, Klebsiella pneumonia ST258 is a major cause of carbapenem-resistant

Enterobacteriaceae (CRE) infections in healthcare facilities worldwide. The ST258 genome
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consists of 20% (1.1 Mb) from a K. pneumonia ST442-like parent, and 80% (4.2 Mb) from a
K. pneumonia ST11-like parent (Chen et al., 2014). The success of this hybrid lineage may
have been driven by immune response and vaccine evasion, due to the transferred cps locus
for capsule polysaccharide, which resulted from this hybridisation event (Croucher and
Klugman, 2014). During the formation of several prevalent K. pneumonia lineages, very large
recombination events, >100 kb in size, have occurred in two defined regions of the genome,
which suggests that large chromosomal replacement events have had an important role in the
emergence and diversification of these lineages (Comandatore et al., 2019). This is further
evidenced by the fact that, in pathogenic K. pneumonia lineages, although macro-
chromosomal replacement events occur more rarely than micro-chromosomal replacement
events, larger chromosomal replacement events have been the more major drivers of
diversification (Mostowy et al., 2014). Similar large chromosomal replacement events of
>100 kb have also been identified in the formation of epidemic Clostridium difficile strains

(He et al., 2012).

Successive recombination events can also contribute to the formation of hybrid pathogens.
For example, Campylobacter coli ST1150, which is a major cause of human gastroenteritis,
has progressively acquired up to 23% of its genome through successive recombination events
from the distantly-related C. jejuni (Sheppard et al., 2013). Additionally, chromosomes that
are made up of a mosaic of large chromosomal fragments from several different donors have
also been identified. For example, Streptococcus agalactiae is the leading cause of neonatal
infections in the developed world. Its chromosome is made up of a mosaic of large
chromosomal fragments from several different donors, suggesting that multiple large DNA

exchanges have occurred during its evolution (Brochet et al., 2008). The S. agalactiae
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genome is still evolving through conjugative events, frequently exchanging ~35 kb regions of
DNA that are responsible for surface-antigen biosynthesis, which has a major impact on S.
agalactiae vaccine success (Bellais et al., 2012). Using in vitro experiments, Brochet (2012)
were able to transfer up to 334 kb of the S. agalactiae genome through conjugation from

multiple sites in the genome.

1.4 Chapter summary

In this chapter, the increased availability of bacterial DNA sequences in online sequence
repositories was used to investigate the Robinson-Enright model of ST239; that ST239 is a
natural hybrid that formed through a single large chromosomal replacement event between an

ST8-like ancestor and an ST30-like ancestor.

Analysis of the core genes that are shared between a total of 264 ST239, ST8 and ST30
isolates (Chapter 2), confirmed that the regions of similarity between the STs are consistent
with a single large chromosomal replacement event, and that the hybrid boundaries are
consistent with those proposed by Castillo-Ramirez (2011). Large regions of genetic variation
that were identified in the ST239 genome have been attributed to known variable regions such
as phage, transposons and SCCmec. No large structural changes, such as large regions of
genetic deletions/insertions or rearrangements, have occurred within the ST239 genomes
compared to the ST8 and ST30 genomes, although some large inversions have occurred in

some genomes.

The SCCmec-III element within the ST239 genomes was found to be variable, and not

consistent with vertical evolution of this large MGE in ST239. However, the acquired region
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and backbone region did show evidence of the vertical evolution of the ST239 genome since

the formative hybridisation event.

Comparing the genetic distances of the two regions of ST239 with the homologous regions in
ST8 and ST30, showed that the ST8 sequences were more closely related to the ST8-like
region of ST239 than the ST30 sequences to the ST30-like region of ST239. Following this,
five ST30 isolates were determined to be the closest known relatives of the ST30-like region,
from an analysis of all available bacterial DNA sequences. These five ST30 sequences were
globally diverse, phage type 80/81 isolates from 1955 — 1968 and were all absent of SCCmec,
which suggests that the ST239 donor may have been closely related to a healthcare-associated

MSSA ST30 from this historic lineage.
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2. Methods

2.1 Genetic analysis of ST239

2.1.1 Artemis comparison tool

In Chapter 2 Section 2.4, the core genome of 96 ST239, 111 ST8, and 57 ST30 sequences was
calculated. The 2,178 TW20 core genes were extracted and compared with the reference
TW20 whole-genome sequence (accession number FN433596) using Artemis Comparison

Tool v13.0.0 (Carver et al., 2005).

2.1.2 Variable regions

ClonalFrameML v1.0-20 (Didelot and Wilson, 2015) was used to estimate regions of
recombination in the 96 ST239 sequences that were mapped to the TW20 reference in
Chapter 2 Section 2.4. Gene function for genes that could be annotated by Prokka (Seeman,
2014) was identified in UniProt (The UniProt Consortium, 2018), and MegaBLAST
(Morgulis et al., 2008) was used to identify genes where no annotation was found with

Prokka. All graphs were plotted in R v3.4.4.

2.1.3 Hybrid boundaries

EMBOSS v6.6.0.0 (Rice et al., 2010) was used to generate a consensus sequence from the
core gene alignment of the ST239 core gene sequences, generated in Chapter 2 Section 2.4.
This was repeated to produce an ST8 consensus sequence, and an ST30 consensus sequence,
from the ST8 and ST30 core gene alignments that were generated in Chapter 2 Section 2.4.
The percentage identity of each ST8 core gene consensus sequence, and each ST30 core gene

consensus sequence, was calculated against each ST239 core gene consensus sequence using

73



Chapter 3

MegaBLAST (Morgulis et al., 2008). All graphs were plotted in R v3.4.4. ST239 genes that
were more similar to the ST30 consensus sequence were labelled as “ST30-like”, and genes
that were more similar to the ST8 consensus sequence were labelled as “ST8-like”. Gene

function was assigned as in Section 2.1.2.

2.2 Structural comparison of ST239, ST8 and ST30 complete genome sequences

Complete genomes were downloaded from NCBI for ST239 (accession numbers CP005288,
CP012015, CP012011, CP007447, CP006838, CP002120, CP013957), ST8 (accession
numbers CP007690, CP019590, CP007672, CP026961, CP022290, AP014921, CP014362,
CP003033, CP016855, CP026076), and ST30 (accession numbers LN626917, CP017684,
CP009554). These were compared with the ST239 TW20 complete genome sequence
(accession number FN433596) using Artemis Comparison Tool v13.0.0 (Carver et al., 2005).

SCCmec type was identified using SCCmecFinder (Kaya et al., 2018).

2.3 Extracting the hybrid regions and SCCmec region from the ST239 genomes

The ST8-like genes were extracted from the ST239 sequences that were mapped to TW20 in

Chapter 2 Section 2.4, using the hybrid boundaries that were identified in Section 2.1.3.

The boundaries of the SCCmec-III element were identified in the TW20 reference genome
using BLAST against the reference SCCmec-III element with the accession number
ABO037671 (Ito et al., 2001), and confirmed using SCCmecFinder (Kaya et al., 2018). The
corresponding SCCmec-III element genes were extracted from the ST239 sequences. The
ST30-like genes, minus genes that were present in the SCCmec-III element, were also

extracted.
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Recombination was masked using Gubbins v1.4.5 (Croucher et al., 2015), and maximum
likelihood phylogenies were estimated using RaxML v8.2.9 (Stamatakis, 2014), using a GTR
model with gamma correction for among site rate variation, which was replicated for 100
bootstraps. All trees were viewed in Figtree v1.4.4 (Rambaut, 2010). Tanglegram alignments

were generated in dendroscope v3.5.9 (Huson and Scornavacca, 2012).

2.4 Identifying the most likely ST239 donor

2.4.1 Genetic distance between the homologous regions of ST239, ST8 and ST30

As in Section 2.3, the genetic region that was homologous to the ST8-like region was
extracted from the ST8 sequence alignment from Chapter 2 Section 2.4, and the genetic
region that was homologous to the ST30-like region was extracted from the ST30 sequence
alignment from Chapter 2 Section 2.4. These alignments were combined with the
corresponding genetic regions of the 96 ST239 sequences, generated in Section 2.3.
Recombination was masked and maximum-likelihood phylogenies were estimated and viewed
as in Section 2.3. Pairwise SNP distances were calculated using snp-dists v0.6.3 (Seemann,

2007).

2.4.2 Finding the closest known ancestor of the acquired region

EMBOSS v6.6.0.0 (Rice et al., 2010) was used to generate consensus sequences for the 316
core genes from the acquired region of the ST239s, that was extracted in Section 2.3. These
consensus sequences were queried for similar sequences in BIGSI (Bradley et al., 2019) using
a k-mer threshold of 99. This allowed for an average divergence of around 10 SNPs per gene.
The most closely related sequences were identified by ST using the Staphopia API (Petit et

al., 2018). The MLST was double checked using Ariba v2.13.3 (Hunt et al., 2017), and 28
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sequences were removed due to uncertain MLST typing, which indicated contamination. All

graphs were plotted in R v3.4.4.

Sequences that shared at least 99% k-mer identity with over 200 of the ST239 core genes
from the acquired region, and shared two or fewer MLST alleles with ST239, were
downloaded from the EBI database. Only a selection of the twelve most closely related ST30,
ST36 and ST39 sequences were included. These 143 sequences were mapped to the ST239
reference sequence (accession number FN433596), as in Chapter 2 Section 2.4. Four
sequences were removed due to poor mapping quality (>25% gaps), leaving 139 non-ST239-
like sequences. The acquired region was extracted (minus the SCCmec element), as in Section
2.3. These 139 sequences were combined into a multifasta alignment with the acquired
regions from the 96 ST239 sequences from Section 2.3 and the 57 ST30 sequences from
Section 2.4.1, and all variant sites extracted using snp-sites v2.3.3 (Page et al., 2016). RAXML
was used to estimate a maximum-likelihood phylogeny of all 235 sequences,, rooted to the
corresponding region of ST8 CP007690, as in Section 2.3. All trees were viewed in Figtree

v1.4.4 (Rambaut, 2010).

The five sequences from the most closely related clade were downloaded from the EMBL-

EBI database (Madeira et al., 2019.), and the SCCmec type was identified using

SCCmecFinder (Kaya et al., 2018).
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3. Results

3.1 Genetic analysis of ST239

3.1.1 Regions of variability in ST239 genomes

The 2,178 core genes that were identified in Chapter 2 Section 2.4, that were shared between
all 96 ST239, 111 ST8 and 57 ST30 sequences, were aligned against the reference TW20
complete genome sequence (Figure 3.3). These were well distributed across the genome,
which means that further analysis using these genes is not biased towards any particular
region of the genome. Therefore, these core genes can be used to make valid conclusions
about both the acquired and backbone regions of the ST239 genome. However, some small

regions were lacking core genes, which indicates some regions of variability.

|175600 |zs0000 |525600 |7a0800 |g75000 lioseooe  [1225080  [r14e0080  [1575800  [1750080  [1925080  |2100800 2275000  [2450000  [2625000  [2800880  |2975800

[175000 |as0a00 [525000 |7e0800 lg75000 lioseeoe  [1225000  [14ee0e0  [157Se00  |17S0800

Figure 3.3. Artemis Comparison Tool alignment of the reference TW20 whole-genome sequence (top)
against the core genes (bottom). Blue, inverted genes; red, forward genes.
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ClonalFrameML (Didelot and Wilson, 2015) was used to identify regions of recombination
that were present in the 96 ST239 genomes (Figure 3.4 and 3.5). Four major regions of
recombination were predicted, numbered 1 — 4, which corresponded to base positions in the
TW?20 reference genome of 45,000 — 95,000, 375,000 — 420,000, 1,775,000 — 1,785,000, and
2,105,000 — 2,155,000. These regions of recombination were not present in the internal
control (TW20 mapped to itself), or in the isolates that are most closely related to TW20, as
TW20 was used as the reference. The four major regions of recombination corresponded to

the largest gaps in core-gene presence along the TW20 genome in Figure 3.3.

The first variable region corresponds with the SCCmec-III element. The region contains genes
that are typically found within the SCCmec-III element such as, methicillin resistance,
transposase genes, heavy metal resistance, and recombinase genes (Monecke et al., 2018).
The fact that these were identified through the recombination analysis shows that the non-
TW20-like isolates do not contain identical SCCmec-III elements to TW20, which suggests
that there is variability within the SCCmec-III elements of ST239. This is consistent with
other studies into the evolutionary history of SCCmec elements, including SCCmec-III (John

et al., 2019 ; Monecke et al., 2018).

The second and fourth variable regions contain genes encoding primarily phage proteins,
which may be present in the ST239 TW20 reference genome, but not within the majority of
the ST239 sequences; @Sal(TW20) and ¢Sa3(TW20) (Holden et al., 2010). A third phage,
@SPB(TW20), was identified in the TW20 genome by Holden (2010). This phage is present in
most of the 96 ST239 sequences, and is located close to the Sa3(TW20) phage on the TW20

genome. This conserved phage is hypothesised to contain a CDS that may have a role in
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Figure 3.4. ST239 maximum-likelihood phylogeny displayed next to predicted recombination plot
against the TW20 whole genome. Regions of high variability are labelled 1, 2, 3 and 4. Dark blue
regions represent potential sites of recombination. Sites that are non polymorphic for a given branch
are shown in light blue. Polymorphic sites are shown in a colour indicating their level of homoplasy;
white is no homoplasy and the range from yellow to red is increasing degrees of homoplasy. Produced
using ClonalFrameML (Didelot and Wilson, 2015).
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Figure 3.5. Amount of estimated recombination recorded by ClonalFrameML at each position along
the TW20 genome. Regions of high recombination are labelled 1, 2, 3 and 4.

79



Chapter 3

promoting the persistence of TW20 in hospital settings (Holden et al., 2010). The third
variable region is made up of Tn554 transposon genes (Holden et al., 2010). A complete list
of genes identified in each region is in Appendix B.4.3.1 — B.4.3.4. All four of these variable
regions were included in a group of loci within the ST239 TW20 genome that were classified
by Castillo-Ramirez (2011) as “extra-chromosomal elements” that had a likely horizontal

origin.

Within the ST239 genome, Castillo-Ramirez found that recombination affected 3 — 10% of
genes, excluding genes that are associated with MGEs (Castillo-Ramirez, et al., 2012). The
major functions of these genes related to cellular processes, macro-molecule metabolism,
small molecule metabolism, cell envelope and regulatory functions, as well as some genes
with unknown function. The regions of recombination identified here were consistent with
those identified by Castillo-Ramirez (2012), and no further large regions of variation between
the ST239 genomes were identified. This suggests that, since the global expansion of ST239,
no additional major large recombination events have occurred in separate lineages of ST239,
and that ST239 has been evolving primarily through vertical inheritance. This suggests that
the global population of ST239 has occurred from a single ancestor with no major additional

recombination events.

3.1.2 Identification of the hybrid regions in ST239

The BLAST DNA percentage identity of the ST8 and ST30 consensus sequences, compared
to the ST239 consensus sequence showed a clear discrepancy between the two genetic regions
(Figure 3.6), which was consistent with the shift of roughly 1% DNA percentage identity, that

was observed by Holden (2010) between the genetic regions of TW20 and a CC30 and ST8
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Figure 3.6. BLAST DNA percentage identity of the ST8 and ST30 consensus core genes, compared to
the ST239 consensus core genes. Each data-point represents a single gene. The gene positions
correspond to the genomic position within the TW20 reference sequence. Blue triangle, ST8; red
circle, ST30. The hybrid boundaries estimated by Castillo-Ramirez (2011) are highlighted with
vertical dashed grey lines.

isolate (Holden et al., 2010). None of the core genes shared less than 82% identity with both
the ST8 and ST30 consensus sequences. The ST8 genes shared much greater homology with
ST239 within the central region of the TW20 genome, which is hypothesised to be the ST8-
donated region. The ST30 genes shared much greater homology with ST239 within the two
outer regions of the TW20 genome, which are hypothesised to be the ST30-donated regions.
This supports a single chromosomal transfer event (Robinson and Enright, 2004), rather than
multiple smaller HGT events. Although there is a wide coverage of genes that are core to
ST239, ST8 and ST30 across the entire TW20 genome length, several gaps in coverage were

present, which correspond to the same regions that were identified in Section 3.1.1.
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The hybridisation boundaries were characterised at the positions along the TW20 genome

where the percentage identity switched from being most similar to ST8 to being most similar

to ST30. To confirm the location of the hybrid boundaries between these core genes, the

percentage identity and query cover of the ten core genes closest to the hybridisation

boundaries were calculated (Table 3.1 and 3.2). This showed that hybridisation boundary A

occurs within 423,903 — 429,719 bp, between the SATW20_03930 gene on the ST30 side and

the cmtB gene on the ST8 side. Hybridisation boundary B occurs within 2,841,155 —

2,842,225 bp, between the ydfJ gene on the ST8 side and the rocA gene on the ST30 side.

Gene Gene function Base position in ST8 ST30 Likely
TW20 percentage | percentage | donor
identity identity
ylbJ Sporulation integral membrane | 372,741 — 374,102 98.825 100 ST30
protein
SATW20_03 NADH-dependent flavin 421,013 — 422,227 | 97.821 100 ST30
900 oxidoreductase
limB_1 Putative bacterial luciferase | 423,536 — 422,535 98.204 100 ST30
family protein
SATW20_03 Glycine cleavage system 423,902 — 423,570 99.399 100 ST30
920 protein H
SATW20_03 | Protein-ADP-ribose hydrolase | 424,703 — 423,903 97.503 100 ST30
930
cmtB Putative PTS transport system | 429,719 — 430,162 100 99.550 ST8
ITA component
licR Putative PTS multi-domain | 430,167 — 432,122 100 98.466 ST8
regulator
slyA_1 MarR family transcriptional | 432,753 — 432,334 100 98.333 ST8
regulator
mepA Multidrug export protein 434,215 - 432,860 100 98.525 ST8
glpT Putative glycerol-3-phosphate | 434,842 — 436,200 | 99.926 98.823 ST8

transporter

Table 3.1. Core gene similarities between ST239, ST8 and ST30 at the genes on either side of the first
hybridisation boundary.
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Gene Gene function Base ST8 ST30 Likely
position in | percentage | percentage | donor
TW20 identity identity

clpL Putative ATP-dependent protease ATP- | 2,835,986 — 100 90.508 ST8
binding,subunit ClpL 2,833,881

SATW20_26 | FeoB-associated Cys-rich membrane |2,836,055 — 100 95.906 ST8
710 protein 2,836,225

feoB_1 Putative ferrous iron transport protein | 2,836,238 —| 99.950 98.596 ST8
B 2,838,232

SATW20_26 Ferrous iron transport protein A 2,838,244 — 100 100 ST8
730 2,838,471

ydfJ Putative transport protein 2,838,687 —| 99.797 94.937 ST8
2,841,155

rocA Aldehyde dehydrogenase family 2,842,225 —| 99.029 100 ST30
protein 2,843,769

SATW20_26 Hypothetical protein 2,844,988 —| 97.396 100 ST30
780 2,844,797

CcOpA Putative copper importing ATPase A | 2,847,636 —| 99.045 100 ST30
2,845,228

copZ Putative heavy-metal-associated 2,848,387 — 99.517 100 ST30
protein 2,848,181

IdhD_2 D-isomer specific 2-hydroxyacid 2,848,477 —| 99.223 99.903 ST30
dehydrogenase 2,849,505

Table 3.2. Core gene similarities between ST239, ST8 and ST30 at the genes on either side of the
second hybridisation boundary.

These boundaries are consistent with those estimated by Castillo-Ramierez (2011), and by

Cong (2016).

Genes were allocated as “ST30-like” or “ST8-like”, compared to their position in the TW20

genome. Out of a total of 575 genes identified in the ST30-like region of the TW20 genome,

316 (55%) were classified as core genes that were present in >99% of all 96 ST239, 111 ST8

and 57 ST30 sequences. Out of a total of 2,382 genes identified in the ST8-like region of

TW?20, 1,659 (70%) were classified as core genes. None of the core genes were from within

the ~60kb SCCmec-III region, which may account for the 15% difference between the ST30
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and ST8 region core genes, as the SCCmec-III element is within the hypothesised ST30-
donated region. Five genes were removed from the analysis because it could not be
determined whether they originated from the ST30-like or ST8-like region, as they sat within
the hybrid boundaries and had 100% identity to both the homologous ST30 and ST8 gene

sequences.

3.2 Structural comparison of ST239, ST8 and ST30 complete genome sequences

Seven ST239, ten ST8 and three ST30 complete genomes were directly compared with the
ST239 TW20 complete genome sequence (Figure 3.7a — 3.7c, Appendix B.1.7). Overall, the
structure of the complete ST239 genomes aligned well with the TW20 reference genome
sequence, which confirms that TW20 is a suitable reference to map ST239 sequences against.
There was also a large amount of similarity between the structures of the ST8 and ST30

complete genome sequences with the TW20 reference genome sequence.

Many of the ST239 complete genomes, and all of the ST8 and ST30 complete genomes, had a
large deletion around 2,275,000, which corresponds to the fourth variable region phage
@Sa3(TW20) (Section 3.1.1), suggesting that this phage is absent from other genomes.
Additionally, the majority of genomes have a large deletion before 175,000, which
corresponds to the SCCmec-III element. The variation in how much sequence is absent
around the SCCmec area is due to the presence of different amounts of shared genes within

the different SCCmec types.

All of the ST8 and ST30 complete genome sequences were also missing regions close to the

second hybrid boundary, at 2,873,692 — 2,921,985, which correspond to a Tn552 transposon
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Figure 3.7a. Artemis comparison of the TW20 complete genome (top) against ST239s CP006838,
CP002120, CP012011, CP012015, CP005288, CP007447, CP013957 (bottom). Red, forward matches;
blue, inversions. The bar at the top of each map represents the ST239 genome, including the hybrid

boundaries.
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Figure 3.7b. Artemis comparison of the TW20 complete genome (top) against ST8s AP014921,
CP0003033, CP007690, CP007672, CP022290, CP026076, CP026961, CP019590, CP014362,
CP016855 (bottom). Red, forward matches; blue, inversions. The bar at the top of each map represents
the ST239 genome, including the hybrid boundaries.
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Figure 3.7c. Artemis comparison of the TW20 complete genome (top) against ST30s CP009554,
CP017684, LN626917 (bottom). Red, forward matches; blue, inversions. The bar at the top of each
map represents the ST239 genome, including the hybrid boundaries.

Accession ST Inversion Start position | End position in
in TW20 TW20

LN626917 ST30 Yes 1,075,904 1,617,222
CP025288 ST239 Yes 1,193,109 1,619,588
CP026961 ST8 Yes 1,193,109 2,043,494
CP026076 ST8 No 2,020,282 -
CP016855 ST8 Yes 1 2,095,131
CP016855 ST8 Yes 2,095,131 3,043,210

Table 3.3. Large inversions and rearrangements in complete genomes, compared to TW20.
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containing (-lactamase genes (Holden et al., 2010), which is present within all of the ST239
complete genomes, as well as in all 96 of the ST239 genomes from Section 3.1.1. Therefore,

this was most likely acquired by ST239 in a separate event to the hybridisation event.

Five of the sequences had very large inversions, or large rearrangements, compared to the
TW20 genome (Table 3.3). Three sequences had an inversion in a similar region of the
genome, ranging from 1,075,904 — 2,043,494. A different rearrangement occurred in two of

the ST239 genomes around 2,000,000. These may be linked to the nearby transposase.

3.3 Extracting the genetic regions of ST239

3.3.1 Hybrid regions

Maximum-likelihood phylogenies were estimated for the two genetic regions from the 96
ST239 sequences collected in Chapter 2 (Figure 3.8). The bootstrap support was relatively
robust for each phylogeny, and the strong alignment of the phylogenies of both regions lends

further support to the vertical evolution of both regions of the ST239 genome (Figure 3.9).

3.3.2 SCCmec-111

A maximum-likelihood phylogeny was also estimated for the SCCmec-III region from the 96
ST239 sequences collected in Chapter 2 (Figure 3.10). Several of the nodes had very low
bootstrap support, particularly at the basal nodes. This may be causative of the large
discrepancies between the SCCmec-III and the ST30-like region phylogenies, and may be
further evidence that the SCCmec-III element has not been evolving entirely by vertical
inheritance, alongside the rest of the ST239 genome. (Figure 3.11). However, overall the

SCCmec-I1I phylogeny and the ST30-like region phylogeny were relatively well aligned.
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Figure 3.8. Outgroup rooted maximum-likelihood phylogeny of a) the ST8-like region of ST239, and

b) the ST30-like region of ST239. Units in SNPs/Mb.
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Figure 3.9. Dendroscope tanglegram of the ST30-like region phylogeny (left) and the ST8-like region
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grey line.
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Figure 3.10. Midpoint rooted maximum-likelihood phylogeny of the SCCmec region of ST239. Units
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Figure 3.11. Dendroscope tanglegram comparing the ST30-like region phylogeny (left) with the
SCCmec-III region phylogeny (right) of the ST239 sequences. Sequences from the same isolate are
connected with a light grey line.

3.4 Identifying the most likely ST239 donor

3.4.1 Genetic distance between the homologous regions of ST239, ST8 and ST30

In order to determine how closely related the ST239 sequences are to the homologous regions
in the ST8 and ST30 sequences, maximum-likelihood phylogenies were estimated, combining
ST239 with the hypothesised donor lineages for both genetic regions (Figure 3.12). In both

phylogenies, the two STs were separated into individual clades.

The pairwise SNP distances were calculated between ST239 and ST8 or ST30 for the
corresponding genetic regions (Table 3.4). The average SNP distance between the ST239 and
ST8 sequences in the hypothesised ST8-do