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ABSTRACT

Staphylococcus epidermidis is a conspicuous member of the human microbiome, widely
present on human skin. The shift in modern medicine towards invasive procedures has
favoured its emergence as a significant nosocomial pathogen, especially in the setting of
prosthetic devices. Despite being the most genetically diverse of the staphylococcal
species, with 989 §. epidermidis multilocus sequence types characterised thus far, a single
lineage, ST2, accounts for most clinical disease. Unfortunately, existing typing schemes
lack the sensitivity to offer any epidemiological insights beyond this. Furthermore, the
absence of dedicated molecular tools coupled with the genetically intractable nature of S.
epidermidis has hindered the study of its molecular genetics, pathogenesis and treatment.

This thesis utilised new genome sequencing technologies to provide a modern
perspective on the global molecular epidemiology of S. epidermidis with a focus on
antimicrobial resistance. The project began with the functional analysis of the first
complete genome of a multidrug resistant ST2 S. epidermidis. Then extended globally, to
uncover the previously unrecognised international spread of three multidrug-resistant,
hospital-adapted lineages of S. epidermidis (two ST2 and one ST23) that emerged in
recent decades. Acquisition of a dual D471E plus I527M RpoB substitution was common
to all three lineages and demonstrated to have become fixed in the populations. Analysis
of isolates from 96 institutions in 24 countries identified the RpoB D471E plus 1527M
combination as the most common cause of rifampicin resistance in S. epidermidis,
accounting for 86.6% of mutations. Furthermore, these substitutions were found to occur
almost exclusively in isolates from the ST2 and ST23 lineages. By breaching lineage-
specific DNA methylation restriction modification (RM) barriers, then performing site-

specific mutagenesis, these 7poB mutations were shown to confer both rifampicin
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resistance and reduced susceptibility to the glycopeptide antibiotics vancomycin and
teicoplanin. Importantly, these findings suggest that current clinical practice has
contributed to the generation of rifampicin and vancomycin resistance and spread of the
three multidrug-resistant S. epidermidis lineages, warranting the review of staphylococcal
treatment guidelines.

The final work in this thesis is the first comprehensive analyses of the barriers to
the uptake of foreign DNA in S. epidermidis. Contrary to current assumptions, analyses
revealed that the type I RM systems in S. epidermidis are not lineage specific like
Staphylococcus aureus, instead demonstrating considerable diversity even within a single
genetic lineage. This diversity can be attributed to marked differences in the gene
arrangement, chromosomal location and movement of type I RM systems in S.
epidermidis compared to S. aureus. Findings indicated that genetic manipulation of S.
epidermidis must be tailored to each strain of interest. Using Escherichia coli plasmid
artificial modification to express S. epidermidis hsdMS, the restriction barriers in S.
epidermidis were readily overcome, with electroporation efficiencies equivalent to
modification-deficient mutants. Through functional experiments, the use of genomic data
to predict both the activity of type I RM systems and the potential for a strain to be
electroporation proficient were demonstrated, and an efficient approach to the genetic
manipulation of any S. epidermidis strain of interest, including those that have hitherto
been intractable is presented.

Collectively, the works in this thesis offer new insights into the molecular
epidemiology, resistance mechanisms, treatment recommendations and genetic
manipulation of S. epidermidis. The method outlined for the genetic manipulation of any
given S. epidermidis isolate should prove valuable in assisting future molecular studies

and advancing knowledge about this significant nosocomial pathogen.
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CHAPTER 1. Literature Review




1.1 Introduction

Staphylococcus epidermidis has long been recognised as the predominant bacterial
coloniser of human skin [, Study of the healthy human microbiome has reinforced this,
with S. epidermidis found to be universally present on the skin of study participants 2],
Due to this ubiquitous presence and fewer virulence factors compared to its more
pathogenic relative, Staphylococcus aureus, historically S. epidermidis was perceived as
non-pathogenic. However the shift in modern medicine towards interventional and
invasive procedures has favoured the emergence of S. epidermidis as a significant
nosocomial pathogen, particularly in the setting of prosthetic devices [, The ability of
the organism to form biofilms over foreign bodies, in which bacteria embedded within a
extracellular polymeric matrix are protected from both antibiotics and the host immune

system, is key in the evolution of disease [*].

Although recognised as a significant nosocomial pathogen for over 30 years, knowledge
about the epidemiology, transmission and molecular biology of S. epidermidis is limited
compared to S. aureus B3>°l. Scientific review of S. epidermidis inevitably involves
discussion of S. aureus. Historically, descriptions of S. epidermidis have been shaped by
comparisons to S. aureus ). Furthermore, the genetically intractable nature of S.
epidermidis and an absence of molecular methods specific for the manipulation of the
species have hindered its study. In the absence of specific knowledge there has been a
tendency to assume that findings about S. aureus can be extrapolated. However, as
multidrug resistance proves increasingly common and the clinical impact and associated
economic burden posed by S. epidermidis continues to increase ['%-131 the time for

dedicated study of this organism is long overdue.



1.2 Basic microbiology

S. epidermidis is a non-motile, nonspore-forming, gram-positive coccus, 0.8 — 1.0 um in
diameter, arranged in pairs and tetrads with occasional single cells U413, Colonies are
circular, 2.5 — 4.0 mm in diameter, smooth, raised, glistening and translucent to slightly
opaque; typically, grey or greyish-white in colour, rare colonies possess a slight yellow
or brownish pigment [3); sticky consistency increases with age ['4l. The cell wall is
composed of peptidoglycan, teichoic acid and lipoteichoic acid. Certain strains can also
produce polysaccharide intercellular adhesin (PIA) which can coat the cell and stimulate
biofilm formation 19, S. epidermidis can grow from 15 — 45°C, with optimal growth at
30 — 37°C [ Although a facultative anaerobe, it grows best under aerobic conditions.

The G+C content of its DNA is 33.5 + 0.2% (131,

1.3 Taxonomy

In 1964 The Subcommittee on Taxonomy of Staphylococcus and Micrococcus of The
International Committee on Nomenclature of Bacteria proposed the recognition of two
species of staphylococci, Staphylococcus aureus Rosenbach 1884 and Staphylococcus
epidermidis (Winslow and Winslow 1908) Evans 1916 1. Prior to this, Staphylococcus
epidermidis was assigned the following baysionyms: Staphylococcus epidermidis albus
(Welch 1891) [81; Albococcus epidermidis (Winslow and Winslow 1908) ['6]; with transfer
back to the genus Staphylococcus by Evans in 1916 1. A colonising isolate of S.
epidermidis from a human nose, American Type Culture Collection (ATCC) strain 14990
was accessioned in 1963 171, In 1968, Hugh and Ellis proposed ATCC 14990 as the
neotype strain for the species, as the original Winslow and Winslow strains of A/bococcus

epidermidis were no longer available for comparative studies [°).



The division of staphylococcal species on the basis of coagulase testing was proposed by
Fairbrother in 1940 !'#]. For a number of decades, medical microbiologists only focused
on identifying the coagulase-positive species, S. aureus, based on the assumption that all
coagulase negative staphylococci (CoNS) were non-pathogenic commensals [, In 1974,
Kloos and Schleifer introduced the biochemical classification scheme for the
differentiation of Staphylococcus species, on which current biotyping schemes are based

(191 Consequently, S. epidermidis became recognised as the major cause of all CoNS

15,20-22

infections except those of the urinary tract ! 1 with Staphylococcus saprophyticus

(201 The original

was found to account for 80% (12/15) of female urinary tract infections
Kloos and Schleifer scheme described 11 different staphylococcal species ['°]. Since then,

54 staphylococcal species have been catalogued by the List of Prokaryotic Names with

Standing in Nomenclature (LPSN) database [23-2%],

1.4 Clinical impact of S. epidermidis

Consistently recognised as a leading cause of nosocomial infections, S. epidermidis poses
significant morbidity and mortality to individual patients and economic burden on
healthcare systems. This impact is reflected in the summary data on Antimicrobial-
resistant pathogens associated with healthcare-associated infections reported by the
Centers for Disease Control and National Healthcare Safety Network, in which CoNS
predominantly represented by S. epidermidis, were the identified as the: most common
cause of central line associated bloodstream infections (CLABSI); second ranked cause
of surgical site infections; and third most reported pathogen for hospital acquired

infections 2],



Demonstrated to significantly prolong Intensive Care Unit (ICU) and general hospital
length of stays, and result in higher mortality [!*27, CLABSI pose a significant cost,
with a 2006 study estimating the attributable cost of each episode of ICU CLABSI at
$11,971 31, S. epidermidis CLABSI have been estimated to cost $2 billion annually in
the US alone 1),

With respect to the neonatal population, CoNS have been recognised as the
leading cause of both early [?%! and late (occurring after three days of age) neonatal sepsis
(2930] " frequently associated with central venous access. Similar to the adult population,
late neonatal sepsis has been associated with significantly prolonged hospital stay (79 vs
60 days, p<0.001) and increased mortality (18 vs 7%, p<0.001) compared to neonates

without sepsis, especially in the very low birthweight cohort 3%,

In terms of cardiac infections, S. epidermidis is recognised as a leading pathogen in
prosthetic valve endocarditis (PVE), variably reported to accounting for 15 — 25% of
cases 31331 Prospective longitudinal data from the International Collaboration on
Endocarditis spanning 1984 to 1999 (n =367) identified the complications of heart failure
(54%, 29/54) and valvular abscesses (39%, 21/54) as significantly higher in CoNS PVE
compared to PVE due to either S. aureus (heart failure: 33%, 19/58, p=0.03; valvular
abscess: 22% 13/58, p=0.06) or viridans streptococci (heart failure: 32% 20/63, p=0.02;
valvular abscess: 6%, 4/63, p<0.001) 32, With an in-hospital mortality of 36% CoNS
PVE was second only to S. aureus PVE, with a mortality of 47% (p=0.22) 321, With minor
variations in percentages, the observations regarding CoNS PVE complications with
valvular abscesses held true in a follow-up study covering 2000 to 2005 (n = 537) B33,

Furthermore, it was observed that 48% (33/69) of CoNS PVE cases occurred between 60



— 365 days post valve implantation, with a high rate of methicillin resistance (68%)
observed in the causative isolates 331,

Metanalysis performed as part of the British Guidelines for the diagnosis,
prevention and management of implantable cardiac electronic device infection identified
staphylococci as the causative organism in 68 — 93% of implantable cardiac electronic
device infections, with an all-cause mortality of 0 — 35% [**I. CoNS specifically, were

reported as the causative organism in 10 — 68% of infections [*4].

CoNS have been identified as the predominant pathogen in various CNS infections
including nosocomial drain-associated meningitis and ventriculitis (73%, 29/40) B33, as
well as cerebrospinal fluid shunt associated infections, found in 37% (29/78) of

specimens, followed by S. aureus (18%, 14/78) 31,

Although the rate of infective complications for prosthetic joints in the United States (US)
is estimated as only 2 — 2.4% [12%7] the economic burden posed is immense, totalling
$320 million in 2001, increasing to $566 million in 2009, with a projected annual cost
over $1.62 billion by 2020 U121 S epidermidis and S. aureus account for more than half

of all cases of prosthetic joint infections (PJIs) [37-381,

1.5 Epidemiology of S. epidermidis

S. epidermidis is characterised by marked genetic diversity, greater than that observed in
other staphylococcal species *l. To date, the majority of epidemiological studies of S.
epidermidis have utilised pulsed-field gel electrophoresis (PFGE) as the typing method

(39441 Despite pronounced genetic diversity within the species, as demonstrated in



4044] hospital based investigations suggest the

community based colonisation studies !
predominance of a few hospital-associated, epidemic clonal lineages [3%45-4°1,

Individually, most nosocomial transmission studies have mostly focused on the
presence of clones within specific high risk sites, such as the ICU [ neonatal ICU
(NICU) 4939 cardiac care centres 3% and haemodialysis unit [*!. Typically, these
studies have demonstrated the local prevalence of a few dominant clones. One NICU
based study documented the emergence of a particular S. epidermidis clone responsible
for 31% (20/65) of blood stream infections occurring within the unit over a year, as well
as the longitudinal persistence of second clone over the 11 year period of the study ],
While another prospective Italian study reported S. epidermidis to account for 30.4%
(56/184) of all NICU-acquired infections over a three years period, with four main clones
noted to cause most infections [*°). Compared to sporadic strains these clones were more
antibiotic resistant, particularly to the agents used for empiric treatment within the unit.
This observation of disseminated clones possessing more resistant antibiotic profiles is
common to a number of studies, with methicillin resistant S. epidermidis reported to
comprise up to 79% 3% to 92% 3% of hospital isolates.

The classification of S. epidermidis was revised in 2007, with introduction of an
improved multilocus sequence type (MLST) scheme '), This saw the reclassification of
ST27, previously identified as the major disease associated strain type, present in
hospitals in both the US and Europe %], as ST2. A study implementing the new scheme
to analyse 217 nosocomial isolates from 17 different countries, divided the isolates into
74 MLST types, which using the e BURST algorithm formed nine endemic clonal lineages
that were disseminated worldwide 6. A single clonal lineage, clonal complex 2 (CC2),
for which ST2 was the founder, accounted for 74% of isolates, with the remaining isolates

distributed over eight minor and 13 singleton lineages. Furthermore, analysis of the data



suggested that recombination contributed to the generation of new alleles approximately

twice as frequently as point mutations [46],

1.6 Mode of transmission

A limited number of studies have attempted to address the mode of transmission of S.
epidermidis clones within the hospital environment. These investigations have yielded
similar results, indicating replacement of less drug-resistant colonising strains with
locally prevalent, drug-resistant S. epidermidis strains during the course of admission
(5331 Both healthcare workers 3413 and the hospital environment 33! have been

implicated as potential reservoirs for hospital-adapted S. epidermidis clones.

A study conducted in 1982 by Archer et al. on patients undergoing cardiac surgery at the
Medical College of Virginia found that only one in 26 patients who were not previously
hospitalised were pre-operatively colonised with multidrug resistant S. epidermidis
(MDRSE; defined as resistance to methicillin and gentamicin), however by day ten post-
operatively 80% of patients were colonised [, Post-operative MDRSE isolates were
resistant to at least three additional unrelated antibiotics (erythromycin, clindamycin,
chloramphenicol, tetracycline or trimethoprim). Antibiotic usage was identified as a
strong correlate for the nosocomial acquisition of MDRSE, with almost 70% of patients
who were administered antibiotic prophylaxis prior to cardiac surgery subsequently
colonised with drug-resistant CoNS (nearly exclusively S. epidermidis) 1. Surveillance
swabs of the surgical ICU personnel caring for these patients identified a 66% (number
not specified) colonisation rate with an identical MDRSE molecular type (method

unspecified) as their patients. Of note, screening of a comparator medical ward where



patients were infrequently administered antibiotics demonstrated only 11% colonisation

of patients and personnel with drug-resistant CoNS [5J,

Similarly, a recent prospective study of patients admitted from the community directly to
ICU demonstrated that colonisation with hospital-associated genotypes of S. epidermidis
(as determined by PFGE) typically occurred within three days of hospitalisation [}, Both
environmental surfaces within the ICU and healthcare workers, of whom 89% (33/37)
had confirmed nasal carriage, were identified as potential reservoirs of these hospital-
associated genotypes of S. epidermidis 1>31. While another investigation for the reservoir
of S. epidermidis within a haemodialysis unit, screened the palms and nasal mucosa of
medical and nursing personnel and identified 38% (5/13) of staff to be colonised by the

dominant clone using PFGE 4!,

Collectively, these studies suggest that certain hospital locations create ideal
circumstances for the maintenance and propagation of drug resistant S. epidermidis
clones. Specifically, those in which the presence of prosthetic material in situ and
administration of antibiotics constitute routine care for most patients. Within this setting,
susceptible patients develop nosocomial MDRSE infections when conducive

circumstances arise.

1.7 §. epidermidis genomics

At the time of commencing this work only four complete S. epidermidis genomes were
published: reference strains ATCC 12228 134 RP62a %3] and SEI 15¢); and bovine strain
PM221 571, More recently, the complete genome of 1457, an isolate frequently used in

genetic studies of S. epidermidis was published ¥, A comparison of these genomes is



shown in Table 1.1, and a comparison of genome content relative to RP62a is shown in
Figure 1.1. Of note, none of these strains represent ST2 the dominant lineage associated

with clinical disease.

1.7.1 ATCC 12228 (FDA strain PCI 1200, WHO 12)

Catalogued in 1955, ATCC 12228 is a non-pathogenic, non-biofilm forming isolate that
is highly drug-susceptible and used for the detection of residual antibiotics such as
gentamicin, neomycin, and novobiocin in food products 541, The first S. epidermidis
genome to be closed, the complete ATCC 12228 genome was published in 2003 541, Only
two virulence factors were identified in common with S. aureus, d-haemolysin and -

(541 In keeping with phenotypic data, the

haemolysin, with no other toxin genes identified
genome was found to lack methicillin resistance conferring mec genes and the
intercellular adhesion locus icaADBC. Furthermore, no IS256 or IS257 elements, that are

thought to be markers for invasive disease, were identified in the genome 4],

1.7.2 RP62a (ATCC 35984)

Biofilm producing isolate, RP62a, is multidrug resistant clinical S. epidermidis strain,
isolated during an outbreak of intravascular catheter associated sepsis occurring at the
City of Memphis Hospital, Memphis, USA between 1979 to 1980 *°. The complete
genome of RP62a was published in 2005 [, In addition to the presence of various
antibiotic resistance genes such as mecA4 in the presence of IS257, compared to non-
biofilm producing strain ATCC 12228, key differences in the genome of RP62a are the
presence of the ica operon and bhp (homologue of S. aureus biofilm associated binding
protein, Bap; that has been indicated in the pathogenesis and persistence of bovine

mastitis) 331,
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Table 1.1 Comparison of completed S. epidermidis genomes

. in silico Clinical Chromosome GC .

Strain MLST Isolated Host Presentation (Mb) %, Plasmids  Reference
RP62a 10 1979-1980  Human Bacteraemia 2.61 322 1 [53]
1457 86 1990 Human Bacteraemia 2.45 323 1 [58]
ATCC Non- .

[54]
12228 8 1955 clinical Not applicable 2.50 32.0 6
SEI i Unknown Human Unknown 2.50 32.0 1 [56]
PM221 184 1999-2002 Bovine Mastitis 2.49 31.9 4 1571

*Published reference strain SEI was not classifiable by existing multilocus sequence type (MLST) schema.

transporters (3),

Il GC content
B GC skew (-)
M GC skew (+)

RP62a
1457
[ ATCC 12228

M sEl
W PM221

IS element (1), transcription regulator (1), 1 ! g /.I//, ,
. ) :’g . icaADBC
's @ QY %
' e S

Origin
¢ Forward flank ‘novel'content

N

2600 kbp

Transporter (1), transcription regulator (1)

‘/g/ Ribokinase (1), permease (1)

S. epidermidis
RP62a
2,616,530 bp
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Transposases (4), spc, ermA S elements (2), transposases (4), spc, ermA

Figure 1.1 Gene content comparison for completed S. epidermidis genomes. A one-

way comparison of gene content between the five published S. epidermidis genomes

relative to RP62a, generated using BRIG 7%, Novel content in RP62a is annotated in the

outermost ring.

11



1.7.3 SEI (ATCC 49134, AmMS 205, CDC 73-57501)

SEI is an isolate of clinical origin with an unknown date of isolation, that is used as a
quality control strain for Microscan™ products 5%, Its complete genome was published
in 2014 using a combination of Illumina short-read and long-insert 454 sequencing
technology to close the genome, with preliminary annotation identifying at least seven
virulence factors that were not specified [*°]. Due to the proprietary nature of the isolate,
there is a paucity of information regarding its phenotypic profile. Despite having all seven
loci identifiable by the current S. epidermidis MLST database, isolate SEI is unclassified
as the unique combination of allele variants (arcC[1], aroE[13], gtr[7] mutS[6], pyrR[2]

tpiA[5] and yqiL[33]) are yet to be assigned a ST number.

1.7.4 PM221

PM221 was isolated from a spontaneous persistent bovine intramammary infection
presenting to the Ambulatory Clinic of the Faculty of Veterinary Medicine, University of
Helsinki between 1999 and 2002 11, S. epidermidis is rarely found in the normal bovine
microbiota (2], Epidemiological studies suggest that the S. epidermidis strains causing
bovine mastitis originated from humans, with the same PGFE genotypes identified to
colonise dairy farmers and in milk from affected cows [®3]. The closed genome of PM221

was published in 2014 D71,

1.7.5 S. epidermidis 1457

S. epidermidis 1457 was isolated from an infected central venous catheter in 1990, at the
Institute of Medical Microbiology and Immunology, University Hospital Eppendorf,
Hamburg, Germany [*41. A biofilm producing isolate, pan-susceptible to commonly used

staphylococcal antibiotic markers, it is frequently used in laboratory studies and amenable
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to genetic manipulation by various methods including: phage transduction with S. aureus
D187 (65661 and §. epidermidis phage 48 7]; transposon mutagenesis [°7%8]; and allelic
exchange (). The genome of 1457 was recently closed using PacBio RSII technology
and demonstrated to lack a methylome B8l indicating no functional type I restriction

modification system.

1.8 Determining clinically significant disease

As an ubiquitous coloniser of human skin ['l it is unsurprising that S. epidermidis,
together with other CoNS, are the most frequent contaminants in blood cultures,
representing 70 — 80% of all blood culture contaminants 7!, Typically introduced from
the patient's (or specimen collector’s) colonising flora due to poor aseptic technique
during sampling. However, CoNS are also the most common cause of true nosocomial

1326,72,73] ' Therefore, distinguishing contaminants from clinical

blood stream infections !
infections can be challenging, and poses significant cost "!l. In view of this, numerous
studies have attempted to discriminate clinically significant from contaminating strains
of S. epidermidis in a diagnostic context. Such studies have focused on the identification
of markers for hospital dominant strains and those associated with invasive clinical
disease.

Overall, the results of these studies demonstrate that the presence of mecA 57+
1 icad (or the full icaADBC operon) [32747880-82] and [S256 [52.74-7680.81.83] are most
consistently associated with invasive isolates. When studies included phenotypic data,
the presence of these markers usually correlated with the formation of biofilm in the case
of icad 1737680811 "and the presence of multidrug-resistance that included clindamycin,

aminoglycosides and trimethoprim-sulfamethoxazole when 1S256 was present 7749, Two

markers were found to be associated with colonising isolates, formate dehydrogenase
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(fdh) 4731 and the arginine catabolic mobile element (ACME) [733%, Studies including
the intercellular protein adhesin bip were conflicting. With two studies demonstrating a
significant association with invasive S. epidermidis stains [7>3%], but another inconclusive,
with bhp present in equally small numbers of invasive and colonising isolates [76]. Markers
investigated but determined to have no discriminatory value included: the biofilm
associated genes - accumulation associated protein (aap) ["63%, autolysin at/E 1767884,
fibronectin binding protein (fbe) 7%, extracellular matrix binding protein (embp) "%); and

[S257 76811,

1.9 Prosthetic device infections, S. epidermidis biofilms and immune

evasion

Traditionally, infection of a prosthetic device can be classified as: 1. Early (occurring
within three months of implantation); 2. Delayed (three to 24 months post implantation);
or 3. Late (more than two years after implantation) 33861, Contamination during the time
of device insertion typically results in early infections, unless the causative organism is
of low virulence (such as S. epidermidis or Cutibacterium acnes) which may lead to

85-88

delayed manifestation of infection [83-88], Delayed and late infections can also occur due

to haematogenous spread of bacteria seeding a prostheses 8386891,

In addition to a mechanical protective barrier, S. epidermidis biofilm has been
demonstrated to impair the deposition of IgG and C3b resulting in increased resistance to
phagocyte-mediated killing %, Other immune evasion mechanisms identified in S.
epidermidis include the aps loci (homologous to the GraRSX three component system in
S. aureus) that senses the presence of human antimicrobial peptides, and produces the
protease SepA that destroys them [°'l. While the quorum sensing system, accessory gene

regulator (agr), that is known to regulate colonisation and virulence factors [°?], is thought
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to assist in resistance to killing by polymorphonuclear leucocytes (PMN) and their
antimicrobial products °?]. In the case of S. epidermidis PJls, studies have demonstrated
that bacteria can invade and persist intracellularly within human fibroblasts and human
and mouse osteoblasts, serving as a reservoir for chronic or delayed infection 7],
Primarily residing within acidic phagolysosomes that select for a small colony variant
phenotype, when host cells die the S. epidermidis escapes into the extracellular
environment potentially seeding the prosthesis resulting in a delayed implant-associated

infection B7),

In animal models, the presence of a foreign body has been demonstrated to increase the
risk of establishing a staphylococcal infection >100,000-fold, compared to the absence of

85941 The attributing reasons are multifactorial, including: defective host

foreign material [
granulocyte response around implants °+%3; inability of most antibiotics to penetrate the
biofilm surrounding the foreign body B8%2%7); and the lack of antibiotic activity against
stationary phase bacteria within biofilms [°6-8],

In a guinea pig subcutaneous foreign body model, PMNs localised around a
foreign body have been demonstrated to contain decreased levels of granular enzymes
and reduced ability to mount a respiratory burst (>3], It is hypothesised that prolonged
stimulation of PMNs by the non-phagocytosable surface of an implanted device exhausts

the host innate immune response, resulting in an impaired granulocyte response °*. Due

to limited oxygen and glucose, bacteria within biofilms are in a stationary phase of growth

(85]

Infected devices can serve as a nidus for persistent and relapsing infection.

While systemic antibiotics are effective against planktonic cells, most fail to kill bacteria
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within biofilms, resulting in cycles of relapsing infection unless the foreign body is
surgically removed °®l. Multiple animal studies [°%71 and decades of clinical

observation [85-88

Ihave demonstrated that once established, foreign body infections do not
spontaneously clear. It is generally accepted that removal of a prosthesis with an

established infection is required for cure, as sterilisation cannot be achieved [83-88:26.97],

1.10 Treatment of S. epidermidis
1.10.1 Glycopeptides - Vancomycin and teicoplanin

Vancomycin is glycopeptide antibiotic produced by the soil bacterium Amycolatopsis
orientalis (originally classified Streptomyces orientalis) 1'% (Figure 1.2A). Active
against aerobic and anaerobic gram-positive bacteria, vancomycin inhibits bacterial cell
wall peptidoglycan synthesis though rapid and irreversible binding to the D-Ala-D-Ala
cell wall precursor at the external surface of the cytoplasmic membrane 1901911 The result
is bactericidal in most gram-positive organisms !, Discovered during a program aimed
at the development of new anti-staphylococcal antimicrobial agents in response to the
emergence of antibiotic resistant hospital strains of S. aureus in the early 1950s 1, Food
and Drug Administration (FDA) approval of vancomycin in the US was expedited in 1958
in anticipation of clinical demand ['°]. However, the adverse effects of infusion reactions,
ototoxicity and nephrotoxicity reported in early vancomycin studies and the subsequent
discovery of methicillin and anti-staphylococcal cephalosporins (both of which had
favourable side-effect profiles), resulted in the preferential use of these B-lactams until
the increasing prevalence of methicillin resistant staphylococci in the 1980s necessitated
the use of vancomycin >, Fortunately, it was determined that many of the adverse
effects observed in early trials were due to impurities that were eliminated in preparations

[100

of vancomycin introduced in the 1970s 1%, Vancomycin is now the recommended first-
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line agent for methicillin resistant staphylococci in numerous specialty specific guidelines

[34,38,86,102-105]

Teicoplanin is a lipoglycopeptide chemically related to vancomycin, with a differing side-
chain linkage pattern and carbohydrate groups attached, but the same mechanism of
action [1%6107] (Figure 1.2B). Comprised of six closely related teichomycin compounds
(designated T-A»-1 to 5 and T-As) [1%] produced by Actinoplanes teichomyceticus 1%,

teicoplanin has a similar spectrum of activity to vancomycin [1%],

Teicoplanin
R sidechains

VANCOMYCIN TEICOPLANIN

Figure 1.2 Chemical structures of glycopeptide antibiotics. Representation of
chemical structures have been adapted from Kang and Park !9, The seven core amino
acid residues are numbered in red. A. Vancomycin is a group I glycopeptide
(classification scheme based on type of residues at positions 1 and 3 [!'!]) that contains
aliphatic residues at positions 1 and 3 and glucose-vancosamine disaccharide attached to
amino acid 4. B. Teicoplanin is a group III glycopeptide with covalently joined aromatic
residues at positions 1 and 3, mannose attached to position 7, N-acetylglucosamine
attached to amino acid 6 and N-acylglucosamine attached to amino acid 4 with teicoplanin

sidechain variants (green R) A»-1 to 5 shown.
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1.10.2 Mechanisms of glycopeptide resistance

1.10.2.1 Intrinsic resistance

Initial reports of clinically significant vancomycin resistance in CoNS began in the 1980s,
raising concerns that the discovery may herald similar resistance in the more pathogenic,
related species of S. aureus [, Since then, studies have demonstrated an upward creep
in glycopeptide MICs for CoNS, particularly with teicoplanin, which has been attributed

[113-115] * Studies have

to increased use of such agents due to methicillin resistance
suggested that S. epidermidis possesses low level intrinsic resistance to teicoplanin, that
can be directly induced through exposure to teicoplanin, or cross induced with
vancomycin exposure 1216117 Fyrthermore, teicoplanin resistance is commonly
associated with a modest increase in vancomycin resistance [''3] it is therefore

unsurprising that rates of vancomycin resistance are higher in S. epidermidis compared

to S. aureus Bl.

1.10.2.2 Heteroresistant vancomycin-intermediate and vancomycin-intermediate
staphylococci

Knowledge regarding vancomycin resistance in staphylococci has predominantly been
described and defined in terms of S. aureus. The first clinical case of S. aureus with
reduced susceptibility to vancomycin (MIC 8 pug/ml) was reported by Hiramatsu ef al. in
1997 1181 Named Mu50, the strain was classified as vancomycin-intermediate S. aureus
(VISA) 18] Soon after, the same group described Mu3, a S. aureus strain identical to
Mu50 on PFGE but with a vancomycin MIC of only 3 png/ml (classified susceptible at the
19]

time) that possessed subpopulations capable of growth within the intermediate range |

Strains exhibiting this phenomenon came to be known as heteroresistant VISA (hVISA).
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In 2006 the Clinical & Laboratory Standards Institute (CLSI) lowered vancomycin MIC
breakpoints for S. aureus, thereby separating the species from CoNS, which had been
classified together for over 20 years. This change was in recognition that heterogeneously
resistant isolates of S. aureus, that is, those with MICs within the susceptible range for
vancomycin when tested by routine methods, but which possess subpopulations capable
of growth within the intermediate range, are precursors to VISA [1201 and evidence that
such isolates were associated with failure of vancomycin therapy [?!. Similarly, the
European Committee on Antimicrobial Susceptibility Testing (EUCAST) lowered their
breakpoints for S. aureus in 2009, but opted to remove the ambiguity associated with
interpretation of an intermediate MIC, defining only susceptible and resistant MICs [122],
Table 1.2 summarises the CLSI and EUCAST changes to vancomycin breakpoints in

staphylococci. These alterations in defined breakpoints and international differences

should be considered when interpreting the literature.

Table 1.2 Changes in vancomycin breakpoints for staphylococci.

Classification Broth microdilution MIC (ng/ml) Reference
scheme

Susceptible Intermediate Resistant
S. aureus
CLSI pre-2006 <4 8-16 >32 (1211
CLSI post-2006 <2 4-8 >16 [121]
EUCAST pre-2009 <4 8 >8 [122]
EUCAST post-2009 <2 - >2 (1221
CoNS
CLSI <4 8-16 >32 (121
EUCAST pre-2009 <4 8 >8 [122]
EUCAST post-2009 <4 - >4 (1221

MIC: Minimum inhibitory concentration; CLSI: Clinical Standards Laboratory Institute; EUCAST:
European Committee on Antimicrobial Susceptibility Testing; CoNS: Coagulase negative staphylococci.
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The single study that directly compared CoNS to S. aureus suggests that glycopeptide
heteroresistance is significantly more prevalent in CoNS, with 13% (7/52) of CoNS but
only 1.2% (1/81) of S. aureus isolates demonstrating heteroresistance to either,

[123] " Although an accepted phenomenon with clinically

vancomycin, teicoplanin or both
significant consequences in S. aureus, heterogeneous vancomycin resistance in S.

epidermidis and other CoNS is regarded with uncertainty and remains largely

uncharacterised 1'%,

1.10.3 Vancomycin-resistant staphylococci

1251 transfer of the

Demonstrated to arise from the cross-species, transposon mediated |
vanA operon from Enterococcus faecalis to S. aureus 11?61, the first clinical report of true
high level (MIC 1024 pg/ml) vancomycin-resistance in staphylococci occurred 2002, in
a patient co-colonised with vancomycin-resistant E. faecalis and vancomycin-resistant S.
aureus (VRSA) ['?7] Since then, around 50 clinical cases of VRSA have been reported

(1281 with 14 cases in the US 1261271291 and additional cases reported in India [13%131] Tran

(1321 Pakistan [133] Brazil ['** and Portugal '35,

Studies suggest the presence of environmental reservoirs for vancomycin resistant
staphylococci. A community prevalence study conducted on 1,000 healthy individuals
residing in and around Bangalore, India, identified S. aureus or methicillin resistant S.
aureus (MRSA) present on 22.5% and 16.6% of participants respectively; VRSA due to
the presence of vanA was observed in 1.4% (n = 4) of those colonised with S. aureus 1136,
A 2019 colonisation study conducted on meat samples (for human consumption) from
200 dromedary camel carcasses and 20 abattoir workers from three abattoirs in Egypt,

detected S. aureus on 14.5% (29/200) of camel meat samples and 55% (11/20) abattoir
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workers. Of which, 27% (8/29) camel and 54% (6/11) human isolates were identified as
VRSA due to the presence of vanA or vanB 371, Additionally, a Brazilian study in which
health care workers (n = 102) were screened for the presence of vancomycin resistant
staphylococci, identified five vancomycin resistant isolates (two S. aureus, three CoNS)
[138] The presence of vand was only detected in a single S. epidermidis isolate colonising

an ICU worker 138,

1.10.4 The pleiotropic nature of vancomycin heteroresistance

Within staphylococci, the prevalence of vancomycin heteroresistance has proven to be
more common than high-level resistance. Best characterised in S. aureus, the mediators
of vancomycin heteroresistance are complex and pleiotropic, interwoven with cross-
resistance to other antimicrobial agents, rather than attributable to acquisition of a single
resistance gene. Although not the first publication to explore the genetics behind non-
VRSA reduced vancomycin susceptibility, the diversity of mutations associated with this
phenotype was highlighted in a landmark study by Mwangi ef al., that characterised
sequential MRSA blood stream isolates over three months of vancomycin therapy that
failed, from a patient with endocarditis ['*°]. Between the first (JH1) and last (JH9) isolate,
progressive accumulation of 35 point mutations in 31 loci were shown to correlate with
a stepwise increase in vancomycin MIC from 1 to 8 pg/ml. These 35 single nucleotide
polymorphisms (SNPs), corresponded to 14 nonsynonymous substitutions, six frameshift
mutations, one truncation, seven intergenic region mutations, one insertion in a tRNA,
and six synonymous substitutions. Of these, seven SNPs affected six loci implicated in
vancomycin resistance: missense mutations occurring in the vraR operon, vraG and rpoB;
deletions causing frameshift mutations in agrC and vraG; a nonsense mutation in yycH,

and a substitution in the intergenic region between divergently transcribed genes SA0526
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and nagB ['*], Despite no exposure to daptomycin, increased resistance to the drug was
also observed in progressive patient isolates, attributed to the acquisition of a missense
mutation in 7poC and nonsense mutation in yycH ['3%1, Rifampicin resistance was acquired
in the context of one dose of rifampicin single agent therapy, with four amino acid

substitutions in RpoB (D471Y, A473S, A477S and E478D) [13°],

Of note, a number of mutations occurred in genes that were essential (rpoB) or
formed part of operons that encoded transcriptional regulators (vraR, yycH and agr) with
far reaching downstream effects on gene expression. The global effects of mutations in
such key loci was demonstrated in a related study that profiled the transcriptomes of JH1
and JH9, identifying 224 differentially expressed genes, the majority constitutively
expressed and required for basic cellular functions including cell wall synthesis and cell
division 149,

Reinforcing the pleiotropic nature of VISA genetics was a follow-on study by Vidaillac
et al., which used two in vitro experimental systems (an endocarditis vegetation model
with simulated clinical dosing of vancomycin; and passage under vancomycin selective

411 Phenotypically, the two

pressure) to derive VISA mutants from clinical strain, JH1 |
laboratory-derived mutants (JH R; and JH R:) were indistinguishable from second
clinical isolate (JH2), with comparable reductions in vancomycin and daptomycin
susceptibility, and features typical of VISA. However, whole genome sequencing
revealed that despite originating from the same parental isolate, the mutations possessed
by each of the three strains differed ['4!]. JH2 acquired seven missense mutations in four
loci: one in the vraR operon; four in rpoB, resulting in D471Y, A473S, A477S and E478D

RpoB substitutions; one in rpoC; and another in SA1229 [13%:141] JH R, gained four SNPs

causing one frameshift and three missense mutations 4], three of the affected genes had
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unknown functions. However, a missense mutation in yycG, part of the yycGF (also
known as wal/RK) essential two component regulatory system, was notable as mutations
in this system are associated with a VISA phenotype. Experimental isolate JH R» acquired
two missense mutations in 7poB, resulting in R484C and N641K RpoB substitutions 4!,
Only one gene in common, rpoB, was mutated in both JH2 and the experimental isolates,
however the acquired SNPs differed. Furthermore, none of the in vitro derived mutations
were the same as the 35 SNPs in the final clinical strain JH9 [!3%141] Besides rpoB, the
yycGF two component system was the only other locus at which both JH9 and the in vitro
strains both acquired mutations, JH R; in yycG which encodes a histidine kinase '], and
JH9 in yycH which encodes an accessory protein [13. Tt should be noted that while the
cumulative list of putative mutations associated with an hVISA/VISA phenotype from
this and other studies is extensive, causal effect has only been experimentally proven for

a limited number of mutations [142],

Reduced vancomycin susceptibility associated with mutations within essential genes or
operons is not unique to the JH1 strain, such mutations in other MRSA isolates have been
identified in: the cell surface remodelling signalling pathway ['43]; cell regulation operons
[142]: genes involved in the expression of virulence factors 44 and other cell metabolism
genes 1431461 Trrespective of their genetic basis, hVISA/VISA mutants are phenotypically
characterised by increased cell wall thickness, due to reduced cell wall turnover and
decreased autolytic activity, thereby reducing access of vancomycin to its site of activity
at the dividing cell septum 471, Other mutation specific changes described include: excess
peptidoglycan production; small colony variants; decreased growth rate; and vancomycin

and daptomycin cross-resistance [147-149],
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It is conceivable that the presence of mutations within key, regulatory loci under selective
pressure from ongoing vancomycin therapy could create a cascade of altered signals
pushing bacterial evolution towards increased resistance, and compensatory mutations
that improve survival, consistent with reports of immune evasion and decreased virulence

that favours a persistent disease state in some strains that have failed vancomycin therapy

[149,150]

1.10.5 Vancomycin susceptibility testing

Studies evaluating methods for detecting reduced vancomycin susceptibility in
staphylococci have all used the population analysis profile with area under the curve ratio
(PAP/AUC) method described by Wootton et al. [ as the reference method 32154
this being the most reliable and reproducible method to confirm the presence of hVISA.
A positive isolate defined by a ratio of > 0.9 when compared to established hVISA strain,
Mu3. A limited number of studies have attempted to apply the PAP method to CoNS
species 131171231551 "Given the cumbersome nature of the PAP/AUC method, it is only
available at reference centres. Screening methods like the Macromethod Etest (MET) and

Etest GRD can be (but generally are not routinely) performed in diagnostic laboratories

[121,156]

1.10.6 Rifampicin

Rifampicin is a broad-spectrum, semi-synthetic antibiotic derived from the parent
molecule rifamycin B, a bacterial polyketide secondary metabolite, extracted from the
soil bacteria Amycolatopsis mediterranei (originally classified Streptomyces
mediterranei) ['57-13°1 Although rifamycin B (Figure 1.3A) has only modest antibacterial

activity, substitution of a carboxylic acid group with addition of a 4-methyl-
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piperainaminyl side chain to form rifampicin (Figure 1.3B), produces a molecule with
good bio-availability that is well tolerated with high antibiotic activity against
Mycobacteria, Gram positive and Gram negative cocci, many gram negative bacilli and
most anaerobes [137:1591 In susceptible organisms, the bactericidal effects of rifampicin
are due to direct binding with the  subunit of DNA-dependent RNA polymerase (RpoB)
to inhibit bacterial transcription ['*°1 (Figure 1.4A). Rifampicin was first approved for
clinical use in Italy, where it was developed, in 1968; approval in the US followed soon

after in 1971 U371,

o OCH,COOH

CH,
RIFAMYCIN B RIFAMPICIN

Figure 1.3 Chemical structures of rifamycin B and rifampicin. A. Rifamycin B B.

Rifampicin. Adapted from Nigam et al. [

1.10.7 Mechanisms of rifampicin resistance

Despite low preservation in the amino acid identity across the complete protein
alignments of RpoB between bacterial species, due to its essential function there is high
conservation of the residues that comprise the active site at which RNA synthesis occurs
(Figure 1.4B). The rifampicin-binding pocket of RpoB is located within 12 A of the active

site of RNA synthesis [1611921 The mechanisms of rifampicin resistance have been
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extensively studied in Escherichia coli and Mycobacterium tuberculosis, with
identification of the amino acids integral to the conformation of the RpoB rifampicin-
binding pocket. Mechanisms of rifampicin resistance are exclusively chromosomally
mediated, the majority of mutations occur in a 27 amino acid sequence termed the
rifampicin resistance determining region (RRDR), also known as Cluster I, within which
three critical sites that form covalent bonds with rifampicin are most frequently affected
(1591611 (Figure 1.4B). Substitution of amino acids at these three sites lowers the affinity
for rifampicin within the binding pocket of RpoB. Experimental data in a number of

131 M. tuberculosis %1% and S. aureus 16519 have

species including E. coli !
demonstrated that such substitutions are capable of conferring high level rifampicin

resistance at little or no fitness cost.

Outside of the RRDR, two other regions that contribute to the rifampicin-binding pocket
through the formation of van der Waals bonds with rifampicin [!3%167] have also been
identified as sites at which rifampicin resistance mutations occur [1°%161] Known as the
N-terminal cluster and Cluster II, the alignment of these regions for E. coli, M.
tuberculosis, S. aureus and S. epidermidis are shown in Figure 1.4B, along with the
commonly affected residues.

Based on alignment with the known sequence defined for other bacterial species:
the RRDR in §. epidermidis was determined to span positions 462 to 488 (inclusive); the
three critical positions were D471, H481 and S486 respectively; and key sites outside the

RRDR corresponded to V135 and 1527 (Figure 1.4B).
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A A g '0515 A @ covalent bond with rifampicin
ES65 van der Waals bond with rifampicin
RSZS’L ‘ most frequently associated with rifampicin® mutations
1572 4 A clinical S. epidermidis rifampicin® RpoB mutation
G5347 531 ‘0513 Q510 B in vitro/animal model S. epidermidis rifampicin® RpoB mutation
L533 F  additional RpoB mutations reported in other organisms

B
N-terminal cluster Cluster | (RRDR) Cluster I
E. coli 143 RVIVSQ 148 505 FFGSSQLSQFMDONNPLSEITHKRRISALGPGG 537 562 ETPEGPNIGLINSL 575
M. tuberculosis 167 RVIVSQ 172 424 FFGTSQLSQFMDONNPLSGLTHKRRLSALGPGG 456 481 ETPEGPNIGLIGSL 494
S. aureus 132 RVIVSQ 137 460 FFGSSQLSQFMDQANPLAELTHKRRLSALGPGG 492 517 ETPEGPNIGLINSL 530
S. epidermidis 132 RVIVSQ 137 460 FFGSSQLSQFMDQANPLAELTHKRRLSALGPGG 492 517 ETPEGPNIGLINSL 530
o0 o ° °
V135F S464@ D4713 H481Nd S486F 15271
G Q ¥ =
LY R
Q468K N P
\7

Figure 1.4 Schematic representation of the rifampicin resistance determining region
(RRDR) of RpoB. A. Cartoon of rifampicin interacting with the structural elements of
bacterial RNA polymerase adapted from Koch et al. '%'. A rifampicin molecule (red circle)
is bound in the active site (yellow star) of the RpoB subunit (green) to inhibit transcription.
DNA (pink lines) is shown as double-stranded entering the active site, then a single strand of
template DNA once unwound. The growing RNA chain is represented by the blue line. Inset
shows the rifampicin binding pocket of RpoB, highlighting the residues that interact with
rifampicin, colour coded by the nature of the chemical bond (blue and yellow triangles). The
grey triangle (E. coli RpoB E565) is the single interacting residue not known to be associated
with a rifampicin resistance mutation. B. Alignment of the rifampicin resistance mutation

hotspots in RpoB for various bacterial species, with reported mutations [13%161:168:16] gyer]aid.
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1.10.8 Rifampicin resistance mutations in staphylococci

The translations of wildtype (WT) RpoB in S. aureus and S. epidermidis are both 1,184
amino acids in length, sharing 100% pairwise identity in the alignment of the RRDR, N-
terminal cluster and Cluster II regions ['%°! (Figure 1.4B). Overall, the RpoB translations
between the two species share 98.0% pairwise identity and 99.4% pairwise positive
identity. Where pairwise identity refers to directly matching amino acid residues, whereas
pairwise positive identity accounts for conservative substitutions in which the physio-
chemical properties of amino acid resides are preserved 79, Although this close
consensus in RpoB translations between the species suggests that it is reasonable to
assume that both interact with rifampicin in the same manner and generate the same

resistance mutations, review of the literature suggests otherwise.

1.10.8.1 Rifampicin resistance mutations in S. epidermidis

A limited number of studies have investigated the diversity of rifampicin resistance
mutations in S. epidermidis ['%%1%°1 (Figure 1.4B). Using two rifampicin susceptible (<
0.06 mg/L) clinical S. epidermidis isolates, reference strain RP62a (ST10) and IRDL-
8883 (STS; from a prosthetic joint infection), Wi ef al., characterised the evolution of
rifampicin resistance when the strains were subject to rifampicin selective pressure both
in vitro and in vivo in a rat chronic foreign body model 1'%, All mutations generated
occurred in cluster I of RpoB with five in vitro (D471N, D471G, D471V, H481Y and
S486Y) and three in vivo (Q468K, H481Y and S486F) substitutions generated. The
D471IN and D471G substitutions were found to confer only low-level rifampicin
resistance, both with MICs of 0.25 mg/L. The D471V substitution was associated with
an MIC of 32 mg/L and the remaining four mutants (H481Y, Q468K, S486Y and S486F)

all conferred high level rifampicin resistance of >256 mg/L [1¢],
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The largest study characterised 33 S. epidermidis isolates obtained during revision
surgeries for prosthetic joint infections, performed at two Swedish hospitals %81, Of the
33 isolates, 39% (n = 13) were rifampicin resistant, with the following amino acid
substitutions identified: D471E + I527M (n = 9; MIC >32 mg/L), S464P + A534V (n =

2; MIC >32 mg/L), H481Y (n = 1; MIC >32 mg/L), and S464P (n = 1; MIC <6 mg/L).

1.10.8.2 Rifampicin resistance mutations in S. aureus

The rifampicin resistance mutations in S. aureus have been extensively catalogued
[165,166] = A recent study of 7,099 S. aureus genomes demonstrated that eight RpoB
mutations (H481N, L466S, A477D, D471G, H481Y, S464P, S529P, S529L and Q468K)
accounted for 93% (469/505) of rifampicin resistance mutations identified '], No N-
terminal regions mutations were detected, while a solitary D471N substitution identified
in three isolates were thought to represent a new and rare rifampicin resistance mutation
[166] Unlike S. epidermidis, no D471E nor any 1527 residue substitutions were observed,
suggesting that the D471E plus 1527M dual mutation prevalent in the clinical S.

epidermidis isolates reported by Hellmark et al. ['%®] are not common in S. aureus despite

the two species sharing near identical RpoB translations.

1.10.9 Rates of Rifampicin Resistance

Based on association with ecological and geological events, and inferred from eukaryotic
molecular clock models, the long-term (over millions of years) genome-wide mutation
rate for bacteria are estimated as 10 to 10-'° substitutions per year [!7!-173]. Depending on
the organism studied and methodology, resistance mutation rates to rifamycins including

rifampicin have been estimated at 10-'° to 107 ['74], with a mutation rate of ~10® observed
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in most organisms 371, Using 0.016 to 32 ml/L of rifampicin, S. epidermidis strain RP62a

was reported to have an in vitro rifampicin resistance frequency of 107 [173],

It has been suggested that mutation rates based on laboratory culture are elevated and do
not reflect the actual, long-term rate of bacterial mutation ['’!. In vivo bacteria are subject
to environmental and genetic stresses such as those imposed by the host immune system,
exposure to antibiotics and competing co-colonising pathogens which can influence
mutation rates. Irrespective of laboratory derived estimates of mutation rate, clinically
significant rifampicin resistance occurs in the hospital environment, with evidence
suggesting a single dose of rifampicin can generate persistent colonisation with
rifampicin resistant S. epidermidis '), A 1983 study by Archer et al. investigated the
effect of antibiotic prophylaxis on the staphylococcal flora of cardiac surgery patients
[176] " A single dose of rifampicin administered two hours preoperatively in conjunction
with nafcillin was observed to induce newly detected rifampicin resistance in perianal
CoNS (predominantly S. epidermidis) sampled in 72% of 61 patients whom underwent
cardiac valve surgery by day seven postoperatively, one of whom developed prosthetic

1761, Of the 61 patients isolates,

valve endocarditis with rifampicin resistant S. epidermidis |
over 80% were also found to be methicillin resistant. Since preoperative methicillin
resistance was not screened for it is unclear if the prophylaxis administered was
essentially rifampicin monotherapy. Of note, results markedly differed depending on the
screening site. Newly developed rifampicin resistance was detected in only 5% of skin
swabs from the nares and 3% of chest swabs, taken from the same 61 patients. The authors
attributed this observation to the predominantly biliary excretion of rifampicin, which

would lead to the ongoing presence of bioactive rifampicin metabolites in stool following

administration [!76]. Of the 14 patients for whom follow-up swabs were collected one to
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two months postoperatively, 79% were found to be persistently colonised with rifampicin
resistant CoONS on perianal screening. Furthermore, although chest swabs from these 14
patients demonstrated no rifampicin resistant CoNS at the time of discharge, repeat
screening at one to two months found 57% had acquired rifampicin resistant CoNS on
the skin of their chests [76] suggesting the spread of rifampicin resistant CoNS from the
perianal region to other body sites. When screening was extended four to six months post-
discharge, only 14% of perianal and 4% of chest swabs demonstrated the persistence of
rifampicin resistant CoNS [76],

Without molecular epidemiology, it is unclear if the rifampicin resistant isolates
identified in this study were the result of the de novo generation of new rifampicin
resistant mutants in response to the selective pressure of rifampicin exposure, or
colonisation and persistence of hospital dominant strains resulting from exposure during
admission in the surgical ICU. However, despite no documented exposure to rifampicin,
19% (10/53) of patients administered single agent cephazolin as surgical prophylaxis
became colonised with rifampicin resistant CoNS 176, Of note, no rifampicin resistant
strains were detected on preoperative screening of these patients. These rifampicin
resistant isolates were typically also resistant to gentamicin and methicillin, suggesting
the possible presence of a rifampicin resistant, multidrug resistant CoNS clone that could
be selected for by use of unrelated B-lactam antibiotics to which the clone also exhibited
resistance.

The rifampicin plus nafcillin surgical prophylaxis effectively eradicated S. aureus
in 89% (16/18) of preoperatively colonised patients ['7%), a significantly higher eradication
rate (P <0.001) compared to single agent cephazolin, that eradicated S. aureus in only

48% (10/21) of patients ['7), While surgical prophylaxis is typically targeted towards S.
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aureus, this study highlights the potential to generate increasing resistance in colonising

CoNS species.

1.10.10 Biofilm activity of rifampicin

The only drug class demonstrated to be efficacious in the elimination of staphylococcal
biofilms B%971771781 " rifampicin is frequently employed for both the treatment and
prophylaxis of staphylococcal foreign body infections. /n vitro studies using biofilm
forming S. epidermidis strain, RP62a, identified rifampicin as the only antibiotic with
activity against both replicating and non-replicating cells 78], Furthermore, the
bactericidal effect for rifampicin against non-growing cells was demonstrated to almost

equal that of S. epidermidis growing in log phase. ['78],

In vivo studies by Widmer et al. investigated the efficacy of a selection of antibiotics
(vancomycin, daptomycin, teicoplanin, ciprofloxacin, rifampicin and netilmicin) against
two clinical, methicillin-resistant, S. epidermidis strains: B3972, a known weak slime
producer (presumably from the presence of PIA); and biofilm producing reference isolate
RP62a 71, Using a guinea pig tissue cage model infected with a 10* CFU local inoculum
of S. epidermidis, rifampicin (25 mg/kg intraperitoneally 12 hourly for 4 days; 8 doses
total) was the only drug that demonstrated sterilisation of 100% of implants (n = 12),
typically within 48 hours of starting of treatment [°7]. This effect was noted even when
initiation of rifampicin was delayed until seven days post bacterial inoculation, with
sterilisation of 12 of 12 implants when followed up to day 16 post-infection 7],

When lower dose rifampicin was used (7.5 mg/kg intraperitoneally 12 hourly for
4 days) bacterial counts decreased to below the limit of detection, but 25% of infections

relapsed with the same rifampicin-sensitive strain. However, when low dose rifampicin
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(7.5 mg/kg intraperitoneally 12 hourly) was combined with ciprofloxacin (10 mg/kg
intraperitoneally 12 hourly) 100% of infections were cleared (n = 12) 7). Of note, despite
testing susceptible by standard MIC, single agent ciprofloxacin failed to eradicate any S.
epidermidis foreign body infections in a guinea pig tissue-cage model (0/12). This is was
attributed to a demonstrated lack of activity on stationary-phase and adherent S.
epidermidis 7).

Like all animal models, it is debatable how well these studies reflect human disease and
whether their findings can be meaningfully extrapolated to clinical management. For
example, it is known that guinea pig models do not support certain antibiotics, such as -
lactams and clindamycin; and significant weight loss occurs if antibiotics are
administered for more than four days ['7°). Other animal models used to assess the efficacy
of rifampicin for the treatment of staphylococcal foreign body infection or implant
associated osteomyelitis include: rat chronic tissue cage !'3%); rat wire-associated tibia
osteomyelitis ['1131); mouse knee joint infection with implanted wire ['32133]; and rabbit

knee prosthesis [134],

Collectively, these studies suggested that rifampicin based
combination treatments are most efficacious under the following experimental
conditions: low bacterial inoculum; young biofilm; and prolonged treatment duration [17°],

These findings in S. epidermidis in conjunction with that of their S. aureus-based
studies 8941771 led the same group to trial rifampicin-based treatment combinations in
staphylococcal orthopaedic implant related infections %1831 When combined with
appropriate surgical intervention, rifampicin-based regimens, particularly those including
a quinolone 71 enabled implant retention in early orthopaedic infections, with cure rates

of up to 80 — 90% 33981851 'With similar success rates reported by other groups when

implementing rifampicin (1861871 These studies in early orthopaedic infections are the
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only established exclusions to the surgical dogma that removal of an infected prosthesis
is required for cure, as sterilisation cannot be achieved. Extrapolating from these studies,
rifampicin-based regimens have become a cornerstone in the treatment of device related
infections beyond orthopaedic manifestations and become incorporated into a number of

34,38,102-105

specialty guidelines ! 1. However, clinical concerns have been raised regarding

lack of good quality evidence to support these guidelines and the potential to generate

rifampicin resistance in colonising staphylococci and mycobacteria ['38],

1.10.11 Rifampicin in combination therapy

Due to good tissue penetration and biofilm activity, rifampicin is frequently utilised in
both the prevention (such as antibiotic impregnated venous ['®1 and CNS catheters ['*%],
vascular grafts [1°1-193) and treatment [3438.97.98.102-105] of device associated infections.
Since monotherapy is known to result in the rapid generation of rifampicin resistance

[97.168,176,177.194] combination therapy is recommended.

1.10.11.1 Rifampicin and vancomycin

Despite a lack of robust supporting evidence, the adjunctive use of rifampicin with
vancomycin for the treatment of staphylococci has pervaded a number of international
specialty guidelines, particularly in the setting of prosthetic infections [3438:102-105] The
combination a result of vancomycin being the first-line agent for the treatment of
methicillin resistant staphylococci and the demonstrated ability of rifampicin to penetrate

staphylococcal biofilms.

It is generally assumed that clinical outcomes for treatment approaches can be

extrapolated interchangeably between staphylococcal species. Accordingly, a pair of
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retrospective studies from 1983, in which adjunctive rifampicin was used for the
treatment of methicillin-resistant S. epidermidis PVE B31’] have come to inform current
recommendations in the Clinical Practice Guidelines by the Infectious Diseases Society
of America for the Treatment of Methicillin-Resistant Staphylococcus aureus Infections
in Adults and Children '] and international cardiology guidelines for the treatment of
staphylococcal infective endocarditis %195 and implantable cardiac electronic device
infections ¥, Current guidelines for methicillin-resistant staphylococci advise the
addition of rifampicin to: vancomycin plus gentamicin for the treatment of PVE [103-105];
vancomycin or daptomycin for the treatment of osteomyelitis/PJI 3%193]; yvancomycin for

CNS infections 193],

Vancomycin plus rifampicin therapy and the generation of rifampicin resistance

The literature regarding the combination of vancomycin and rifampicin for the treatment
of staphylococci has been contradictory, with reports of both synergy ['8%182] and
antagonism %61, Furthermore, concerns have been raised that poor penetration of
vancomycin into certain tissues such as the brain and bone 7] relative to rifampicin, may
result in rifampicin monotherapy and generate resistance to both agents. While it is
generally assumed that unrelated drug classes should cross-protect against the

98,180,184 -
[ 1. case series

development of resistance when combined, numerous animal trials
[198-2001 and clinical studies [196-201:202] have reported treatment failure or the evolution of
rifampicin resistance while patients were on the combination of vancomycin and
rifampicin for the treatment of staphylococcal infections. Such that the validity of the

combination was questioned as early as 1985, with the comment “There is neither

microbiologic support for the use of these two agents in the hopes of obtaining synergy
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nor any clinical evidence that vancomycin can inhibit the development of resistance to
rifampicin” [1%],

The most compelling evidence against the combination comes from three clinical
studies. The first compared treatment regimens for S. aureus osteomyelitis and observed
that patients administered vancomycin plus rifampicin did significantly worse with a 43%
cure rate (3/7) compared to those whom received other rifampicin-based combinations,
in which 84% (27/32) were cured (p<0.02) %, The second was a study that compared
vancomycin plus rifampicin to vancomycin alone for the treatment of MRSA pneumonia
in the ICU 2], Fraught with clinical confounders and design issues, such as targeting a
much lower than recommended vancomycin trough value, that prompt questions about
its ability to address the planned purpose, the value of the study comes from unintended
observations. Reported in the minor findings, rifampicin resistance developed in 34.1%
(14/41) of patients who received dual therapy. Furthermore, microbiological eradication
rate was significantly lower in patients that developed rifampicin resistance (38.5%)
compared to those that did not (88.5%) (p = 0.02). Clinical cure rate at 14 days was no
different between the subgroup that developed rifampicin resistance compared to the one
that did not, both being poor at 50% and 55.6%, respectively. Which, as they performed
better than the vancomycin alone cohort (clinical cure rate of 31%, 13/34), led the study
to conclude that combination therapy seems more effective than vancomycin alone 201,
Although not reported, it would have been interesting to know the vancomycin MICs post
therapy, rifampicin resistance rates beyond day 14, and clinical evolution of disease in
the patients that were on dual therapy. The 60-day mortality of 26.8% (11/41) for the dual
treatment group was significantly lower than 50% (21/42) for the vancomycin only group
201]'

(p = 0.042), an observation which the authors were unable to account for [

Confounders aside, in context of current knowledge one could speculate that the
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combination of rifampicin resistance and sub-therapeutic vancomycin within the lung
environment (known to be particularly poorly penetrated at 5 — 41% of serum vancomycin
levels 23) may have selected for hVISA, with a shift towards a persistent phenotype with

decreased virulence.

The final study was not any more convincing. A retrospective cohort analysis of
the addition of rifampicin to standard therapy (vancomycin plus gentamicin 81%,
nafcillin 17%, daptomycin 2%) for S. aureus native valve endocarditis reported 56%
developed rifampicin resistance before clearance of bacteraemia. The study also found
that patients who received rifampicin had a longer duration of bacteraemia (5.2 versus
2.1 days; p <0.001) and higher mortality (21% versus 5%; p = 0.048) 292 Hence

guideline recommendations to not add rifampicin prior to clearance of bacteraemia [1%3],

The role for adjunct rifampicin for the clearance of S. aureus bacteraemia was
clearly disproven in the recent multicentre, randomised, double-blind, placebo controlled,
Adjunctive rifampicin for S. aureus bacteraemia (ARREST) trial 124, Comparing
adjunctive rifampicin (600 mg or 900 mg daily, according to weight; n = 370) to an
identical placebo (n = 388), administered for two weeks together with standard antibiotic
therapy, the study demonstrated that rifampicin had no significant effect on any of the
composite primary or secondary measures of mortality, duration of bacteraemia or
developing rifampicin resistance. Although a significant number of patients whom
received rifampicin developed drug side-effects. It should be noted that the majority of
isolates (82%, 619/758) were methicillin susceptible, with only 6% (47/758) MRSA [204],
and it was not specified if the two patients whom received rifampicin and developed
rifampicin-resistant S. aureus bacteraemias had received vancomycin as their standard

therapy. While this study refutes previous animal studies that have suggested rifampicin
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enhances blood killing of S. aureus, therefore reducing dissemination and death [8994; it
did demonstrate a small but significant reduction in disease recurrence, suggesting that

rifampicin does enhance the sterilisation of deep infective foci 2941,

Rifampicin resistance mutations and vancomycin cross resistance

In S. aureus gene, a single point mutation within the rifampicin resistance determining
region of rpoB is sufficient to produce both high-level rifampicin resistance and an
hVISA phenotype [148:150.206.206] ‘Eyrthermore, rpoB mutations have been associated with
dual heteroresistance to both daptomycin and vancomycin [2°7), Although not universally
present in VISA strains, the frequency at which RpoB mutations play a contributory role
was highlighted in a genome wide association study by Alam et al. ?%]. Attempting to
identify genetic predictors of hVISA and VISA, 49 VSSA and 26 hVISA/VISA strains
were analysed. Of 55,977 SNPs identified, only those causing substitutions at a sole locus,
RpoB H481, were significantly associated (p = 8.8 x 10%) with an hVISA/VISA
phenotype 2], Whether or not a similar association between rifampicin resistance
mutations in RpoB and reduced glycopeptide susceptibility occurs in S. epidermdis or

other CoNS is yet to be determined.

1.10.12 Consequences of rifampicin resistance mutations beyond rifampicin
resistance

Since rpoB is essential for transcription, mutations within this gene are likely to have
multiple physiological effects beyond just rifampicin resistance. In E. coli RpoB
substitutions D516V and I572F have been demonstrated to have a high frequency of
positive epistasis and are predicted to segregate in natural populations 2%, Furthermore,

both these sites were associated with compensatory mutations in unrelated alleles that

38



conferred resistance to other antibiotics (such as quinolones and streptomycin), the fitness
of isolates possessing mutations in both alleles was greater than that of isolates with only
one, indicating that the effect of dual allele mutations were beneficial beyond the

[2091 1t was therefore hypothesised that even in the absence

acquisition of drug resistance
of persistent selective antibiotic pressure a multidrug resistant phenotype would be
maintained, with potential acquisition of further compensatory mutations. Favouring this
theory are the observations from experimental evolutionary studies demonstrating that
compensatory mutations that abrogate the cost of acquired antibiotic resistance are more
likely to occur than revertant mutations that restore drug susceptibility 163219 If the
evolutionary benefit of the D516V or [572F RpoB substitutions demonstrated in E. coli
hold true, then similar genetic interactions would be predicted to occur in other organisms
(2091 How these observations extend to S. epidermidis at the equivalent RpoB positions
of D471 and 1527, which appear to be prevalent in the limited number of clinical isolates
characterised so far, is yet to be investigated.

Should specific RpoB substitutions in S. epidermidis be demonstrated to cause co-

s [148,150.206,206] " then exposure to either

resistance to vancomycin, as they do in S. aureu
vancomycin or rifampicin would select for isolates possessing these substitutions. In view
of the prevalent use of vancomycin in the hospital environment, and trends towards
addition of rifampicin for its biofilm penetrating properties in device associated
infections, determining if the same detrimental relationship exists between rpoB

mutations and the generation of a heterogeneous vancomycin intermediate phenotype in

S. epidermidis is of particular importance to guide future treatment recommendations.
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1.11 Genetic manipulation of S. epidermidis

Historically, S. epidermidis has proven to be genetically intractable with the exception of
a few isolates with limited clinical relevance, such as ST86 strain, 1457 381 and ST10
strain, RP62a 33211, Notably, no ST2 isolates have been successfully manipulated.
Thereby leaving a void in the scientific knowledge regarding the molecular biology of

the dominant hospital S. epidermidis strains.

1.11.1 Restriction modification systems

Restriction modification (RM) systems are proposed to have evolved as a form of
bacterial immunity that targets and degrades incoming DNA from viruses and other
foreign donors 2121, Of the four different types of RM systems, only three are found in
staphylococci 2131, Type I and IV pose significant barriers to the genetic manipulation of
staphylococci 2!, the former determining the presence of adenine methylation of host

(2131 Unless methylated at appropriate sites, DNA

DNA, the latter cytosine methylation
is recognised as foreign and degraded ?'¥l. Type I RM systems are comprised of three
host specificity of DNA (/sd) genes that encode a specificity protein (HsdS), modification
protein (HsdM) and restriction endonuclease (HsdR). Together these function as a single
protein complex in which: HsdS determines the DNA target recognition motif (TRM)
that is methylated by HsdM; while HsdR cleaves unmodified and non-self-modified DNA
(2151 Type IV RM systems consist of a single restriction endonuclease named sepiRPI in
S. epidermidis and sauUSI in S. aureus ?'!). Plasmid artificial modification (PAM) is a
method to overcome the barrier imposed by RM systems, whereby plasmid DNA is

passaged through a cytosine methylation deficient E. coli host (DC10B) constructed to

heterologously express the AsdMS of a staphylococcal strain of interest, mimicking the
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DNA methylation of the target strain enabling transformation and subsequent genetic

manipulation [216:217],

Much of the current molecular knowledge about S. aureus was determined through the
genetic manipulation of laboratory strain RN4220 that was derived from the clinically
significant, hospital dominant, CC8 lineage. Its parental S. aureus strain NCTC8325 was
cured of three prophages then subjected to UV and chemical mutagenesis [>!8) that
rendered the isolate amenable to plasmid transformation through the introduction of a
non-sense mutation in AsdR 1?1, By complementing the AsdR mutation back to WT,
Waldron and Lindsay demonstrated the type I RM system to be a barrier to horizontal
gene transfer and the major mechanism by which S. aureus controls the uptake of foreign
DNA [2201 However, despite inactivation of AsdR, subsequent studies demonstrated that
some S. aureus isolates were refractory to transformation with plasmid isolated from
cloning strains of E. coli (such as K-12), suggesting the presence of at least one other

r 12212221 Tn 2010, Corvaglia et al., identified the second barrier as a type IV system

barrie
responsible for the detection and degradation of cytosine methylated DNA, which is
present on E. coli K-12 DNA [222], There are currently no known S. epidermidis isolates
representing the dominant hospital lineage (ST2) that are amenable to manipulation.

Identification of such an isolate, or a development of a method for the specific

manipulation of S. epidermidis would be critical in advancing the study of the species.
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1.12 Project aims

The following chapters adhere to a narrative arc that was determined by the experimental
outcomes. As such, the specific aims for each chapter shall be outlined in its introduction
in the context of the work preceding. Using functional genomics, the primary aims of this
thesis were to advance scientific and clinical understanding of S. epidermidis, with respect
to global molecular epidemiology; antibiotic resistance mechanisms; and treatment
recommendations specifically pertaining to the commonly used combination of
vancomycin and rifampicin. To address these objectives, the genetic manipulation of
clinical lineages of S. epidermidis that had hitherto proven refractory was required.
Therefore, this project also sought to establish an efficient methodology for the genetic
manipulation of any S. epidermidis 1solate of interest, and identification of a candidate

laboratory strain that was both clinically relevant, and tractable.

42



CHAPTER 2. Functional analysis of the first complete genome sequence

of a multidrug resistant sequence type 2 Staphylococcus epidermidis
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2.1 Introduction

In this chapter, a clinical case of severe S. epidermidis CNS infection caused by a
hospital-adapted, multidrug-resistant ST2 strain, BPH0662, is presented. Although the
isolate tested susceptible to vancomycin by standard diagnostic methods, the patient
failed vancomycin therapy. In order to elucidate the mechanisms underlying this
treatment failure and better characterise ST2 S. epidermidis, this work had the following
objectives: 1. Establish the first ST2 S. epidermidis reference genome; 2. Demonstrate
that BPH0662 is representative of international clinical ST2 S. epidermidis isolates; 3.
Correlate the BPH0662 in silico resistome with phenotype to determine resistance
mechanisms; 4. Characterise the ST2 §. epidermidis methylome. This work was
published in Microbial Genomics. Supplementary materials for the publication are

included in 2.3 Supplementary Appendix.
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Data Summary

All raw sequence data (reads and assembled genomes) for
the S. epidermidis genomes analysed in this publication are
publically available in the European Nucleotide Archive
(ENA) under study accession numbers PRJEB12090 and
PRJEB13975.

http://www.ebi.ac.uk/ena/data/view/PRJEB12090

1. S. epidermidis BPH0662 Illumina reads (ERS1019848)
http://www.ebi.ac.uk/ena/data/view/ERS1019848

2. S. epidermidis BPH0663 Illumina reads (ERS1019849)
http://www.ebi.ac.uk/ena/data/view/ERS1019849
http://www.ebi.ac.uk/ena/data/view/PRJEB13975

3. S. epidermidis BPH0662 PacBio reads (ERS1153932)
http://www.ebi.ac.uk/ena/data/view/ERS1153932

4. E. coli DC10B-MS1 PacBio reads (ERS1153933)
http://www.ebi.ac.uk/ena/data/view/ERS1153933

5. E. coli DC10B-MS2 PacBio reads (ERS1153934)
http://www.ebi.ac.uk/ena/data/view/ERS1153934

6. S. epidermidis BPH0662 complete genome assembly
(GCA_900086615.1)

http://www.ebi.ac.uk/ena/data/view/GCA_900086615

Introduction

Staphylococcus epidermidis is a significant nosocomial patho-
gen, particularly in the setting of high-acuity medicine and
prosthetic devices, where the presence of a foreign body
provides a platform for bacterial colonisation. Identified by
the Centers for Disease Control and Prevention as the lead-
ing cause of central-line-associated bloodstream infections,
second ranked cause of surgical site infections and third
most reported pathogen for hospital-acquired infections
(Sievert et al., 2013), S. epidermidis and other coagulase-neg-
ative staphylococci (CoNS) are estimated to cost $2 billion a
year in the USA alone (Otto, 2009). Despite this significant
burden imposed on healthcare systems, relatively little is
understood about the mechanisms of pathogenesis and
optimal treatment of S. epidermidis, with many assumptions
extrapolated from Staphylococcus aureus-based studies.

S. epidermidis is the most genetically diverse species within
the genus Staphylococcus (Becker et al., 2014), with diversity
also reported within the colonising strains of individual
human hosts (Conlan et al., 2012). In spite of this, hospital-
based investigations utilising pulsed-field gel electrophoresis
or multilocus sequence typing (MLST) typically demon-
strate the predominance of one or two multidrug-resistant
clones of S. epidermidis within the institutions studied (Gor-
don et al, 2012; Krediet et al, 2004; Widerstrom et al.,
2012). A single lineage, clonal complex 2, for which ST2 is
the founder, accounts for 74 % of nosocomial isolates inter-
nationally (Miragaia et al., 2007). The global dissemination

B MiCROBIOLOGY

Impact Statement

Staphylococcus  epidermidis is a major nosocomial
pathogen in humans, responsible for a significant
proportion of implant- and device-associated infec-
tions that globally pose a significant burden on
health-care systems. One multilocus sequence type,
ST2, which is often multidrug-resistant, dominates
S. epidermidis hospital-associated infections. How-
ever, the genetic structure and content of this clone
are poorly understood. Additionally, because of lim-
ited understanding of the genetic barriers to the
transformation of ST2 isolates, no molecular tools
are available to manipulate and study this clone.
Through in-depth genomic analysis of ST2 S. epider-
midis we provide important insights into the genome
structure, resistance mechanisms and barriers to
DNA transformation and their relationship to other
S. epidermidis clones. The generation of E. coli strains
expressing ST2 S. epidermidis adenine methylation
profiles provides the basis for the development of
tools to genetically manipulate this globally domi-
nant clone in the laboratory.

of the ST2 lineage suggests its successful adaptation to the
hospital environment in which favourable circumstances
enable opportunistic infections. Knowledge of the genomics
of ST2 strains has been limited by the lack of a closed ST2
reference genome, and the inability to genetically manipu-
late this lineage. The dearth of dedicated molecular tools
and tractable clinical S. epidermidis strains has meant that
pathogenesis studies have been performed on isolates that
do not represent this clinically relevant clone that dominates
worldwide.

The proportion of methicillin resistance in S. epidermidis
has been reported to be as high as 92 % in some institutions
(Krediet et al., 2004), and is frequently associated with co-
resistance to other antibiotic classes (Conlan et al., 2012;
Mendes et al., 2012). Due to limited treatment options, van-
comycin, a glycopeptide antibiotic considered one of the
last-line agents for the treatment of staphylococci, is often
utilised for serious infections.

The phenomenon of vancomycin intermediate heteroresist-
ance is well described in S. aureus and is characterised by
the presence of bacterial subpopulations capable of growth
within the intermediate range despite testing as vancomy-
cin-susceptible by standard laboratory methods. Such iso-
lates are recognised as precursors to vancomycin
intermediate S. aureus (VISA) and are associated with treat-
ment failure (Tenover & Moellering, 2007). Unlike S.
aureus, the definition and clinical implications of heteroge-
nous vancomycin resistance in S. epidermidis is poorly
understood. A limited number of studies have described the
phenomena in S. epidermidis specifically (Gazzola et al.,
2013; Sieradzki et al., 1999) or CoNS in general (Ma et al.,
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2011; Nakipoglu et al,, 2005; Sieradzki et al., 1998), however
the mechanisms behind this resistance are unknown.

Restriction—modification (RM) systems are proposed to have
evolved as a form of bacterial immunity that targets and
degrades incoming DNA from viruses and other foreign
donors (Casadestis & Low, 2006). Type I and type IV RM sys-
tems in particular, present strong barriers to the exchange of
DNA in both S. epidermidis and S. aureus (Monk et al., 2012).
Type I RM systems are comprised of three host specificity of
DNA (hsd) genes, that encode a specificity protein (HsdS), a
modification protein (HsdM) and a restriction endonuclease
(HsdR). The presence of adenine methylation on DNA
sequences, determined by HsdS, termed target recognition
motifs (TRMs), inhibits the restriction endonuclease complex.
Unless methylated at appropriate sites, DNA is recognised as
foreign and restricted (Murray, 2000). The type IV RM
system of S. epidermidis consists of a single restriction endonu-
clease (formerly mcrR, now renamed SepRPI) that recognises
cytosine-methylated DNA (Monk et al., 2012). Plasmid artifi-
cial modification (PAM) is a means to overcome the barrier
imposed by these RM systems, whereby vectors are con-
structed to express hsdMS genes that mimic the DNA methyl-
ation pattern of the bacterium into which they are
transformed. A method of PAM in which hsdMS genes from
S. aureus strains of interest were chromosomally integrated
into a DC10B E. coli background, deficient of cytosine methyl-
ation, was recently described (Monk et al., 2015). Plasmids
isolated from the resulting E. coli mutants were capable of
bypassing both type I and type IV RM systems of S. aureus
strains from which their hsdMS genes were cloned.

In 2012, a case of persistent, post-neurosurgical infection
with a strain of S. epidermidis exhibiting multidrug resistance,
manifesting as a cerebral abscess associated with an external
ventricular drain (EVD), occurred at our institution. Other
than a single intraoperative dose of prophylactic cephazolin,
the patient had no prior history of antibiotic therapy or rele-
vant hospitalisation. Resistant to commonly encountered
agents including flucloxacillin, erythromycin, clindamycin
and cotrimoxazole; it was of concern that the isolate also
demonstrated resistance to rifampicin, fusidic acid, ciproflox-
acin and teicoplanin (a glycopeptide). Extended glycopep-
tide-susceptibility testing performed in the context of failing
vancomycin therapy, showed that the isolate was vancomycin
heteroresistant, prompting investigations to further character-
ise this hospital adapted strain.

Here we use Pacific Biosciences single molecule real-time
(SMRT) sequencing to describe the first complete ST2 S.
epidermidis genome sequence and its methylome, and dem-
onstrate its function as an improved reference for the bioin-
formatic analysis of international strains belonging to this
clinically relevant lineage.

Methods

Media and reagents. S. epidermidis and S. aureus were rou-
tinely cultured at 37 °C in brain heart infusion (BHI) broth
(Difco). E. coli was routinely cultured in L broth (1 %
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tryptone, 0.5 % yeast extract, 0.5 % NaCl). Broth microdi-
lution (BMD) MICs were performed in cation-adjusted
Mueller-Hinton (Difco) medium. For growth on agar, BHI
or L broth were solidified with 1.5 % agar, to yield BHIA
and L agar, respectively. The following antibiotics were pur-
chased from Sigma Aldrich and used at the specified con-
centrations: chloramphenicol (Cm) 15 pg ml™" in E. coli;
ampicillin (Amp) 100 ug ml~" in E. coli; kanamycin (Kan)
50 pug ml~ " in E. coli. The following antibiotics were used at
variable concentrations for susceptibility testing: rifampicin
(Rif) (Sigma Aldrich); vancomycin (Hospira).

Oligonucleotides were purchased from Integrated DNA
Technologies and are listed in Table 1. Genomic DNA for
routine use was isolated with the DNeasy Blood and Tissue
Kit (Qiagen). To weaken the cell wall of S. epidermidis prior
to DNA extraction, harvested cells were washed with PBS,
lysostaphin (Ambi) was added to the Gram-positive lysis
buffer (final concentration 100 ug ml™") and incubated at
37 °C for 30 min. Genomic DNA for SMRT sequencing
was isolated using the Qiagen Genomic-tip 100 G (Qiagen).
Plasmids were purified with a QIAprep Spin Miniprep Kit
(Qiagen). PCR products and gel extractions were purified
using a QIAquick Gel Extraction Kit (Qiagen). Restriction
enzymes and Phusion DNA polymerase were purchased
from New England Biolabs. Phire Hotstart DNA polymerase
was purchased from Thermofisher. Colony PCR was per-
formed as previously described (Monk et al., 2012).

Bacterial isolates. Bacterial strains used in this study are
listed in Table 1. Phenotypic comparator strains consisted
of three reference strains: S. epidermidis ATCC 12228, S.
aureus ATCC 700698 [Mu3] and ATCC 700699 [Mu50].

Antibiotic susceptibility testing. Vitek 2 (bioMerieux)
susceptibilities were tested as per the manufacturer’s
instructions. BMD MICs for vancomycin and rifampicin
were determined as recommended by the Clinical and Labo-
ratory Standards Institute (CLSI, 2012). Extended glycopep-
tide susceptibilities were determined by the macromethod
Etest (MET) with vancomycin and teicoplanin Etest strips
(bioMerieux) using a 2.0 McFarland inoculum and pro-
longed incubation time of 48 h; vancomycin population
analysis profiles (PAPs) were performed as previously
described (Wootton et al, 2001). With the exception of
Vitek 2 and Etests, all antibiotic-susceptibility testing of
strains was performed in triplicate.

Genome sequencing. Sequencing of BPH0662 and
BPHO0663 was performed using the Illumina MiSeq plat-
form with Nextera XT libraries constructed as per the man-
ufacturer’s instructions. SMRT sequencing on a PacBio RS
instrument with subsequent de novo assembly using HGAP2
algorithm, and base modification and motif detection for
methylome analysis using SMRT Analysis v1.3.1 was per-
formed for S. epidermidis BPH0662. E. coli mutants DC10B-
MS1 and DC10B-MS2 were assembled and analysed as pre-
viously described (Monk et al, 2015). RP62a was used as
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Table 1. Strains, plasmids and oligonucleotides used in this study

OPEN
8 MICROBIOLOGY

Bacterial strain,
plasmid or
oligonucleotide

Description

Reference or source

E. coli strains

marker; Amp®, Cm"®
Cloning hsdMS genes

DC10B DHI10B with Adem mutation Monk et al. (2015)
DC10B-MS1 DC10B with SepiBPH06621 hsdMS integrated between ybbD and ylbG This study
DC10B-MS2 DC10B with SepiBPH066211 hsdMS integrated between essQ and cspB This study
S. epidermidis strains
ATCC 12228 Non-clinical reference strain Zhang et al. (2003)
BPH0662 Clinical strain. Index patient, isolated day 12 This study
BPHO0663 Clinical strain. Index patient, isolated day 23 This study
S. aureus strains
Mu3 Heteroresistant vancomycin intermediate S. aureus reference strain Hiramatsu et al. (1997a)
Mu50 Vancomycin intermediate S. aureus reference strain Hiramatsu ef al. (1997b)
Plasmids
pKD4 Plasmid for amplification of FRT-kan-FRT; Amp®, Kan® Datsenko &
Wanner (2000)
pKD46 E. coli temperature-sensitive plasmid containing A red recombinase genes under the control of —Datsenko &
an arabinose-inducible promoter; Amp® Wanner (2000)
pCP20 E. coli temperature-sensitive plasmid expressing flp enzyme for flp-catalysed excision of kan Cherepanov &

IM199 CCCAAACTGCACCCAAGAGTCAGAACACAGTTTTTCAAGAGTACAAAGGGGTAAAC This study
TAAAATAAATATTGACACTCTATCATTG

IM200 AAACTAAAATAAATATTGACACTCTATCATTGATAGAGTATAATTAAAATAAGGAG- This study
GAAATTAATGGCAACTATTGGATTTGAAG

IM201 TTAAATTGAAAGTTCATCACTATTCACCTC This study

IM202 GGTGAATAGTGATGAACTTTCAATTTAAGTGTAGGCTGGAGCTGCTTC This study

IM203 GCTAACCATTGTGGTGAAGTGCAGGTTTGCTGCATGAATAGTTTTACGGTCCATATGAA  This study
TATCCTCCTTAG

IM204 ACTGAGAAAAGACATGTCGGCTATTGTGTAAAGCCATATAGCTCAGACGACATAAAAAA  This study
TTTATTTGCTTTCAGG

IM205 CATAAAAAATTTATTTGCTTTCAGGAAAATTTTTCTGTATAATAGATTCATAAATTTGA-  This study
GAGAGGAGTTATGTCAACGACGGAAAAACAAAGAC

IM206 CTACACAAACATCTTCTGTAAAAAGCC This study

IM207 GCTTTTTACAGAAGATGTTTGTGTAGGTGTAGGCTGGAGCTGCTTCG This study

IM208 TTCTATGTAAACTCTCTGACTGTTCATTTTATTTGTTGTTTCAGGGTCGGGGTCCATA This study
TGAATATCCTCCTTAG

Recombineering

IM177 TCGAAGTCGTCAACTTCGTAGTGAGG This study

IM178 TGCCGCTGGTTTTCCGCTAATGG This study

IM179 CGGCCATTTATACAGGAAAAGCCTA This study

M180 GTTACCTTCTCTATAGAGAGTGGTG This study

Wackernagel (1995)

AmpR, ampicillin resistant; Kan®, kanamycin resistant; Cm®, chloramphenicol resistant

the methylation reference for BPH0662, while DH10B was
used as a reference for the E. coli strains. Final assembly was
validated by reference to a high-resolution Ncol chromo-
some optical map using MapSolver (v3.2.0, OpGen), as pre-
viously described (Gao et al., 2015). BPH0662 Illumina
reads were used to correct homopolymer errors in the Pac-
Bio assembled BPH0662 genome. BPH0662 Illumina reads
were assembled using SPAdes v3.7.1 (Bankevich et al,

2012) and the resulting contigs were screened for small plas-
mids that would be lost during PacBio size selection.

Genome analysis. Variant calling between the closed
BPH0662 genome and BPHO0663 Illumina reads was con-
firmed by two methods, using Snippy v3.0 (Seemann,
2016a) and Nesoni (Harrison, 2014). A one-way compari-
son of gene content between each of the four published,
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closed S. epidermidis genomes and BPH0662 was performed
using Blast Ring Image Generator (BRIG) (Alikhan et al.,
2011). Annotated prophages in BPH0662 were identified
using PHage Search Tool (PHAST) (Zhou et al., 2011). The
presence of CRISPRs was screened for with CRISPRfinder
(Grissa et al., 2007). In silico MLST was performed on the
de novo assemblies (Seemann, 2016b).

All publically available, assembled S. epidermidis genomes in
NCBI GenBank were downloaded and analysed (4th April
2016). Selection criteria for inclusion as a comparator strain
were as follows: in silico MLST categorisation as ST2. The
exclusion criteria were: sequencing performed on a Roche
454 or Ion Torrent platform (per GenBank metadata); Illu-
mina sequencing with depth <25x (per GenBank meta-
data); assembled genome size >120 % of the BPH0662
genome (surrogate marker for mixed bacterial samples);
organism not S. epidermidis determined by Kraken
v0.10.5beta (Wood & Salzberg, 2014). This resulted in selec-
tion of 32 potential comparator genomes from 307 assem-
blies. For isolates where core-SNP phylogeny of the 32
strains indicated clonal groupings, a single representative
isolate from each group was included. The resulting 15
unique comparator genomes with metadata are listed in
Table S1 (available in the online Supplementary Material).

Genome annotation was performed with Prokka v1.12 (See-
mann, 2014). Maximum-likelihood core-SNP phylogeny of
S. epidermidis isolates using the newly closed BPH0662
genome as a reference, was determined using Snippy v3.0
(Seemann, 2016a) to generate an alignment of core SNPs,
PhyML v3.1 (Guindon et al.,, 2010) was then used to recon-
struct a maximum-likelihood tree. Pairwise SNP analysis
was performed using pairwise_snp_differences (Goncalves
da Silva, 2015). For pangenome analysis, protein ortholog
clustering was performed using Proteinortho v5.11(Lechner
et al., 2011), alignment of the resultant CDS orthologs to
BPHO0662 and visualisation of the pangenome was per-
formed using FriPan (Powell, 2015).

Construction of E. coli DC10B-MS1 and DC10B-MS2. E.
coli mutants expressing the BPH0662 type I RM systems in
a DC10B background were created using the method previ-
ously described by Monk et al. (2015). E. coli DC10B-MSI,
which expressed SepiBPH06621 hsdMS (hsdMSI) was con-
structed as follows (Fig. S1). The hsdMSI system from
BPHO0662 was amplified with primers IM205 (incorporating
PN25 promoter)/IM206. Plasmid pKD4 (Datsenko & Wan-
ner, 2000) was used as a template for the amplification of
the Kan resistance marker flanked by flippase recognition
target (FRT) sites with primers IM207/IM208 (product
pKD4-1). The hsdMS1 and pKD4-1 products were gel-
extracted and joined by spliced overlap extension (SOE)
PCR using primers IM204/208 (primer tails contained 50
bp homology for integration into the intergenic region
between ybbD and ylbG in the DC10B chromosome). The
hsdMS1-pKD4-1 linear amplicon was pellet paint (Nova-
gen) precipitated and electroporated into DC10B containing
pKD46 (Datsenko & Wanner, 2000), made competent as
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previously described (Monk et al, 2012). Transformants
were selected for on L agar Cm10. Colony PCR with pri-
mers IM177/IM178 was used to screen for recombination at
the integration site, positive clones were grown overnight at
43 °C to promote loss of pKD46. To excise the pKD4-1
product, strains were transformed with pCP20 (Cherepanov
& Wackernagel, 1995) at 28 °C, single-colony purified at
28 °C, then grown overnight at 43 °C to promote plasmid
loss. To confirm excision of the Kan resistance marker and
the loss of pCP20, cells were patch plated on L agar Kan
and L agar Cm, respectively. The resulting Kan®, Cm® strain
containing hsdMSI (with PN25 promoter) was named
DC10B-MS1.

Using the same protocol, the E. coli DC10B-MS2 mutant
was constructed from E. coli DC10B using the following
primer sets: IM200 (incorporating Pxyl/tetO promoter)/
IM201 for the amplification of SepiBPHO0662I1 hsdMS
(hsdMS2); IM202/IM203 for amplification of FRT-kan-FRT
from pKD4 (product named pKD4-2); IM199/IM203 (con-
taining tails with 50 bp homology for integration into the
intergenic region between essQ and cspB in the DC10B
chromosome) for SOE PCR of hsdMS2-pKD4-2; IM179/
IM180 to confirm recombination at integration site.

Results & Discussion

Identification of a clinical multidrug-resistant S.
epidermidis displaying vancomycin
heteroresistance

While multidrug resistance in clinical isolates of S. epidermi-
dis is increasingly common, standard antimicrobial suscep-
tibility testing demonstrated BPH0662 was more broadly
resistant than usually reported (resistant to rifampicin, fusi-
dic acid and teicoplanin). Despite testing as susceptible to
vancomycin with a MIC of 2 g ml™" using the gold stan-
dard method of BMD, the patient failed vancomycin ther-
apy (Fig. 1d). Phenotypically identical S. epidermidis were
repeatedly isolated from both EVD cerebrospinal fluid
(CSF) and sterile surgical site samples from the patient, on
12 occasions over 13 days (Fig. 1a, d). To investigate the
mechanism of treatment failure, extended glycopeptide sus-
ceptibility testing using vancomycin and teicoplanin METSs
and vancomycin PAPs was performed. Although no diag-
nostic criteria has been defined for the classification of van-
comycin heteroresistance in S. epidermidis, if the criteria
used for S. aureus were applied (>8 g ml™" for both vanco-
mycin and teicoplanin MET, or >12 ug ml~" for teicoplanin
MET regardless of vancomycin MET; PAP:AUC of >0.9
compared with Mu3 standard for vancomycin PAP) then all
of the patient’s S. epidermidis isolates were found to be van-
comycin-heteroresistant by both testing methods (Fig. 1c,
d). This demonstrated that the true antibiogram of
BPHO0662 was more complex than initially appreciated, with
the isolates approaching pan-drug resistance. Vancomycin
is a last-line agent in the treatment of staphylococci, there-
fore evolution of resistance to this antimicrobial left no con-
ventional therapeutic options. In spite of this, the patient
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Fig. 1. BPH0662 - a clinically significant, multidrug-resistant S. epidermidis. (a) Summary of case patient's clinical course. (b) Magnetic
resonance imaging (MRI) slices of the patient's brain, demonstrating a large cerebral abscess (red arrow) formed around the tip of an exter-
nal ventricular drain (EVD) device (yellow arrow). (c) Vancomycin population analysis profile of three S. epidermidis isolates from the case
patient compared with reference strains Mu3 [heterogeneous vancomycin intermediate S. aureus (hVISA)] and Mu50 [vancomycin interme-
diate S. aureus (VISA)]. (d) Correlation of phenotypic susceptibility testing for case patient isolates with the BPH0662 resistome. L, left; R,
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right; VP, ventriculoperitoneal; CSF, cerebrospinal fluid; PEN, penicillin; FLX, flucloxacillin; COT, cotrimixazole; GEN, gentamicin; CIP, cipro-
floxacin; ERY, erythromycin; CLI, clindamycin; FA, fusidic acid; RIF, rifampicin; TEC, tecoplanin; VAN, vancomycin; DAP, daptomycin;
TET, tetracycline; LZD, linezolid; BMD, broth microdilution; MET, macromethod Etest; PAP/AUC, population analysis profile/ area under the

curve (compared with Mu3 hVISA reference).

was successfully treated with a combination of surgical
source control and change in therapy to linezolid, followed
by life-long suppressive minocycline therapy.

Establishing a complete ST2 reference genome

To confirm that these isolates represented persistent infection
with the same strain and to further investigate the molecular
characteristics underlying the near pan-resistant phenotype of
these isolates, we initially performed Illumina whole-genome
sequencing of BPH0662 (initial CSF isolate, day 12 of admis-
sion) and BPH0663 (intraoperative isolate from EVD device,
day 23). Analysis indicated that both were ST2 S. epidermidis.
Despite being the globally dominant hospital lineage, no com-
plete reference sequence of an ST2 S. epidermidis strain was
available. Therefore, the genome of BPH0662 was analysed
using SMRT sequencing (Fig. 2), and validated by compari-
son to an optical map generated for the same isolate (Fig. 3a).
The S. epidermidis BPH0662 genome comprises a 2 793 003

bp circular chromosome with 32.0 % DNA G+C content,
and three circular plasmids. The largest plasmid (pBPH0662-
01) is 45 807 bp with 30.0 % DNA G+C content, the second
(pBPH0662-02) only 2366 bp with 31.1 % DNA G+C con-
tent, and the third (pBPH0662-03) is 13 569 bp with 28.6 %
DNA G+C content. The chromosome was predicted to con-
tain 2653 coding genes, with an additional 40 genes located
on pBPHO0662-01. Containing only two coding regions, repL
and ermC, pBPH0662-02 shared 99 % DNA sequence simi-
larity with the naturally occurring, 2355 bp plasmid pNE131
(Genbank M12730.1) previously described in clinical S. epi-
dermidis strains (Lampson & Parisi, 1986a). Notably,
pBPH0662-02 possesses the 107 bp deletion in the 5  regula-
tory region of ermC to which the constitutive expression of
macrolide-lincosamide—streptogramin B resistance  in
pNEI131 has been attributed (Lampson & Parisi, 1986b). Fur-
thermore, plasmids genetically identical (Genbank
AB982225.1) to pBPH0662-02 have been described in Rus-
sian, ST8, community-acquired methicillin-resistant S. aureus
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Fig. 2. Hospital-evolved strain BPH0662 possesses novel gene content acquired through horizontal gene transfer. A one-way comparison
of gene content between the four published S. epidermidis genomes and BPH0662 was generated using BRIG (Alikhan et al., 2011).

Prophages are annotated in the outermost ring.

http://mgen.microbiologyresearch.org

51



J. Y. H. Lee and others 8RTI"CROBIOLOGY

(a) S. epidermidis BPH0662 Ncol in silico map

I T ROl Y

1

S. epidermidis BPH0662 Ncol optical map :

10 T 0 O Y

Origin
® 15431 ¢ Ortx
SepiBPH0662!
Class A mec /\ / (hsdRMS)
Transposase B,C\ “ _‘ \\ p ",__”_'“ , z/ Tn554 ABC
1.4 Kb self homology _ “A%83_ NI U110 “ | o hsdR truncated
l 1.4 kb self homology
Type Ill SCC mec /
1S431 truncated 34.4 kb homology S. aureus JKD6008 0 1S431 truncated
15431
corC7 4 hsdS truncated
a cate
SepiBPHO662II 11.5 kb homology Type VIl SCC mec % . ccrA4B4
(hsdMSR) S. aureus JCSC6082 ccr truncated
15431 3 Reverse flank ‘novel’ content Forward flank ‘novel’ content i 18431
N (68,083 bp) (68,909 bp) 55 IRNA
- 165 RNA
Distal inversion Proximal inversion /\“;R;h "
S o (157,121 bp) (147,710 bp)
1SSep1

A AT

100,000 150,000 200,000 250,000

BPH0662
(2,793,003 bp)

ATCC 12228
(2,499,279 bp)

Fig. 3. The novel structure of S. epidermidis BPH0662 with unusual location of a chimeric SCCmec. (a) In silico Ncol map of the
BPHO0662 genome assembly aligned with Ncol optical map of BPH0662 genome. (b) The closed genome of BPH0662 aligned to the S.
epidermidis ATCC 12228 reference genome, demonstrating the inversion associated with the unusual location and orientation of the

SCCmec element in BPH0662.

strains (Khokhlova et al., 2015). A further 14 predicted coding
genes were on pBPH0662-03, including the antiseptic resis-
tance gene gacA and its regulator. Analysis of the Illumina-
sequenced BPHO0663 genome compared with the closed
BPHO0662 genome indicated that the isolates were clonal, with
no detectable SNPs between them.

Comparisons between BPH0662 and the four existing, com-
plete, S. epidermidis genomes are shown in (Fig. 2) and
Table 2. Similar to the biofilm-forming, drug-resistant clini-
cal strain RP62a (Gill et al., 2005), BPH0662 possessed the
icaADBC operon and mecA. Analysis indicated that the
majority of novel gene content in BPH0662 was acquired by
horizontal gene transfer. Three complete and three partial
prophages were detected, accounting for 9.3 % of the
genome. Further novel content was concentrated in the
regions flanking the origin of replication, which contained
multiple resistance determinants, drug transporters and

regulatory genes, interspersed between numerous insertion-
sequence (IS) elements (particularly 1S431) and transpo-
sases. No clustered regularly interspaced short palindromic
repeat (CRISPR) loci were identified in the genome. The
phenotypic susceptibility testing of BPH0662 correlated
with the resistome is shown in (Fig. 1d). Genetic determi-
nants accounting for the phenotypic resistance observed for
BPHO0662 were identified for all antimicrobial agents with
the exception of teicoplanin and vancomycin, both glyco-
peptide antibiotics. In the related species S. aureus, rifampi-
cin-resistance mutations in rpoB have been demonstrated to
result in vancomycin heteroresistance (Gao et al, 2013;
Matsuo et al, 2011), leading us to speculate that the same
phenomenon may also occur in S. epidermidis. Dual D471E
and I527M mutations were identified in the BPH0662
RpoB, associated with rifampicin resistance (MIC of
64 pug ml~'). The same dual substitutions have previously

8
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Table 2. Comparison of completed S. epidermidis genomes
Strain Chromosome (Mb) Plasmids GC % Genes Source In silico Reference
MLST
BPH0662 2.79 3 32.0 2709 Clinical 2 This study
RP62a/ 2.61 1 32.2 2662 Clinical 10 Gill et al. (2005)
ATCC 35984
SEl/ 2.50 1 32.0 2397 Non-clinical *. Zhang et al. (2012)
ATCC 49134
ATCC 12228 2.50 6 32.1 2558 Non-clinical 8 Zhang et al. (2003)
PM221 2.49 4 31.9 2461 Bovine mastitis 184 Savijoki et al. (2014)

*Published reference strain SEI was not classifiable by existing multi-locus sequence type (MLST) schema.

been described as the RpoB mutations most commonly
associated with high-level rifampicin resistance in a S. epi-
dermidis prosthetic joint infection study (Hellmark et al,
2009).

BPHO0662 contained an unusual variant of staphylococcal
cassette chromosome mec (SCCmec) type III, as it was
located in reverse orientation in the region upstream of the
origin of replication (Fig. 3b). The element was not associ-
ated with the typical integration site orfX [corresponding to
the last 15 nucleotides of the coding sequence of the rRNA
large subunit methytransferase (Boundy et al, 2013)],
located approximately 32 kb downstream from the origin of
replication in BPH0662. Despite the unexpected location on
the chromosome, the BPH0662 SCCrmec element contained
ccrA3B3 and a prototypical class A mec complex, with 34.4
kb of the element sharing 99.8 % nucleotide homology with
the previously described, 37 kb type III SCCmec of ST239 S.
aureus strains JKD6008 (GenBank CP0021020) and Sa0059
(GenBank JQ412578), including the integrated plasmid
pUBI110 (harbouring genes encoding kanamycin and bleo-
mycin resistance). Based on the orfX sequence in BPH0662,
a perfect inverted repeat, and imperfect direct repeat, were
present in the distal (upstream) end of the SCCmec element
in reverse orientation, in keeping with the reverse orienta-
tion of the entire element (Fig. S2), suggesting initial inte-
gration of the SCCmec element at orfX with subsequent
chromosomal rearrangement. Two 1.4 kb regions of DNA
homology potentially explained this rearrangement. These
regions mirrored one another on either side of the origin of
replication: one located 59.7 kb downstream; the other 71.8
kb at the reverse flank, which incorporated the upstream
direct repeat of the SCCmec element (Fig. 3b).

Located 20 kb upstream of SCCmec was a ccrC7 in close prox-
imity to a complete type I RM, flanked at both ends by IS431
[also known as 1S257 (Rouch & Skurray, 1989)] elements.
The carriage of hsdRMS genes in association with ccrC is
described in both type V and VII SCCrmnec in S. aureus [Ber-
glund et al., 2008; International Working Group on the Clas-
sification of Staphylococcal Cassette Chromosome Elements
(IWG-SCC), 2009]. Indeed, 11.5 kb of this region in
BPHO0662, encompassing ccrC7 extending into hsdR2,

displayed 98 % homology with joining regions 2 and 3 and
the ccr gene complex of the prototypical, type VII SCCmec
described in S. aureus strain JCSC6082 (GenBank AB373032).
Forward of the origin of replication, another chimeric SCC
element was present, containing a ccrA4B4 complex as well as
one complete and a truncated type I RM system, in the
absence of a mec complex (see Fig. 3b). Remnants of an addi-
tional truncated ccr gene were in close proximity.

The assortment of ccr genes observed in BPH0662 was in
keeping with the reported diversity in coagulase-negative
staphylococci (Hanssen & Sollid, 2007), suggested to be the
donor species in which novel and composite SCC elements
arise and are then transferred to the more genetically con-
served S. aureus (Barbier et al, 2010). The presence of a
near complete type III SCCmec in BPH0662, identical to
that previously described in ST239 S. aureus [a globally dis-
seminated, healthcare-associated, clonal lineage of methicil-
lin-resistant S. aureus (Harris et al, 2010)] reinforces the
probable role of these recombinases in the horizontal trans-
fer of DNA between staphylococcal species.

Compared with the closed reference genome of S. epidermi-
dis ATCC 12228, the overall structure of BPH0662 was sug-
gestive of chromosomal rearrangement resulting from two
inversions around the origin of replication (Fig. 3b). The
inversion points closest to the origin, potentially attributable
to homologous recombination between the regions of self-
homology as described above, and the medial inversions,
possibly explained by the nearby presence of tRNA genes,
which have been demonstrated to be associated with chro-
mosomal inversions in other bacterial species (DeBoy et al.,
2006). Relative to ATCC 12228, RP62a demonstrates a sin-
gle inversion around the origin of replication (Gill et al,
2005; Lindsay & Holden, 2007), corresponding to the
most medial inversions observed in BPH0662 (with a series
of tRNA genes and an adjacent ISSep element at one inver-
sion point, and a lone tRNA-Thr adjacent to the icaADBC
operon at the other). Large-scale chromosomal inversions
and deletions near the origin of replication have also been
described in other CoNS, associated with homologous
recombination of IS elements (Watanabe et al, 2007).
While this arrangement around the origin with a double

http://mgen.microbiologyresearch.org
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inversion is unusual, the chromosome assembly of independent TRMs (Fig. 4a), formally named SepiB-
BPHO0662 was confirmed to be correct by optical mapping PH06621 and SepiBPHO066211, as per standard nomenclature
(Fig. 3a). The importance of independent verification of (Roberts et al, 2003). An incomplete third system with a
genome assembly for the identification of large chromo- predicted non-functional partial hsdS was noted in the
somal rearrangements associated with biological consequen- genome. To determine the assignment of each hsdMS sys-
ces has recently been described (Gao et al, 2015). tem with its associated TRM, two DC10B-derived E. coli
Furthermore, the value of a closely related reference genome hosts were constructed, each containing an individual
for comparative genomics is becoming increasingly evident hsdMS system from BPH0662 (DC10B-MS1 and DC10B-
(Pightling et al, 2014). In view of the global dominance of MS2). Integration of the BPH0662 hsdMS systems into
the ST2 lineage within the hospital environment, as the first, DCI10B at the expected sites was confirmed by SMRT
to our knowledge, completed ST2 genome, BPH0662 will sequencing of DC10B-MS1 and DC10B-MS2. Functional
be invaluable for future genomic studies of clinically rele- expression of the systems by the E. coli hosts was demon-
vant S. epidermidis isolates. strated by the acquisition of chromosomal adenine methyla-

tion at a high proportion (89.65-99.90 %) of predicted
The BPH0662 methylome target recognition domains (TRDs) determined by the inte-
The pattern of adenine-methylated DNA detected by SMRT grated  BPH0662 ) hsdS (Fig. 4b). Notably, the 5-
sequencing of BPH0662 indicated the presence of two func- GATNNNNCTG-3 TRM of DC10B-MS2 was predicted to
tional type I RM systems, corresponding with two overlap with endogenous dam (5-GATC-3") methylation at

(@
[ HsdMS1 GA GNNNNNAAT
S. epidermidis
BPH0662
I Hsams2 CAGNNNNATC
(o) # Motifs in Mean Moditication Mean Motif§
S. epidermidis Motif % Motifs Detected # Motifs Detected Genome Qv Coverage
BPHO0662
HsdS1 GAGNNNNNAAT 99.87 1582 1584 110.7 75.9
ATTNNNNNCTC 99.56 1577 1584 105.1 76.1
HsdS2 CAGNNNNATC 100.00 1319 1319 125.4 76.4
GATNNNNCTG 97.80 1290 1319 104.3 76.2
E. coli
DC10B-MS1
GATC 98.36 37954 38588 59.7 33.7
HsdS1 GAGNNNNNAAT 90.45 1573 1739 55.8 33.2
ATTNNNNNCTC 89.65 1559 1739 54.6 32.7
DC10B-MS2
GATC 99.52 38405 38592 70.4 40.4
HsdS2 CAGNNNNATC 99.41 4185 4210 70.8 39.7
GATDNNNCTG 98.18 3183 3242 68.4 40.2
GATCNNNCTG* 99.90 967 968 60.7 39.8

Fig. 4. The type | restriction modification (RM) systems of BPH0662. (a) Two functional type | RM systems, encoding SepiBPH0662I
(HsdMS1) and SepiBPH0662Il (HsdMS2), were identified in the S. epidermidis BPHO662 genome. E. coli hosts expressing HsdMS1
(DC10B-MS1) and HsdMS2 (DC10B-MS2) were engineered and SMRT sequencing was used to determine their methylomes, allowing
correlation of the BPH0662 target recognition domains (TRDs) with their corresponding HsdMS systems. The chromosomal position of
each HsdMS system and its associated methylated adenine residues (represented by a line whose length corresponds with the interpulse
duration of the read) for BPH0662 and the two E. coli host strains were plotted using Circos (Krzywinski et al., 2009). (b) Using the SMRT
Suite Pipeline v2.2.0/Motif Finder v1.3.1 to analyse reads, the conserved adenine-methylated residues (in bold type) and TRMs associated
with the HsdS alleles of S. epidermidis BPH0662 and the E. coli host strains DC10B-MS1 and DC10B-MS2 were identified. "Mean modi-
fication QV is defined as the quality value of the base calls within the motif; *Mean motif coverage is defined as the average depth of read
coverage within a motif; *The HsdMS2 TRM (GATCNNNCTG) overlapped with endogenous dam (GATC) methylation in the E. coli host.
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968 sites in the E. coli genome, SMRT sequencing indicated
that 967 of these sites were appropriately methylated. Con-
struction of these two E. coli hosts sets the groundwork for
future experiments where a second integration event (either
SepiBPH0662I1 hsdMS into DC10B-MS1 or SepiBPH06621
hsdMS into DC10B-MS2), resulting in a single E. coli host
expressing both BPH0662 type I RM systems, should enable
utilisation of plasmid artificial modification to overcome the
strong restriction barrier present in S. epidermidis isolates
from the ST2 lineage, facilitating the genetic manipulation
of these clinically relevant clones that have hitherto proven
refractory.

BPHO0662 in relation to international ST2

S. epidermidis

At the time of analysis, 307 partially assembled S. epidermidis
genomes were publically available from NCBI Genbank. In
silico MLST identified 87 of these as ST2 isolates. Due to the

«,$ OPEN

i, DATA

large number of genomes that were sequenced as part of
microbiome projects, a large proportion had poor sequencing
coverage and/or contained reads mixed with other species,
both of which resulted in questionable assemblies. Further-
more, some genomes represented other bacterial species
incorrectly classified as S. epidermidis. Using the outlined
selection/exclusion criteria, a curated list of 15 genomes from
three different projects [two published (Roach et al, 2015;
Walsh et al, 2015), one unpublished PRINA246628] was
obtained (Table S1). To determine how the newly closed
BPHO0662 isolate related to international ST2 strains, analysis
of these 15 representative, publically available, draft ST2
genomes together with the four existing complete S. epiderrmi-
dis genomes was performed using BPH0662 as a reference
(Fig. 5a). A maximum-likelihood core-SNP-based phylogeny
for these 20 strains was performed, aligned with their respec-
tive complete coding sequence content (pangenome analysis)
(Fig. 5b). Phylogenetically, the BPH0662 reference sits within

@ (b)
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Fig. 5. Comparative genomics of BPH0662 in relation to existing sequenced genomes and published international ST2 S. epidermidis
isolates. (a) Maximum-likelihood, core-SNP-based phylogeny of 15 representative international ST2 isolates, the four existing sequenced
strains and the new BPH0662 ST2 reference strain (scale bar indicates nucleotide substitutions per site); aligned with (b) Pangenome. (c)
Intra-group comparison of pairwise core-SNPs for BPH0662 together with the international ST2 strains; and inter-group comparison of
pairwise core-SNPs for the existing references, compared with the ST2 strains. (d) Multidimensional scaling of pangenome coding
sequence orthologs. *Published reference strain SEI was not classifiable by existing multi-locus sequence type (MLST) schema.
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the characterised, international ST2 S. epidermidis clade, with
an observed 559 median SNPs difference within the ST2
intragroup (Fig. 5¢). The icaADBC operon was observed to be
present in all ST2 strains and RP62a, but none of the non-
human-host reference strains (Fig. 5b). Methicillin-resistance
determinant mecA, was present in 14 of the 15 ST2 clinical
comparators, with the exception of 642_SEPIL.

Interestingly, five of the 15 international ST?2 isolates grouped
closely to BPH0662 when coding sequence ortholog pres-
ence/absence was analysed by multidimensional scaling
(Fig. 5d). While the exact structures of these isolates could
not be determined from their draft assemblies, detailed analy-
ses of contigs of interest revealed that all five possessed over
27.5 kb of the BPH0662 type III SCCmec core region, span-
ning the class A mec, J2 region and ccrA3B3 (Fig. S2c). Due to
contig breaks corresponding with an IS431 insertion sequence
in the BPH0662 SCCmnec, it is not known whether these five
isolates also possessed the same J3 region, with an integrated
pUB110. However, all but one (102_SEPI) contained pUB110
as a single contig. Intriguingly, the J1 region of three of the
isolates (1190_SEPI, 678_SEPI and 102_SEPI) spanned 15 kb
containing the full SepiBPH06621 type I RM system with
identical downstream genes to BPH0662 (Fig. S2a, c). Fur-
thermore, two of these isolates (1190_SEPI and 678_SEPI)
also possessed a 26 kb contig composed of the SepiBPH066211
system associated with ccrC7, with identical intervening gene
arrangement as BPH0662 (Fig. S2c). A single isolate,
100_SEPI, possessed only the SepiBPH0662I system, in the
same position as BPH0662, adjacent to orfX. While 973_SEPI
contained only SepiBPHO0662II (Fig. S2c). Despite similar
total content, the composite structure of these ST2 compara-
tors highlights the role of mobile elements in the translocation
and horizontal transfer of novel gene clusters.

Like BPH0662, these five ST2 isolates were all collected
from critically ill patients in intensive care (Roach et al,
2015). In view of the gene content common to these strains,
including resistance determinants such mecA, aadD and aac
(6 )-aph(2") together with the same type I RM systems, and
the circumstances in which they were collected, it could be
proposed that BPH0662 and the closely clustered isolates
may represent a successful hospital-adapted sublineage of
ST2. This reinforces the relevance of BPH0662 as a repre-
sentative ST2 strain and the potential applicability of the
constructed E. coli hosts for manipulation of international
ST2 S. epidermidis isolates.

Notably, RP62a, a ST10 strain frequently utilised as a refer-
ence isolate in S. epidermidis studies was observed to be par-
ticularly divergent from ST2 isolates based on median
pairwise SNP difference, with a predicted 10 8612 SNPs
between the groups (Fig. 5¢). Furthermore, shared ortholog
clustering indicated that RP62a and the other three existing
reference genomes are divergent from ST2 isolates (Fig. 5d),
overall indicating that RP62a may not be the most appropri-
ate reference strain for studies of clinically relevant

phenotypes.

B MICROBIOLOGY

Conclusions

Evolving within the hospital environment, analysis of the
BPHO0662 genome indicates that this isolate has undergone
chromosomal rearrangements and multiple horizontal gene
transfer events resulting in the accumulation of a broad
range of resistance determinants enabling its establishment
as a successful multidrug-resistant hospital clone. Further-
more, the likely role of S. epidermidis as a potential donor
species for the generation and transfer of resistance ele-
ments to other staphylococci is highlighted by the structure
of the BPH0662 genome, which contains multiple examples
of chimeric mobile genetic elements. As the first complete
genome of an ST2 S. epidermidis strain, BPH0662 provides
an ideal reference genome for future bioinformatic analysis
of clinical S. epidermidis isolates, which worldwide are dom-
inated by the ST2 lineage. Characterisation of the BPH0662
methylome, which has been demonstrated to be representa-
tive of the ST2 lineage internationally, and construction of
E. coli hosts that express the type I RM systems of BPH0662
will assist the development of molecular methods to bypass
the restriction barrier in clinical ST2 S. epidermidis isolates.
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2.3 Supplementary Appendix
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Figure S1. Methodology for construction of E. coli hosts expressing the type I
restriction modification systems of BPH0662. A schematic representation of the
methodology for the construction of E. coli host strains DC10B-MS1 (which expressed

SepiBPHO06621 hsdMS (hsdMSI) from S. epidermidis BPH0662) and DC10B-MS2

E. coli DC10B-MS2
Adcem, hsdMS2

Integration primers
hsdMS2: IM179/180

(which expressed SepiBPHO066211 hsdMS (hsdMS2) tfrom S. epidermidis BPH0662).

AmpR = ampicillin resistant; ts = temperature sensitive; Kan® = kanamycin resistant.
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d BPH0662 forward flank ‘novel’ content
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Figure S2. Detailed gene content of the ‘novel’ chromosomal regions flanking the
origin of replication in BPH0662. (a) Forward flank. (b) Reverse flank. (¢) International
ST2 S. epidermidis comparator isolates that share the ‘novel’ content regions of

BPHO0662. DR = direct repeat, IR = inverted repeat.

62



STOT “[e 13 Ysjem T°00000000NINZI  98T96EEONINYS LY6SSTVNIYd [ 06'T€ 96496 €€LL0T ceees 9TT1 0 0 S66¥99C S66¥99C 14 ST0Z-934 'AS9PVdS  X00Z  basin euiwn) OTTT-d3-S5N
*paysiigndun *aduanbas awouad JOTI 10T "A YoUIQIOM
sipiuLapIda °S $T0Z I8 19 Suoy) T'000000000HOI  ¥T9966ZONINYS 8T99VTVNIYd 4 08'TE 6€99L 8S9€8T 6TE0V 0SS 0 0 9T1T0¥ST 9T1T0¥ST €9 J1Wouss 1) XZe basin eutwn) 2012
STOT “[e 12 Yoeoy T7°000000001INM  €6T86TEONINVS 6VSL9TVNIYd [4 08'TE 08095 €99/LT €T0CC 00t 0 oot LESLOLT L€9L0LT € S'E'T 'ASSAQY X1t 1435 €L6
STOT “[e 12 Yoeoy T°00000000AdNI 6L086TEONINYS 6VSL9TVNIYd [4 06'TE EVSES  SVILLT VSELT 0T 0 0 768S8SC 768S8SC 6vT SE'T 'ASSAQY Xy0T 1435”248
STOT “|2 19 Yoeoy 1°00000000NLNr  9/6/L6TEONNYVS 6¥SL9CTVNIYd 4 08'TE 9079C 98¥C8 TPOET 0T 0 €ovT T6L¥SST S6T9SST 96T SE'T 'ASSAQY XSL bagiH eurwny| 143529,
ST0T “|e 19 Yoeoy T°00000000WXNI  088L6TEONINVYS 67S/9TVNIYd C 06'TE 987ES  99/68T 69861 0T 0 6 9G€T89T S9€789C SET G'E'T 'ASSAGY X60T  basiH eutwn, 14357849
STOT “|e 19 Yoeoy T°00000000XANT  EYBLETEONIAVS 67S/L9TVNIYd C 06'TE 0L7/9 8SO00ST SETOE 0T 0 08 £S£095T 65ST9ST S8 S'E'T 'ASSAGY X0€ bagIH euiwn 1435 ¢v9
ST0T “|e 19 Yoeoy T'00000000MVAI  708L6TEONNVS 6VSL9CVNIYd [4 0T'ZE S6C69 S6T80T 619VE 8¢ 0 oor L¥89TST YAZARAYA €L G'E'T 'ASSAGY XsT basiH eutwn 1435 ¥09
STOT “[2 19 Yoeoy T'00000000LVAI  S6LL6TEONNVS 67SL9TVNIYd [4 08'TE SPYIE ¥L796 €80T 81¢C 0 8¢S LLYYEST S00S€ST 08T S'E'T "ASSAGY X6C basiH euiwn 14357965
STOT “[2 18 Yoeoy T'00000000AAAT  99TL6TEONINVS 67SL9TVNMYd [4 00'ZE 06887 ¥0E6ST 08TLT 90T 0 0 4411944 4411944 149 S'E'T "ASSAGY XTE basiH euiwn 1435 v0ZT
STOT “|e 19 Yyoeoy T'000000000ZAl  OSTLETEONIAVS 67SL9TVNIYd 14 08'TE <T0E0L 8TET6T 6€89C 00T 0 60T €TSLELT CEILELT 0T S'E'T "ASSAGY XSE basiH euiwn 1d35706TT
STOT “I2 19 Yoeoy T°0000000024MI 900L6TEONINYS 6VSLITVYNIYd 4 06°'TE €9€T9  €6596T 99077 (44 0 oot S69€09T S6LE09T 81T S'€'T 'ASSAGY XTs bagiH euiwn, 1435 0v0T
STOT “|2 19 Yoeoy T°00000000N4MI 88696TEONINVS 6VSLITVYNIYd 4 08'TE TSC0S  T8Y9ST 8V6LT 1414 0 o0 §9LTTST §9LTTST ovT S'€'T 'ASSAGY XLE bagiH eutwn, 1d3S " ¥20T
STOT “|2 1 Yoeoy T'00000000VOMI  Z8696TEONINYS 6VSLITVYNIYd 4 08'TE 687/9 997061 €CELT (414 0 oot LE9LLIT LELLLIT 86 S€'T 'ASSAGY X0€ bagiH euiwn 1d3S 20T
STOZ “|2 32 Yoeoy T'00000000ADMI T9696TEONINYS 6VSL9TVNIYd 4 08'TE 8¥SY9 /85961 8¥TZT 00¢ 0 0 €9T20LT €9T20LC [44% S'E'T 'ASSAGY XS¢ bagiH eujwn 1435 00T
EIEYCIEN] jueguan ajdwesolg aloidolg 1STN - %29 0SN u_-_“uow“w_“_z n_ur_:pM“wn.“E u_-.._:uou“w_.ns_ sdeg  sN 3o whﬂ.“_uww s8nuo) J13|quiassy yida@  t9duanbag ajejos|

saje|os] J0jesedwod z1S sipiwapida *s |euoneusalu] ‘IS a|qel

63



CHAPTER 3. Global spread of three multidrug resistant lineages of

Staphylococcus epidermidis
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3.1 Introduction

The work in this chapter follows what began as a local outbreak investigation of into the
increasing prevalence of clinical cases of serious MDRSE infections that failed
vancomycin therapy, for which the BPH0662 isolate characterised in Chapter 2 was the
index case. The initial aim of the project was to characterise the local epidemiology of S.
epidermidis within Austin Health, a 800-bed tertiary centre in Melbourne, Australia, and
determine if an outbreak of ST2 MDRSE had occurred. However, the unexpected finding
of three endemic MDRSE lineages (two ST2 and one ST23) that shared a common D471E
and [527M RpoB dual substitution that was associated with high level rifampicin
resistance and a vancomycin heteroresistant phenotype, led to a much larger international
project with the following aims: 1. Characterise the global molecular epidemiology of
MDRSE with a focus of rifampicin resistant isolates and determine the extent of
dissemination of each of the three MDRSE lineages; 2. Characterise the diversity of
rifampicin resistance mutations in S. epidermidis; 3. Determine if the dual D471E and
[527M RpoB substitution is the most common cause of clinical rifampicin resistance; 4.
Develop a method to enable allelic exchange in ST2 S. epidermidis that had hitherto been
refractory to genetic manipulation; in order to, 5. Demonstrate that the dual D471E and
[527M RpoB substitution in S. epidermidis causes both high-level rifampicin resistance
and confers cross-resistant to vancomycin. The resulting work was published in Nature
Microbiology.

Supplementary materials for the publication are included in 3.3 Supplementary
Appendix I. Supplementary tables that consisted of large metadata spreadsheets in Excel
format have been printed and are located in Appendix A. An updated version of Figure
1.4 from Chapter 1 of this thesis has been amended to include the mutations identified in

Chapter 3 and can be found in 3.4 Supplementary Appendix II.
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Global spread of three multidrug-resistant
lineages of Staphylococcus epidermidis

Jean Y. H. Lee', lan R. Monk', Anders Goncalves da Silva?3, Torsten Seemann®34, Kyra Y. L. Chua®,
Angela Kearns®, Robert Hillé, Neil Woodford®, Mette D. Bartels’, Birgit Strommenger?g,

Frederic Laurent®, Magali Dodémont'®, Ariane Deplano™, Robin Patel", Anders R. Larsen'?,

Tony M. Korman®™, Timothy P. Stinear ©®'3"* and Benjamin P. Howden ®231415*

Staphylococcus epidermidis is a conspicuous member of the human microbiome, widely present on healthy skin. Here we show
that S. epidermidis has also evolved to become a formidable nosocomial pathogen. Using genomics, we reveal that three multi-
drug-resistant, hospital-adapted lineages of S. epidermidis (two ST2 and one ST23) have emerged in recent decades and spread
globally. These lineages are resistant to rifampicin through acquisition of specific rpoB mutations that have become fixed in the
populations. Analysis of isolates from 96 institutions in 24 countries identified dual D471E and 1527M RpoB substitutions to be
the most common cause of rifampicin resistance in S. epidermidis, accounting for 86.6% of mutations. Furthermore, we reveal
that the D471E and 1527M combination occurs almost exclusively in isolates from the ST2 and ST23 lineages. By breaching
lineage-specific DNA methylation restriction modification barriers and then performing site-specific mutagenesis, we show
that these rpoB mutations not only confer rifampicin resistance, but also reduce susceptibility to the last-line glycopeptide anti-
biotics, vancomycin and teicoplanin. Our study has uncovered the previously unrecognized international spread of a near pan-
drug-resistant opportunistic pathogen, identifiable by a rifampicin-resistant phenotype. It is possible that hospital practices,
such as antibiotic monotherapy utilizing rifampicin-impregnated medical devices, have driven the evolution of this organism,
once trivialized as a contaminant, towards potentially incurable infections.

skin'. The shift in medicine towards invasive procedures has

favoured its emergence as a significant nosocomial pathogen,
particularly in the setting of prosthetic devices’. The ability of the
bacterium to form biofilms over foreign bodies, in which bacte-
ria are protected from antibiotics and the immune system, is key
in the evolution of disease’. S. epidermidis and other coagulase-
negative staphylococci (CoNS) are leading causes of surgical site
and central-line-associated bloodstream infections’, with major
economic implications’. In spite of this impact, relatively little is
understood about the mechanisms of pathogenesis and optimal
treatment of S. epidermidis. Many of the clinical decisions made
when treating this species are based on assumptions from studies
in Staphylococcus aureus.

A single S. epidermidis lineage, multilocus sequence type
(MLST) 2, dominates in the hospital environment. MLST eBURST
analysis of a global strain collection found 74% of nosocomial iso-
lates belong to clonal complex 2, for which ST2 is the founder®.

E ;taphylococcus epidermidis is universally present on human

The S. epidermidis population structure, as assessed by MLST,
comprises six genetic clusters (GCs)"*. Isolates from GC5 (encom-
passing ST2 and ST23) are almost exclusively nosocomial® and
significantly enriched for antibiotic resistance and biofilm pro-
duction, suggesting hospital adaptation’. Methicillin resistance in
S. epidermidis has been reported to be as high as 70-92% in some
institutions’, and is frequently associated with co-resistance to
other antibiotic classes'*'".

We recently reported the first complete genome and methy-
lome of BPH0662, an ST2 S. epidermidis exhibiting near pan-drug
resistance, including intermediate heteroresistance to vanco-
mycin, responsible for a serious post-neurosurgical infection'”
Vancomycin intermediate heteroresistance is characterized by the
presence of bacterial subpopulations capable of growth within
the intermediate range, despite testing as vancomycin-susceptible
by standard laboratory methods. Few studies have described the
phenomenon in S. epidermidis''"* or CoNS collectively’>-"". The
diagnostic definitions and clinical implications of S. epidermidis

'Department of Microbiology and Immunology, The University of Melbourne at The Doherty Institute for Infection and Immunity, Melbourne, Australia.
?Microbiological Diagnostic Unit Public Health Laboratory, Department of Microbiology and Immunology, The University of Melbourne at The Doherty
Institute for Infection and Immunity, Melbourne, Australia. *Doherty Applied Microbial Genomics, Department of Microbiology and Immunology,

The University of Melbourne at The Doherty Institute for Infection and Immunity, Melbourne, Australia. “Melbourne Bioinformatics, The University of
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Service, Public Health England, London, UK. "Department of Clinical Microbiology, Hvidovre University Hospital, Hvidovre, Denmark. National Reference
Centre for Staphylococci and Enterococci, Division Nosocomial Pathogens and Antibiotic Resistances, Department of Infectious Diseases, Robert Koch
Institute, Wernigerode Branch, Wernigerode, Germany. °Department of Bacteriology, Institute for Infectious Agents, French National Reference Centre
for Staphylococci, International Centre for Infectiology Research, Institute for Pharmaceutical and Biological Sciences Of Lyon, University of Lyon, Lyon,
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Laboratory for Antimicrobial Resistance and Staphylococci, Statens Serum Institut, Copenhagen, Denmark. *Monash Infectious Diseases, Centre for
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vancomycin heteroresistance are poorly understood, and resistance
mechanisms remain unknown.

Ongoing cases of similarly pan-resistant S. epidermidis infections
in unrelated patients within our hospital suggested dissemination of
a multidrug-resistant lineage. We began investigations using com-
parative and functional genomics to characterize the molecular epi-
demiology and resistance mechanisms of S. epidermidis linked to
clinically significant infections, initially within our institution and
then globally.

Results

Increasing prevalence of multidrug-resistant S. epidermidis. To
address the hypothesis that a multidrug-resistant strain was spread-
ing at Austin Health (an 800-bed tertiary hospital in Melbourne,
Australia), the antibiotic susceptibilities of clinical S. epidermidis
isolates from 2007 to 2013 were explored (see Methods for clinical
definition). We observed an increase in teicoplanin resistance from
3.6% in 2007 to 35.3% in 2013 (Fig. 1a). The proportion of isolates
that exhibited dual resistance to rifampicin and fusidic acid also
progressively rose from 10.9% in 2007 to 31.4% in 2013 (Fig. 1b).
Rifampicin resistance correlated with teicoplanin resistance. Like
our previously described S. epidermidis BPH0662 index case iso-
late?, these isolates were also resistant to B-lactams, macrolides,
quinolones, aminoglycosides and sulfonamides, indicating the
emergence of multidrug-resistant S. epidermidis (MDRSE) within
our institution. Using rifampicin and fusidic acid resistance as
markers for MDRSE, 52 clinically significant MDRSE isolates were
identified, of which 33 were available for further testing. Thirty-five
clinically significant non-MDRSE comparator strains, two non-
MDRSE reference strains (ATCC 12228'® and RP62a'’), BPH0662
and BPH0663 (subsequent isolate from the index case) were also
included in analyses (full antibiograms are shown in Supplementary
Fig. 1). In S. aureus, specific rifampicin resistance mutations in
rpoB result in vancomycin heteroresistance’?'. We postulated that
MDRSE vancomycin heteroresistance might also be explained
by rifampicin resistance mutations. Macromethod Etests (METs)
are a sensitive method for the detection of reduced glycopeptide
susceptibility in staphylococci”’. METs performed on these 72
isolates revealed a significant association with heteroresistance to
vancomycin (Fig. 1¢) and teicoplanin (Fig. 1d) for MDRSE com-
pared to non-MDRSE (P<0.0001 for both).

International clonal expansion of endemic, multidrug-resistant,
ST2 and ST23 S. epidermidis lineages resulting in clinical disease.
To investigate the relationship between clinically significant isolates
of MDRSE and non-MDRSE at our institution, whole-genome
comparisons were made of the 72 isolates plus two additional pub-
lished, finished S. epidermidis genomes. A maximum-likelihood
phylogeny was inferred from an alignment of 54,493 core genome
single nucleotide polymorphisms (SNPs) (Fig. 2). Bayesian analysis
of population structure (BAPS), derived from core-SNP analysis,
categorized the 74 genomes into five groups (named A-E). The
largest (group E) represented ST2, accounting for 59% of isolates
and consisted of two dominant sublineages, one MDRSE (n=27),
to which the BPH0662 reference belonged, the other predomi-
nantly non-MDRSE (n=16), of which two were MDRSE (hence-
forth referred to as the ST2-mixed lineage). A third cluster of five
MDRSE isolates belonging to the ST23 lineage (BAPS group C) was
also identified (Fig. 2). The presence of isolates from three distinct
lineages across at least six years indicated that each was endemic
within our institution, resulting in repeated, clinically significant,
nosocomial infections.

We next sought to determine the broader distribution of these
three MDRSE lineages across Australia and globally. A further 32
rifampicin-resistant clinical S. epidermidis isolates from 13 insti-
tutions in Australia, and 121 global isolates from Austria (n=1),
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Belgium (n=18), Denmark (n=38), France (n=18), Germany
(n=21), Republic of Ireland (n=1), United Kingdom (#=12) and
the United States (n=12) originating from 61 institutions were col-
lected, totalling 227 isolates (Supplementary Table 1a).

A maximum-likelihood phylogeny for the 227 isolates was
inferred from an alignment of 56,756 core genome SNPs and
revealed the same basic population structure as before, with the
majority of isolates clustered into three MDRSE lineages (Fig. 3
and Supplementary Fig. 2a). Overall, core-SNP-based compari-
sons suggested high genomic identity within the BPH0662 lineage,
with a median pairwise SNP difference of 62 SNPs (interquartile
range (IQR) 41-82). In contrast, the median difference within
the ST2-mixed clade was 281.5 SNPs (IQR 190.25-378), indicat-
ing more genetic diversity among ST2-mixed isolates. Compared
to one another, the two ST2 lineages were distinct with a median
of 1,669 SNPs (IQR 1,649-1,703) between them (Fig. 3b,c). The
ST23 MDRSE also demonstrated high intra-lineage identity with a
median difference of 103 SNPs (IQR 88-116), while the ST5 lineage
was composed of heterogeneous isolates with a median intra-group
difference of 374 SNPs (IQR 141-587) (Fig. 3¢).

The BPH0662 ST2 MDRSE lineage, dominant in Australia, was
also identified from 25 institutions in four countries (Australia,
Belgium, Denmark and the United Kingdom) and persisted within
two Australian sites for at least 8 years, while the ST2-mixed lin-
eage was identified in 33 institutions within seven countries
(Australia, Belgium, Denmark, France, Germany, Ireland and the
United Kingdom). The ST23 lineage was present in 17 institutions
across seven countries (Australia, Austria, Belgium, Denmark,
France, Germany and the United States); this lineage persisted up
to 17 years in Denmark and 15 years at a single site in the United
States. Co-circulation of all three clones was observed in two of the
European sites (BEL-A and DEN-G). While isolates from the same
country tended to cluster within each of the three MDRSE lineages,
genotype intermingling was also observed across countries, consis-
tent with the international dissemination of three individual suc-
cessful clones (Fig. 3 and Supplementary Fig. 2).

Pan-genome analysis identified 5,692 orthologue gene clus-
ters. Minimal variability in gene content was observed within the
BPHO0662 ST2 clade (Supplementary Fig. 2c). The accessory gene
content specific to this lineage was the same as previously char-
acterized for BPH0662, and clustering based on genome content
aligned strongly with core genome phylogeny (Supplementary
Fig. 2d), the MDRSE ST2-mixed lineage contained similar acces-
sory gene content (Supplementary Fig. 2¢). All ST2 and subclustered
ST188 (n=133) and ST23 (n=>50) isolates possessed the icaRADBC
operon, which was not present in any of the ST5 or subclustered
ST87 (n=15) isolates. The ica operon was highly conserved among
193 isolates (Supplementary Fig. 2c). Orthologue clustering clearly
demonstrated that RP62a (ST10), a reference isolate frequently used
in laboratory experiments, is an outlier compared to other clinical
isolates (Supplementary Fig. 2d).

Evolutionary phylogeny suggests independent coevolution of
two ST2 and one ST23 multidrug-resistant S. epidermidis lin-
eages. To model the evolutionary trajectory of S. epidermidis and
date the emergence of the drug-resistant ST23 and ST2 lineages, we
used core genome SNP diversity and year of isolation to infer a time-
scaled phylogeny in a Bayesian framework (Supplementary Fig. 3).
Overall, this analysis suggested that each of the three drug-resistant
lineages emerged independently in the 1980s (BPH0662 ST2 clade:
1982 (95% highest posterior density interval (HPDI) 1972-1991);
the major rifampicin-resistant subclade of ST2-mixed: 1987 (95%
HPDI 1978-1998); ST23 clade: 1984 (95% HPDI 1974-1992)). This
analysis also suggested the first substantial diversification within the
ST2 lineage around 1958 (95% HDPI 1940-1974).
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Fig. 1| Increasing prevalence of multidrug-resistant S. epidermidis (MDRSE). The prevalence of antibiotic-resistant S. epidermidis isolates at a single
Australian institution over a seven-year period is shown. Susceptibilities were performed on a Vitek 2 (bioMérieux) platform and interpreted using CLSI
criteria. a, Prevalence of teicoplanin (TEC)-resistant isolates. b, Prevalence of clinically significant isolates exhibiting rifampicin (R) and fusidic acid (FA)
resistance. ¢,d, Vancomycin (VAN) (¢) and teicoplanin (TEC) (d) METs were performed on 70 clinically significant S. epidermidis strains (35 rifampicin-
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between means) was rejected for P< 0.05 (two-tailed Mann-Whitney U test of log, transformed MICs).
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Fig. 2 | Clonal expansion of endemic, multidrug-resistant ST2 and ST23 S. epidermidis lineages resulting in clinical disease within a single institution.
Maximume-likelihood core-SNP-based phylogeny for 69 clinically significant strains collected from 2007 to 2013 (34 multidrug S. epidermidis (MDRSE);

35 non-MDRSE); four closed, published S. epidermidis genomes; and the closed BPH0662 genome from the MDRSE index case (used as the reference strain);
n=74. Overlaid are the results of in silico MLST, BAPS, the determinants of rifampicin (RpoB mutations) and fusidic acid (fusB) resistance, and heatmap of
vancomycin heteroresistant phenotype testing, as determined by VAN and TEC METs. The scale bar indicates number of nucleotide substitutions per site
(bold), with an approximation of SNP rate (in parentheses). *Published reference strain SEl was not classifiable by the existing MLST scheme.

Genetic determinants of antibiotic resistance. Ninety-nine percent ~ Among these, 106 possessed the full mecA, mecR1 and mecI complex
of the 133 ST2 isolates possessed mecA (Supplementary Table 1d), as a typical class A mec. The fusB gene was present in 139 of the 143

which correlated with the antibiogram data (Supplementary Fig. 1).  fusidic-acid-resistant isolates, in keeping with previous reports**,
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the majority in chromosomal phage resistance islands: SeRIj,; 7o
(accession no. JF808725) or SeRlj, 500, (accession no. JE777506)
both attached downstream of groEL (n=121); or SeRlg ;7
(JF808726), attached downstream of rpsR (n=13). Eighteen line-
zolid-resistant isolates were identified, all European (Germany
n=14, France n=4, Ireland n=1). At least one of three recognized
genetic determinants of linezolid resistance were identified for each
isolate, including acquisition of cfr; the G2576T substitution in
domain V of 23S rRNA (equivalent to G2602T in S. epidermidis)*>*°,
or insertion of a glycine residue (,,GR,, to ,,GGR,,) in ribosomal
protein L4 (Supplementary Table 2). All five of the cfr-positive
isolates were from Germany, three of which had acquired S. epi-
dermidis plasmid p12-02300 (accession no. KM521837) previously
associated with an outbreak of linezolid resistance in German hos-
pitals*, one had a previously undescribed plasmid. Twelve isolates
were resistant to daptomycin, two of which (AUS14 and FRA09)
had an MprF S295L substitution, known to cause daptomycin
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resistance”’. Due to the pleiotropic nature of daptomycin resistance,
other potential causative mutations were not identified.

Two co-occurring mutations in RpoB, D471E and I527M,
explained rifampicin resistance for 163 of the 187 isolates in this
study. Two isolates had alternative D471 substitutions. The remain-
ing had at least one RpoB substitution occurring at site H481 (n=7),
$486 (n=13), V135 (n=2) and N353 (n=1) (Supplementary
Figs. 2 and 4). Based on alignment with the known sequence defined
for other bacterial species, the rifampicin resistance determining
region (RRDR) in S. epidermidis spanned amino-acid positions 462
to 488 (inclusive). Three critical positions known to form covalent
bonds with rifampicin in other species (at which most rifampicin-
resistant mutations occur)*** were determined to correspond to
D471, H481 and $486. Although outside the RRDR, sites V135 and
1527 aligned with positions also known to be associated with rifam-
picin resistance in other bacterial species””. Glycopeptide suscep-
tibility testing found the majority of isolates with the dual RpoB
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Fig. 4 | RpoB mutations confer vancomycin heteroresistance in S. epidermidis. a, An example of a VGA for BPHO676-WT, BPHO676-rpoB662 and the
BPHO662 control strain. b, Biological triplicate data for the BPH0676-WT and BPHO676-rpoB662 mutant pair compared by VGA. Error bars represent
mean +95% Cl of three independent experiments. Null hypothesis (no difference between means) was rejected for P< 0.05 (two-tailed, unpaired Student's

t-test). ¢, Data for a single set of VAN and TEC METs for BPHO676-WT and the

BPHO676-rpoB662 mutant pair. The y axis for METs is plotted on a log,

scale. d, Biological triplicate data for the BPHO676-WT and BPHO676-rpoB662 mutant pair compared by vancomycin PAP. Error bars represent mean +95%
Cl of three independent experiments. Null hypothesis (no difference between means) was rejected for P < 0.05 (two-tailed, unpaired Student's t-test).

D471E and I527M mutations (96.9%) or single RpoB H481D/L/R/Y
substitutions (100%) were vancomycin heteroresistant (Fig. 3 and
Supplementary Fig. 2).

Dual D471E and I527M substitutions are the most common
RpoB mutations in S. epidermidis worldwide. To confirm that the
dominant RpoB mutations observed in our study were representa-
tive of other S. epidermidis globally, we performed an analysis of all
publicly available S. epidermidis sequence data. Using the selection/
exclusion criteria outlined in the Methods, a curated list of 160 clin-
ical isolates (see Supplementary Table 1 for full metadata) down-
loaded from NCBI Sequence Read Archive (SRA) were assembled,
and the rpoB genes analysed in conjunction with the four NCBI
reference strains and the 222 isolates from this study (BPH0663
was excluded as an in vivo serial isolate of BPH0662); data from
a Swedish study by Hellmark et al.”* in which the rpoB gene of 33
S. epidermidis strains isolated from prosthetic joint infections were
sequenced and correlated with phenotype were also included.
Of'the 419 isolates analysed, 251 were identified as having at least one
of 40 putative amino-acid substitutions in RpoB, occurring across
32 sites. The dual D471E and I527M substitutions were the most
common, present in 187 of the isolates, accounting for 73.9% of the
observed mutations, and 86.6% of the mutations occurring within
the RRDR of RpoB (Supplementary Fig. 4). Interestingly, neither
DA471E nor 1527M were observed as solitary substitutions. Analysis
of metadata indicated that isolates possessing the dual mutations
originated from 68 different institutions in 11 countries, and in silico
MLST demonstrated ST2 (62.9%) and ST23 (33.1%), accounted for
96.0% of isolates with the dual D471E and I527M substitutions.

Dual D471E and I527M mutations in RpoB confer co-resistance
to rifampicin and vancomycin in S. epidermidis. To confirm a
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causal link between these mutations and vancomycin heteroresis-
tance we swapped the D471E and I1527M rpoB allele from BPH0662
into four rifampicin-susceptible S. epidermidis backgrounds—two
clinical, non-MDRSE ST2 strains, BPH0676 and BPH0736; and
reference strains RP62a (ST10) and ATCC 12228 (ST8)—using
plasmid artificial modification and allelic exchange. Acquisition
of rifampicin resistance enabled positive screening of mutants.
Whole-genome sequencing confirmed the presence of only the
intended two substitutions in rpoB, with the exception of 12228-
rpoB662, which acquired an additional spontaneous SNP leading to
a M305L substitution in a hypothetical regulatory protein (locus_
tag SE2129). To the best of our knowledge, this is the first successful
report of allelic exchange in ST2 S. epidermidis.

Compared to the four wild-type (WT) parental strains—
BPH0676, BPH0736, RP62a and ATCC 12228—all rpoB662
mutants acquired high-level rifampicin resistance equivalent to
that of BPH0662 (64 pgml™'). The mutants were not identified as
glycopeptide resistant using standard testing with vancomycin
broth microdilution (BMD) or Vitek 2. To determine the role of
these mutations in the evolution of glycopeptide heteroresistance,
extended glycopeptide testing by vancomycin gradient assay (VGA),
vancomycin and teicoplanin METs and a vancomycin population
analysis profile to area under the curve ratio (PAP:AUC) was per-
formed for each of the WT and rpoB662 mutant pairs. Experiments
for the BPH0676-WT and BPH0676-rpoB662 pair are shown in
Fig. 4. Compared to its parental strain, the BPH0676-rpoB662 mutant
had a statistically significant increase in mean ratio to BPH0662 for
VGA (P=0.0039) and PAP:AUC (P=0.0023). Furthermore, the
gains observed in both vancomycin and teicoplanin MET MICs for
the BPH0676-rpoB662 mutant achieved the criteria for vancomy-
cin heteroresistance. Statistically significant increases in glycopep-
tide resistance were also observed for the other rpoB662 mutants
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Fig. 5 | RpoB D471E and 1527M mutations cause vancomycin heteroresistance in four different S. epidermidis backgrounds. a-d, RpoB D471E and

1527M dual mutations were introduced into four different, rifampicin-susceptibl

le S. epidermidis strains: two clinically significant ST2 strains, BPHO676 and

BPHO736, and reference strains RP62a (ST10) and ATCC 12228 (ST8). The gains in vancomycin tolerance of these rpoB662 mutants compared to their

respective WT parental strains were individually validated (Supplementary Fig.

4), then summary data analysed. Three different phenotypic methods for

the detection of vancomycin heteroresistance were used: VGA (a), VAN PAP (b), and VAN (¢) and TEC (d) METs. The y axis for METs is plotted on a log,
scale. Data points for VGA and VAN PAP represent the mean of three independent experiments for each strain. Null hypothesis (no difference between

means) was rejected for P< 0.05 (two-tailed, paired Student's t-test).

compared with their respective parental strains (Supplementary
Fig. 5). Having independently validated each mutant compared to
their parental strain, the pairs were then analysed collectively. For
each phenotypic testing method, a statistically significant increase
in mean glycopeptide resistance was observed for the rpoB662
mutant group compared to their paired parental strains (Fig. 5).
These experiments show that D471E and I1527M RpoB substitutions
cause the vancomycin-heteroresistant phenotype.

Mutants containing dual D471E and 1527M RpoB substitutions
outcompete WT S. epidermidis in the presence of vancomycin.
To assess the advantage conferred by the dual D471E/I527M RpoB
substitutions in the presence of vancomycin, 1:1 competition assays
for BPH0736-WT and its rpoB662 mutant were conducted. In the
absence of vancomycin, the D471E/I527M RpoB allele posed a sub-
stantial fitness cost, with a significant shift to the WT population
at 48h (Fig. 6). However, with the introduction of vancomycin the
population dynamics reversed and at 48 h with 4pgml~' vancomy-
cin, the population was 100% rpoB662 mutant (Fig. 6). Individual
growth curves for each of the WT and rpoB662 mutant pairs were not
significantly different in the absence of antibiotics (Supplementary
Fig. 6). These experiments confirm that the D471E and I527M RpoB
substitutions in S. epidermidis were capable of generating both high-
level rifampicin resistance as well as vancomycin heteroresistance in
S. epidermidis strains from divergent backgrounds.
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Discussion
We have uncovered here the emergence of three genetically dis-
tinct MDRSE lineages, with common dual D471E and 1527M RpoB
substitutions, that have evolved within the hospital environment to
exhibit near pan-drug resistance. The presence of the same muta-
tions in multiple phylogenetically distant lineages is consistent with
independent emergence of these mutations with subsequent fixa-
tion, presumably due to their favourable antibiotic-resistant phe-
notype. The international prevalence of these dual mutations, as
determined in this study, suggests that a high proportion of rifam-
picin-resistant clinical S. epidermidis isolates possess mutations that
also confer glycopeptide heteroresistance, not detectable by stan-
dard diagnostic methods. Although dominance may vary by region,
the same three lineages, with low intra-group genomic diversity,
were demonstrated to be endemic and co-circulate within multiple
institutions worldwide, suggesting their unrecognized presence in
other establishments. The diminishing pool of antibiotics available
for the treatment of infections due to such isolates, and the increas-
ing catalogue of complex genetic interactions that contribute to anti-
microbial resistance between unrelated drug classes, reinforces the
need for the judicious utilization of remaining therapeutic options.
In particular, this research has implications for how rifam-
picin is utilized in clinical practice. Device impregnation with
rifampicin is of particular concern, as low-level rifampicin mono-
therapy released in this situation could predispose colonizing
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Fig. 6 | Mutants containing dual D471E and 1527M RpoB substitutions outcompete WT S. epidermidis in the presence of vancomycin. Competition
assays for the BPHO736-WT and rpoB662 mutant pair performed in the presence of VAN O, 2 and 4 pg ml~', with the percentage of rifampicin resistant
(RIF®) to rifampicin susceptible (RIF®) isolates determined by plate count. All data points for biological triplicate experiments are displayed. Horizontal
lines depict mean and error bars show standard deviation. Null hypothesis (no difference between means) was rejected for P<0.05. Differences assessed
using two-way analysis of variance (ANOVA) with Tukey's test for multiple comparisons. ***P < 0.001, ****P < 0.0001.

S. epidermidis to develop rifampicin resistance and concomitant
vancomycin heteroresistance. To avoid generating resistance with
monotherapy, combination therapy is recommended when using
rifampicin for the treatment of staphylococci®**. Historical stud-
ies describing dual therapy with vancomycin and rifampicin for
S. epidermidis prosthetic valve endocarditis” have informed cur-
rent staphylococcal clinical guidelines®’. However, the emergence
of rifampicin resistance when using this treatment combination for
serious infections has been reported for both S. epidermidis® and
S. aureus* . Our results suggest that co-prescription of vanco-
mycin and rifampicin will promote the generation of resistance to
both agents, although additional experiments are required to test
this hypothesis. Widespread loss of vancomycin as a first-line treat-
ment option against S. epidermidis would have significant clinical
impact, especially in view of the limited available substitutes. While
alternative agents such as daptomycin, ceftaroline, lipoglycopep-
tides and linezolid exist, staphylococcal resistance to all has been
described™. Considered in this context, our confirmation of a causal
association between rifampicin resistance mutations and vancomy-
cin heteroresistance in S. epidermidis, together with clinical reports
demonstrating lack of cross-protection, suggest that current clinical
recommendations warrant review. Alarmingly, our study has iden-
tified that near untreatable isolates already exist, with two German
vancomycin heteroresistant isolates, one ST2-mixed (GER16) the
other an ST23 clone (GER15), also testing as resistant to both dap-
tomycin and linezolid, with tetracycline the only antibiotic option
remaining (Supplementary Fig. 1).

Surveillance is not routinely performed for S. epidermidis, and
consequently there are no robust data on the prevalence of rifam-
picin resistance in this species. Reference laboratories may be sent
MDRSE isolates of clinical concern, but no denominator data exist
to determine the background number of susceptible isolates. The
data from individual centres contributing to this study suggested
local variation in the annual prevalence of S. epidermidis rifam-
picin resistance at each institution between 2012 and 2017: 10%
increasing to 20% for Erasme Hospital, Belgium; 10% for Monash
Health, Australia; 6% for Hvidovre Hospital, Denmark; and 3%
for Mayo Clinic, Rochester, MN, USA. These rates included all
S. epidermidis isolated from clinical samples for each institution,
and almost certainly underestimated the prevalence in clinically
significant isolates. This was highlighted by our Australian data,
which demonstrated that despite only 10.8% of all S. epidermidis
isolated from blood cultures in the state of Victoria over the month
of March 2017 testing rifampicin-resistant, 30.0% of the clinically
significant isolates were rifampicin-resistant (all of which were
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vancomycin-heteroresistant). In view of the ubiquitous nature of
S. epidermidis and difficulties distinguishing colonizing from clini-
cally significant isolates, determining the true prevalence of these
MDRSE lineages is likely to remain a challenge. Therefore, rifam-
picin resistance is a potentially useful marker for identifying these
clinical S. epidermidis clones.

The retrospective nature of the isolate collection we used, which
was biased towards the acquisition of multidrug-resistant S. epider-
midis, is a limitation of this study, and sampling may have missed
some less prevalent genotypes. Furthermore, we did not have access
to data regarding the treatment received or clinical outcomes of the
patients from whom isolates were obtained. Notwithstanding these
limitations, we obtained a good representation of the international
diversity of rifampicin resistance in clinical S. epidermidis, which
was the main focus of this study. Having identified the existence of
three MDRSE S. epidermidis lineages with international presence,
future research could include more geographically diverse, pro-
spective sampling of isolates with associated clinical data to include
treatment and outcomes, which could better delineate the global
extent of these clones and offer insight into the clinical impact of
these lineages. Our findings indicate that similar glycopeptide
resistant isolates are likely to be present within other institutions
but unrecognized by standard phenotypic testing methods, high-
lighting a need for clinical vigilance. These data challenge current
assumptions that cross-protection is afforded by the co-prescription
of rifampicin and vancomycin for the treatment of staphylococci,
indicating that a review of clinical guidelines is warranted to avoid
the further selection of near untreatable clones.

Methods
Media and reagents. S. epidermidis and S. aureus were routinely cultured at 37°C
in BBL brain heart infusion (BHI) broth (Becton Dickson). For electroporation,
S. epidermidis was cultured in B medium (1% peptone, 0.5% yeast extract, 0.5%
NaCl, 0.1% K,HPO,, 0.1% glucose). Escherichia coli was routinely cultured in L
broth (1% tryptone, 0.5% yeast extract, 0.5% NaCl). BMD minimum inhibitory
concentrations (MICs) were performed in cation-adjusted Mueller Hinton (MH)
broth (Difco). For growth on agar, BHI or L broth were solidified with 1.5% agar, to
yield BHIA and LBA, respectively. The following antibiotics were purchased from
Sigma Aldrich and used at the specified concentrations: chloramphenicol (Cm)
10 pgml~! for S. epidermidis, 15 pgml" for E. coli; ampicillin (Amp) 100 pg ml™' for
E. coli; kanamycin (Kan) 50 pgml~" for E. coli. The following antibiotics were used
at variable concentrations for susceptibility testing: rifampicin (Sigma Aldrich) and
vancomycin (Hospira).

Oligonucleotides were purchased from Integrated DNA Technologies and
are listed in Supplementary Table 3. Genomic DNA was isolated with DNeasy
Blood and Tissue Kit (Qiagen). To weaken the cell wall of S. epidermidis before
DNA extraction, harvested cells were washed with PBS. Lysostaphin (Ambi) was
added to the Gram-positive lysis buffer (final concentration 100 pgml™") and
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incubated at 37 °C for 30 min. Plasmids were purified with QIAprep Spin Miniprep
Kit (Qiagen). PCR products and gel extractions were purified using QIAquick

Gel Extraction Kit (Qiagen). Restriction enzymes and Phusion DNA polymerase
were purchased from New England Biolabs. Phire Hotstart DNA polymerase

was purchased from Thermofisher. Colony PCR was performed as previously
described*.

Bacterial isolates. Bacterial strains used in this study are listed in Supplementary
Table 3. Comparator strains consisted of four reference strains (S. epidermidis
ATCC 12228, ATCC 35984 [RP62a); S. aureus ATCC 700698 [Mu3], ATCC
700699 [Mu50]); 69 clinically significant S. epidermidis isolates (34 MDRSE;

35 non-MDRSE) collected at Austin Health, Victoria, Australia, from 1 January
2007 to 31 December 2013 (all available MDRSE were included as comparators;
for non-MDRSE comparators, five strains were randomly selected for each year,
with the exception of 2010, for which only four clinically significant non-MDRSE
were available); 10 clinically significant MDRSE collected from 1 January 2010

to 31 December 2013 originating from three hospitals within the Monash Health
network in Victoria, Australia; 22 rifampicin-resistant blood culture isolates
originating from 12 different hospitals submitted to the Microbiological Diagnostic
Unit Public Health Laboratory, Victoria, Australia, collected during the month of
March 2017 as part of a state-wide S. epidermidis survey. For Australian isolates,
clinical significance was defined as repeated culture (>2 occasions) of isolates
with identical antibiograms as determined by Vitek 2 (bioMérieux), from the same
patient, from bloodstream or sterile site samples. International comparator strains
consisted of 18 rifampicin-resistant blood culture isolates collected between 2015
and 2017 at Erasme Hospital, Brussels, Belgium; 27 rifampicin-resistant blood
culture isolates collected between 2012 and 2017 submitted to the Department

of Clinical Microbiology, Hvidovre University Hospital, Copenhagen, Denmark,
originating from four institutions; 11 rifampicin-resistant clinical isolates
submitted to Statens Serum Institut, Copenhagen, Denmark in 2001, originating
from six institutions (including Hvidovre Hospital); 18 rifampicin-resistant
clinical isolates submitted to the Institute for Infectious Agents Department of
Bacteriology French National Reference Centre for Staphylococci, Lyon, France,
between 2004 and 2016 originating from 18 different hospitals; 22 clinically
significant rifampicin-resistant isolates submitted to the National Reference Centre
for Staphylococci and Enterococci, Robert Koch Institute, Wernigerode, Germany
from 2012 to 2017, originating from 20 different institutions in Germany and one
from Austria; 13 rifampicin-resistant clinically significant isolates submitted to

the Antimicrobial Resistance and Healthcare Associated Infections (AMRHAI)
Reference Unit, National Infection Service, Public Health England, between
November 2015 and November 2016, originating from 10 different hospitals in
the United Kingdom and the Republic of Ireland; 12 rifampicin-resistant clinically
significant isolates collected between 2000 and 2016 at the Mayo Clinic, Rochester,
MN, United States. To maximize recruitment, rifampicin resistance alone was used
as a marker for MDRSE since prescription of fusidic acid is subject to regional
practice and use in the United States is still undergoing trials, seeking Food and
Drug Administration approval.

Antibiotic susceptibility testing. The background antibiogram of S. epidermidis
for Austin Health from 2007 to 2013 was determined by collating all routine
isolates that had susceptibility testing performed (interpreted according to Clinical
and Laboratory Standards Institute (CLSI) criteria), excluding duplicate strains
obtained from the same patient. Comparator isolates underwent susceptibility
testing with a Vitek 2 Gram Positive ID card (AST-P612; bioMérieux) on a

Vitek 2 (bioMérieux) according to the manufacturer’s instructions. BMD MICs

for vancomycin and rifampicin were performed as recommended by CLSI*.
Rifampicin Etests (bioMérieux) were performed according to the manufacturer’s
instructions. Extended glycopeptide susceptibilities were determined by MET
with vancomycin and teicoplanin Etest strips (bioMerieux) using a 2.0 McFarland
inoculum and prolonged incubation time of 48 h. S. aureus criteria for
vancomycin heteroresistance were used (vancomycin and teicoplanin MET

of >8; teicoplanin MET alone of >12), as no criteria have been defined for

S. epidermidis. Vancomycin PAPs were performed as previously described®, but
overnight S. epidermidis cultures were adjusted to an optical density at 600 nm
(ODygy) of 0.4. For VGAs, 50 ml of BHIA supplemented with vancomycin 4 pg ml~'
was set in a 10 cm square Petri dish with one side elevated at a 5° angle (to form

a two-dimensional gradient); the Petri dish was then placed level and a second
50ml BHIA layer was set over the vancomycin layer. Plates were used within 48 h.
Overnight cultures of tested strains were standardized to an ODj, of 0.08 in BHI
and a 10 pl loop was used to streak the strain across the plate from vancomycin 0 to
4pgml~'. Distance of growth was measured in mm after 48 h incubation at 37°C,
and expressed as a ratio to growth of control strain, BPH0662. With the exception
of Vitek 2 and Etests, all antibiotic susceptibility testing of strains was performed in
biological triplicate. Interpretation of all phenotypic testing was blinded, with the
exception of VGAs due to the pairing of mutant and parental isolates on the same
gradient plate to ensure consistent experimental conditions.

Genome sequencing. Draft genomes of the 222 clinical comparator strains, the
isolates of RP62a and ATCC 12228 used to create mutant strains, four rpoB mutant
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strains and Ec_Se662I-11 E. coli were sequenced on either an Illumina MiSeq
or NextSeq platform, as indicated in Supplementary Table 1c, with Nextera XT
libraries, according to the manufacturer’ instructions.

Genome analysis. [llumina paired-end reads were trimmed using Trimmomatic
v0.36", and overlapping pairs merged with PEAR v0.9.10*. Draft genomes were
de novo assembled with SPAdes v3.7.1" using the unassembled R1 and R2, and
merged read pairs as input. Genome annotation was performed with Prokka
v1.12*. An alignment of core genome SNPs across the S. epidermidis isolates was
determined using Snippy v3.2* using the closed BPH0662 genome as a reference.
iqtree v1.5.3* using model finder"” and ultrafast bootstrap* was then used to
produce a maximum-likelihood phylogenetic tree. Pairwise SNP analysis was
performed using pairwise_snp_differences". For pan-genome analysis, protein
orthologue clustering was performed using Proteinortho v5.11%", alignment of
the resultant CDS orthologues to BPH0662 and visualization of the pan-genome
were performed using FriPan®'. De novo assemblies were genotyped using in
silico MLST?, and the resistome and virulome were characterized with abricate™
screened against the NCBI Bacterial Antimicrobial Resistance Reference Gene
Database (NCBI BARRGD, PRJNA313047) and Virulence Factors of Pathogenic
Bacteria Database (VFDB)™, respectively. The tree was clustered using a
hierarchical Bayesian Analysis of Population Structure (hierBAPS) model*.

To infer the evolutionary phylogeny of ST2 S. epidermidis, regions of phage
insertion and recombination were masked to ensure modelling was only informed
by spontaneous SNPs within the core genome. Five (BPH0704, BPH0697, BPH0677,
BPH0737 and SEI) of the 227 isolates were omitted from final analyses based

on their extreme divergence, which suggested either excessive natural selection,
thereby violating the assumption of evolutionary neutrality used in the model, or
separation of these lineages so remotely in the past as to be beyond the abilities of
this method to analyse correctly. Two historical, non-MDRSE Australian clinical
isolates (BPH0823 isolated in 1989 and BPH0825 isolated 1990) were included to
improve temporal sampling depth. Snippy v3.2" was used to generate an alignment
of the 224 relevant isolates to the full BPH0662 chromosome. Phage elements in
the BPH0662 reference were identified using PHASTER* and masked from the
alignment with BEDtools”. Gubbins v2.2.0°* was used to filter recombination

and identify core-SNPs from filtered alignment, with RAXML v8.2.10” for tree
building. A final maximum-likelihood tree was produced with igtree v1.5.3 using
model finder and ultrafast bootstrap. BEAST v2.4.3" was used to generate a timed
phylogeny (chronogram) assuming a relaxed clock and using coalescent tree prior.
The assumption of a molecular clock was tested using root-to-tip distance in R
v3.4°! using the Analysis of Phylogenetics and Evolution (APE) package v4.1%.

All publicly available S. epidermidis genome raw reads in NCBI SRA were
downloaded (4 November 2016) and assembled as described above. Exclusion
criteria were as follows: sequencing performed on a Roche 454 or Ion Torrent
platform (per Genbank metadata); single end reads; sequencing depth of <30x;
isolates sequenced as part of this study; mutagenesis isolate pairs; organism not
S. epidermidis or sequencing of mixed bacterial species as determined by Kraken
v0.10.15beta”; >300 assembled contigs; raw reads not associated with publications
and lacking metadata. When isolates were identified as exact genetic replicates, a
single representative was used in analysis. To determine the diversity of mutations
in RpoB, the RpoB translation for ATCC 12228 (accession no. NP_763861) was
used as reference for a tblastn query on the combined NCBI SRA and study isolate
assemblies using BLAST+ v2.6.0%, the output of which was aligned with MUSCLE
v3.8.1551%; this was then manually collated with the RpoB mutations reported in
ref. **. To determine the RRDR of RpoB for S. epidermidis the RpoB translations for
ATCC 12228 and BPH0662 were aligned with the published 27-amino-acid RRDR
defined for E. coli and M. tuberculosis™* and S. aureus”. Using the above method,
the following reference nucleic acid/gene translations from ATCC 12228 were used
to screen for the presence of mutations conferring linezolid resistance: 23S rRNA
(GenelD 3190203), L3 (NP_765379), L4 (NP_765378) and L22 (NP_765374). For
Mprf, the gene translation from RP62a was used as the reference (WP_002456532).

Bacterial transformation. Overnight cultures of S. epidermidis grown in 10ml of B
medium were diluted to an ODj, of 0.5 in 100 ml of fresh, prewarmed B medium.
Cultures were then reincubated for 40 min and chilled in an ice slurry for 10 min.
All subsequent steps were performed as previously described*, with the exception
of post-electroporation recovery in which cells were incubated in 1 ml of BHI
supplemented with 500 mM sucrose (filter sterilized) at 28°C for 1h before plating
on BHIA Cm10.

Construction of E. coli Ec_Se662I-1II for transformation of ST2 S. epidermidis.
The E. coli Ec_Se662I-1I mutant expressing both BPH0662 type I RM systems in

a DC10B background was constructed using a previously described protocol and
primers'?. The DC10B-MS1 mutant with hsdMS1 integrated between essQ and cspB
was subjected to a second recombination event to integrate hsdMS2 between ybbD
and ylbG.

Allelic exchange of rpoB using pIMAY. To construct pIMAY (rpoB662), pIMAY*
was linearized with KpnlI and gel extracted; the vector backbone was then amplified
from within the multiple cloning site (MCS) with primers IM1/IM2. The entire
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rpoB gene of rifampicin-resistant, reference strain BPH0662 was amplified using
primers rpoB3/rpoB4 (incorporating flanking Kpnl sites), and the product gel
extracted. Seamless ligation cloning extract (SLiCE) was used to insert the rpoB
construct into the pIMAY vector backbone, as previously described**”. After
transformation into E. coli Ec_Se6621I-11, the rpoB insert was verified by Sanger
sequencing and the vector pIMAY (rpoB662) subsequently electroporated into
four rifampicin-susceptible S. epidermidis strains: BPH0676, BPH0736, RP62a and
ATCC 12228. Transformants were selected for on BHIA plus Cm after 2 days at
28°C. Integration and excision of pIMAY (rpoB662) was performed as previously
described*, with the exception of concurrent (rather than sequential) colony PCRs,
for loss of replicating plasmid (with MCS primers IM3/IM4), and chromosomal
integration of the plasmid upstream (rpoB out forward/IM3) and downstream
(IM4/rpoB out reverse). Plasmid excision in favour of mutant creation was selected
for on BHIA plus ATcl (Sigma) with rifampicin at 4, 8, 16 or 32 pgml', large
colonies were patch-plated on BHIA plus Cm10 and BHIA plus rifampicin at 4, 8,
16 or 32 pgml~' and grown at 37 °C overnight, with successful mutants bearing a
Cm?, Rif® phenotype. Potential mutants were selected from the plate containing
the lowest rifampicin concentration. Stability of Rif* mutants was confirmed by
overnight growth on BHIA without antibiotics, with subsequent restreaking on
BHIA plus rifampicin 32. Draft genomes of successfully created mutant strains
(BPH676-rpoB662, BPH0736-rpoB662, RP62a-rpoB662 and 12228-rpoB662,) and
the parental strains from which they were derived (BPH0676, BPH0736, RP62a
and ATCC 12228, respectively) were sequenced to determine if any unintended
mutations were present. Variant calling between the rpoB662 mutants to their
respective WT parental strains was cross-checked by two methods, using Snippy*
and Nesoni®". Mutants and their corresponding parental strains were subjected

to phenotypic testing to determine the role of rifampicin resistance mutations
(D471E and 1527M) in RpoB on the evolution of glycopeptide heteroresistance in
S. epidermidis.

Growth curves and vancomycin competition assay. For growth curves, overnight
cultures were diluted to an ODj, of 0.05 in 50 ml of prewarmed BHI and grown at
37°C with aeration at 200 r.p.m. The ODj, values were measured hourly for 12h.
Growth curves were performed in biological triplicate. The doubling time for each
strain was calculated as previously described’, using the 2 and 5h exponential
phase time points. For vancomycin co-culture assays, overnight cultures of WT and
the corresponding rpoB662 mutant strain were diluted to an ODy, of 0.5 in BHI,
0.5ml of each culture was added to 49 ml of BHI containing vancomycin at 0, 2 or
4pgml-! (starting ODy, of co-cultures =0.01). Cultures were incubated at 37°C
with aeration at 200 r.p.m. For vancomycin 0 and 2 pgml™!, co-cultures reached
saturation by 24 h and the medium was refreshed with a 1/1,000 dilution of the 24h
co-culture in 50 ml of BHI containing vancomycin at 0 and 2 pgml~!, respectively.
Cultures were incubated at 37 °C with aeration at 200 r.p.m, for a further 24h

(48h total). The vancomycin 4 pg ml~' co-culture did not reach saturation until
48h, so the medium was not refreshed at 24 h. Serial dilutions of each co-culture
were performed at times 0, 24 and 48 h, plated on BHIA and incubated at 37°C
overnight; colonies were then patched onto BHIA plus rifampicin 32 pgml~' to
determine the proportion of WT to rpoB662 mutant.

Statistical analysis. Etest MICs were log,-transformed to normalize the
distribution before statistical analysis. All statistical analyses (Mann-Whitney

U test, unpaired or paired Student’s ¢-test, two-way ANOVA with Tukey’s test) were
performed with GraphPad Prism 7 for Mac OS X (GraphPad Software), with the
exception of the pairwise SNP analysis which was performed using pairwise_snp_
differences” in R*'.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability. The data sets supporting the results of this Article are available
from the European Nucleotide Archive under Bioproject no. PRJEB12090
(Austin Hospital isolates and rpoB662 mutant sequencing) and from NCBI under
BioProject nos. PRINA470534 (Victorian S. epidermidis survey isolates) and
PRJNA470752 (all other isolates).
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Sample size No sample size calculation was performed. This research was based on genomic interpretation of a retrospective survey of a global collection
of bacteria that were samples of convenience. We did not establish this study to test the effect of an experimental intervention or specific
hypothesis. Thus, there is no null hypothesis to reject and no sample size calculation was performed. To present an accurate global
description of the isolates responsible for clinical S. epidermidis infection, broad sampling was performed to maximise both temporal and
geographical representation. The 419 isolates analysed were sampled from 96 institutions in 24 countries, isolated over a 62-year period
spanning 1955 to 2017. Furthermore, all but two of the reference isolates were of clinical origin to ensure the relevance of results to clinical
practice.

Data exclusions  S. epidermidis RpoB mutation frequency analysis: 324 of 484 S. epidermidis raw reads available on NCBI were excluded as per the criteria
listed in the methods section of the manuscript. These isolates were sequenced as part of microbiome projects, with resultant poor
sequencing coverage and/or contaminated reads mixed with other species; or sequenced using older chemistry known to be error prone. The
low quality assemblies produced from these raw reads would have confounded analyses with artificial mutations, therefore these data were
not included.

Replication To demonstrate a causal relationship between the dual D471E and I527M RpoB substitutions and a vancomycin heteroresistant phenotype in
S. epidermidis, mutants possessing these substitutions were made in four different backgrounds, from 3 different lineages (ST2, ST8 and
ST10). Extended glycopeptide susceptibility testing for the four mutant and wild-type pairs was performed using three different methods
(vancomycin population analysis profile, vancomycin plus teicoplanin macromethod Etests and vancomycin gradient assay); testing was
performed in biological triplicate. A statistically significant increase in glycopeptide tolerance was demonstrated for each mutant compared to
its respective parental isolate by each of the three phenotypic methods, thereby proving the hypothesis that the dual D471E and 1527M
substitution in RpoB confers both rifampicin resistance and glycopeptide heteroresistance in S. epidermidis.

Randomization  Randomisation was not relevant to this study as all isolates were subjected to the same phenotypic and genomic analyses in order to fully
characterise the dataset.

Blinding Interpretation of all phenotypic testing was blinded with the exception of vancomycin gradient assays due to the pairing of mutant and
parental isolates on the same plate (as shown in Figure 4 and Supplementary Figure 5) to ensure consistent experimental conditions. All four
mutant and wild-type pairs were subject to a two additional phenotypic methods to characterise glycopeptide heteroresistance (vancomycin
population analysis profile and vancomycin plus teicoplanin macromethod Etests) the interpretation of which were blinded to ensure no bias.

Reporting for specific materials, systems and methods

78

=)
Q
9
<
™
=
o)
1%
(0]
Q
=
(@)
>
@
B,
o)
2
=
>
Q
(%)
=
3
=
)
<




Materials & experimental systems

Methods

>
S
[

XXX XXX

Involved in the study

D Unique biological materials
D Antibodies

D Eukaryotic cell lines

D Palaeontology

D Animals and other organisms

D Human research participants

n/a | Involved in the study
D ChlIP-seq
D Flow cytometry

D MRI-based neuroimaging

79

=)
Q
=
<
)
—
I
1%
(0]
Q
=
(@)
>
D
°
o)
=
>
Q@
(%)
=
3
3
)
<




3.3 Supplementary Appendix I

nature
micr OblOlOgy https://doi.org/10.1038/541564-018-0230-7

SUPPLEMENTARY INFORMATION

In the format provided by the authors and unedited.

Global spread of three multidrug-resistant
lineages of Staphylococcus epidermidis

Jean Y. H. Lee’, lan R. Monk’, Anders Goncalves da Silva?3, Torsten Seemann®3#, Kyra Y. L. Chua®,
Angela Kearns®, Robert Hillé, Neil Woodford®, Mette D. Bartels’, Birgit Strommengers,

Frederic Laurent®, Magali Dodémont'®, Ariane Deplano™, Robin Patel™, Anders R. Larsen™,

Tony M. Korman®, Timothy P. Stinear ®'3"> and Benjamin P. Howden ©231415*

'Department of Microbiology and Immunology, The University of Melbourne at The Doherty Institute for Infection and Immunity, Melbourne, Australia.
2Microbiological Diagnostic Unit Public Health Laboratory, Department of Microbiology and Immunology, The University of Melbourne at The Doherty
Institute for Infection and Immunity, Melbourne, Australia. *Doherty Applied Microbial Genomics, Department of Microbiology and Immunology,

The University of Melbourne at The Doherty Institute for Infection and Immunity, Melbourne, Australia. “Melbourne Bioinformatics, The University of
Melbourne, Melbourne, Australia. °Department of Microbiology, Austin Health, Melbourne, Australia. AMRHAI Reference Unit, National Infection
Service, Public Health England, London, UK. "Department of Clinical Microbiology, Hvidovre University Hospital, Hvidovre, Denmark. 8National Reference
Centre for Staphylococci and Enterococci, Division Nosocomial Pathogens and Antibiotic Resistances, Department of Infectious Diseases, Robert Koch
Institute, Wernigerode Branch, Wernigerode, Germany. °Department of Bacteriology, Institute for Infectious Agents, French National Reference Centre

for Staphylococci, International Centre for Infectiology Research, Institute for Pharmaceutical and Biological Sciences Of Lyon, University of Lyon, Lyon,
France. °National Reference Centre for Staphylococci, Erasme Hospital, Université Libre de Bruxelles, Brussels, Belgium. "Division of Clinical Microbiology,
Department of Laboratory Medicine and Pathology, and Division of Infectious Diseases, Department of Medicine, Mayo Clinic, Rochester, USA. ?Reference
Laboratory for Antimicrobial Resistance and Staphylococci, Statens Serum Institut, Copenhagen, Denmark. *Monash Infectious Diseases, Centre for
Inflammatory Diseases, Monash University, Melbourne, Australia. “Infectious Diseases Department, Austin Health, Melbourne, Australia. *These authors
contributed equally to this work: Timothy P. Stinear, Benjamin P. Howden *e-mail: bhowden@unimelb.edu.au

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology

80



Supplementary information for:

Title: Global spread of three-multidrug resistant lineages of Staphylococcus
epidermidis

Running Title: Genomics of drug-resistant S. epidermidis

Authors: Jean YH Lee!, lan R Monk', Anders Gongalves da Silva®>3, Torsten
Seemann’#, Kyra YL Chua’, Angela Kearns®, Robert Hill®, Neil Woodford®, Mette D
Bartels’, Birgit Strommenger®, Frederic Laurent’, Magali Dodémont'®, Ariane
Deplano'?, Robin Patel'!, Anders R Larsen'?, Tony M Korman'?, Timothy P
Stinear®!3, Benjamin P Howden*#2-314

#Joint senior author, *Corresponding author

Affiliations:

'"Department of Microbiology and Immunology, The University of Melbourne at The Doherty Institute
for Infection and Immunity, Victoria, Australia

“Microbiological Diagnostic Unit Public Health Laboratory, Department of Microbiology and
Immunology, The University of Melbourne at The Doherty Institute for Infection and Immunity,
Victoria, Australia

3Doherty Applied Microbial Genomics, Department of Microbiology and Immunology, The University
of Melbourne at The Doherty Institute for Infection and Immunity, Victoria, Australia

“Melbourne Bioinformatics, The University of Melbourne, Victoria, Australia

SDepartment of Microbiology, Austin Health, Victoria, Australia

SAMRHAI Reference Unit, National Infection Service, Public Health England, London, UK
"Department of Clinical Microbiology, Hvidovre University Hospital, Hvidovre, Denmark

8National Reference Centre for Staphylococci and Enterococci, Division Nosocomial Pathogens and
Antibiotic Resistances, Department of Infectious Diseases, Robert Koch Institute, Wernigerode
Branch, Wernigerode, Germany

‘Department of Bacteriology, Institute for Infectious Agents, French National Reference Centre for
Staphylococci, International Centre for Infectiology Research, Institute for Pharmaceutical and
Biological Sciences Of Lyon, University of Lyon, Lyon, France

"National Reference Centre for Staphylococci, Erasme Hospital, Université Libre de Bruxelles,
Brussels, Belgium

"Division of Clinical Microbiology, Department of Laboratory Medicine and Pathology, and Division
of Infectious Diseases, Department of Medicine, Mayo Clinic, Rochester

?Reference Laboratory for Antimicrobial Resistance and Staphylococci, Statens Serum Institut,
Copenhagen, Denmark

3Monash Infectious Diseases, Monash Health, Victoria, Australia

“Infectious Diseases Department, Austin Health, Victoria, Australia

Corresponding author
Professor Benjamin Howden: bhowden@unimelb.edu.au

81



Supplementary Information Table of Contents

Supplementary Figures
Supplementary Figure 1. Antibiogram of 227 §. epidermidis study isolates.

Supplementary Figure 2. Comparative genomics of international S. epidermidis
isolates.

Supplementary Figure 3. Evolutionary phylogeny predicts independent
coevolution of two ST2 multidrug resistant S. epidermidis clades.

Supplementary Figure 4. Dual D471E and 1527M substitutions are the most
common RpoB mutations in S. epidermidis worldwide.

Supplementary Figure 5. RpoB D471E and 1527M mutations confer reduced
glycopeptide susceptibility in four different S. epidermidis backgrounds.

Supplementary Figure 6. Mutants containing dual D471E and 1527M RpoB

substitutions do not demonstrate a fitness cost in enriched growth conditions.
Supplementary Tables

Supplementary Table 1. Isolate metadata.

Supplementary Table 2. Genetic determinants of linezolid resistance.

Supplementary Table 3. Genetically modified strains, plasmids and

oligonucleotides used in this study.

Supplementary References

82

10

13

14

15

16



VITEK 2 MET
PEN OXA COT GEN CIP ERY CLI FUS RIF TEC VAN DAP TET LZD VAN TEC
R R s R s —

s s o
R R R s S
s R s s I
R * R s ——
R R s o
s R s 1o
R s R v 2
R R %
H R %
s R 2
s R 2
s * R ;j
I R - E
s & R i
R R I
s : R 3 ;:
s s H - 2
RS R o
R R - e 18
s & R e i
3 H
S S R H ©
s R R R i
16 R R s | R R R i
@ BPH0703 GEEED R R R R R R 16
02 R ROR R R R i
R ROR ROR R 2
R R S R R R R R 3
ROR $ R R R s R
R R $ R R R s R s
s R R s R H
T R R s s i ——
s s H 5
s
o —
g .,
&
H
R
R
i
R
R
8
s
s
5
-
&
s s -
s s
s s s ——
R s s ——
R R R -
R s s
R s s ® -
R s s R s s X
R s s R R s s
R s s r s H H
R R R R r S R R S
R R R R R R R R S
R R R R I 8 R R S
R R s s R R R R 5 o2
R R R R R R i
R R s s R R s r r b
R R s s R ROR o 2
R R R R R s R s ——
R R R R R S R & =
s s s 4
s s s 4
S s s 4
R | " -8 2%
H H H
Year of Isolation non-MDRSE MDRSE § —
2000 0 2 g _: —
2001 0 1 RS o e
2004 0 3 H : 7
@5 2000 0 2 S s —
@ 2007 5 7 g : =
@ 2008 6 9 H H —
@ 2009 5 2 R & H 0
@ 2010 4 7 Rr 8 oA LIS s
@ 2011 5 5 R RoE O T B :
@ 2012 5 21 2 ! H L &
@ 2013 5 17 3 R 3
@ 2014 0 8 -_— —
== * 3
@ 2015 0 13 - ==
-— 8
@ 2016 0 36 - s E- =
@ 2017 0 45 - Reoor 2
NCBI Ref 4 0 R r e
TOTAL 39 188 F— : 3 .
Country R e
@D Australia @ Finland 8 R e R e
@D Austria @ Germany gery G " s
Belgium @ |reland GEnte am R e
@D Denmark  @EEED UK Frars o R R 3 —zm
France G Us BEL1s ) 3 =S
BEL10 4 » oz
BELIS 3 - 0
AUS15. ‘ 6
@ BPH0693 3
; IRL( ——
BEL09
1 "
11
03
-

won

w0z

24

ETETETE]
22222

BPH0691
BPH0692

Z3R33322222322 Z223222003232 2 I3 2 <ZR
258535022222222 2233290333232 223 30E323 2 ga8
SN i3 BUN3° SSREN RIE S = =35
2n0aRRARRARD
anm29m2RED
B
Sswmus0R00s00s

24
2

83



Supplementary Figure 1. Antibiogram of 227 S. epidermidis study isolates. Vitek
2 susceptibilities; and heatmap of vancomycin heteroresistant phenotype testing, as
determined by vancomycin (VAN) and teicoplanin (TEC) macromethod Etests
(MET). Isolates are ordered according to the phylogeny presented in Supplementary
Figure 2. For Vitek 2 results: S = susceptible by both CLSI and EUCAST 2017
breakpoints; R = resistant by both CLSI and EUCAST 2017 breakpoints; S* =
susceptible by CLSI but resistant by EUCAST; I* = intermediate by CLSI but

resistant by EUCAST.
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Supplementary Figure 2. Comparative genomics of international S. epidermidis
isolates. a. Maximum-likelihood, core-SNP-based phylogeny of 227 clinical isolates
originating from 77 institutions in ten countries using BPH0662 as the reference
genome, overlaid with in silico multi-locus sequence typing (MLST) and Bayesian
analysis of population structure (BAPS) groups (scale bar indicates number of
nucleotide substitutions per site (bold), with an approximation of SNP rate [in
brackets]). Aligned with: determinants of rifampicin (RpoB mutations) and fusidic
acid (fusB) resistance; b. Heatmap of vancomycin heteroresistant phenotype testing,
as determined by vancomycin (VAN) and teicoplanin (TEC) macromethod Etests
(MET); c. Pangenome ordered according to the BPH0662 chromosome concatenated
with its three plasmids (pBPH0662-01, pBPH0662-02 and pBPH0662-03 in
sequential order); d. Multidimensional scaling of pangenome coding sequence
orthologs; e. Intra-group and inter-group comparison of pairwise core-SNPs for BAPS
groups: A(n=1), B(n=2),C (n=51), D (n=40), E (n=60), F (n=73). *Published

reference strain SEI was not classifiable by the existing MLST scheme.
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Supplementary Figure 3. Evolutionary phylogeny predicts independent
coevolution of two ST2 multidrug resistant S. epidermidis clades. Phage element
and recombination filtered core-SNP evolutionary phylogeny incorporating 224
clinical isolates originating from 77 institutions in ten countries, using BPH0662 as
the reference genome. Branches are coloured according to median substitution rate.
The predicted date of the most recent common ancestor for the BPH0662 and ST2-
mixed clades (green); and emergence of the ST23 and BPH0662 clades, and ST2-
mixed subclade, possessing the RpoB D471E plus 1527M dual substitutions (red) are
indicated with arrows. Blue bars indicate 95% highest posterior density interval for

predicted node date.
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Supplementary Figure 4. Dual D471E and I527M substitutions are the most
common RpoB mutations in S. epidermidis worldwide. The frequency of various
RpoB mutations in 419 isolates from 96 institutions in 24 countries, sampled from at
least 77 sequence types (STs). Isolates originated from: Australia (n = 101), Austria
(n = 1), Belgium (n = 18), Denmark (n = 38), France (n = 18), Finland (n = 1),
Germany (n = 22), Republic of Ireland (n = 1); UK (n = 12) and US (n = 14); clinical
S. epidermidis genomes with DNA reads in the NCBI sequence read archive (SRA); a
study correlating rpoB gene mutations and phenotype in prosthetic joint infections
(Hellmark ez al.)'. Total number of isolates from each source is in brackets. No ST
data was available for Hellmark isolates. When known, the phenotype associated is
indicated in red font for resistant mutations, and green font for substitutions that do

not confer a rifampicin resistant phenotype.
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Supplementary Figure 5. RpoB D471E and I527M mutations confer reduced
glycopeptide susceptibility in four different S. epidermidis backgrounds.
Glycopeptide susceptibility testing for each of the rifampicin susceptible wildtype
(WT) and rifampicin resistant (rpoB662) mutant pairs derived from: a. BPH0676
(ST2); b. BPH0736 (ST2); ¢. RP62a (ST10); and d. ATCC 12228 (ST8). Inserts for
each pair show: i. An example vancomycin gradient assay (VGA) comparing the WT
and rpoB662 mutant pair with the BPH0662 control strain; ii. Biological triplicate
data for the WT and 7poB662 mutant pair compared by VGA. Error bars represent
mean +/- 95% confidence interval of three independent experiments; Null hypothesis
(no difference between means) was rejected for p <0.05 (two-tailed, unpaired
Student’s t-test); iii. Data for a single set of vancomycin (VAN) and teicoplanin
(TEC) macromethod Etests (METSs) for the WT and rpoB662 mutant pair. Y-axis for
METs plotted on log: scale; iv. Biological triplicate data for the WT and 7poB662
mutant pair compared by vancomycin population analysis profile (PAP). Error bars
represent mean +/- 95% confidence interval of three independent experiments; Null
hypothesis (no difference between means) was rejected for p <0.05 (two-tailed,

unpaired Student’s t-test).
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Supplementary Figure 6. Mutants containing dual D471E and I527M RpoB
substitutions do not demonstrate a fitness cost in enriched growth conditions.
Growth curves for each wild-type (WT) and rifampicin resistant (rpoB662) mutant
pair, performed in BHI for: a. BPH0676 (ST2), b. BPH0736 (ST2), ¢. RP62a (ST10)
and d. ATCC 12228 (ST8). Data shown represents three independent experiments for
each WT and mutant pair. Error bars indicate mean + 95% confidence interval at each
time point derived from three independent experiments. Doubling time shown below

each strain was calculated attl =2 hand t2=5h.
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Supplementary Table 1. Isolate metadata. sheet a. Clinical metadata; sheet b.
Accession information; sheet c. Sequencing and assembly statistics; sheet d.

Resistome data; sheet e. SRA strain metadata.

Provided in a separate excel spreadsheet.
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Supplementary Table 3. Genetically modified strains, plasmids and
oligonucleotides used in this study.

Bacterial strain, plasmid  Description Reference

or oligonucleotide or Source

E. coli strains

DC10B DH10B with Adem mutation 2

DCI10B-MS1 DC10B with BPH0662 hsdMS-1 integrated between ybbD and 3
ylbG

DC10B-MS1-MS2 DC10B with BPH0662 hsdMS-1 integrated between ybbD and  This study

yibG, BPH0662 hsdMS-2 integrated between essQ and cspB

S. epidermidis strains

ATCC 12228 Non-clinical reference strain; Rif® 4

12228-rpoB662 Rif* mutant of ATCC 12228 (RpoB D471E and 1527M) This study

BPH0662 Clinical strain. Case patient, isolated from CSF. Rif* (RpoB 3
D471E and 1527M)

BPHO0676 Clinical strain, isolated from blood culture; Rif® This study

BPH0676-rpoB662 Rif* mutant of BPH0676 (RpoB D471E and 1527M) This study

BPH0736 Clinical strain, isolated from blood culture; Rif® This study

BPHO0736-rpoB662 Rif* mutant of BPH0736 (D471E and 1527M) This study

RP62a Clinical reference strain, isolated from blood culture; Rif® 5

RP62a-rpoB662 Rif* mutant of RP62a (RpoB D471E and 1527M) This study

Plasmids

pIMAY Temperature sensitive allelic exchange plasmid for 6
staphylococci; Cm®

PIMAY (rpoB662) pIMAY with Rif* rpoB amplified from S. epidermidis This study
BPHO0662 (RpoB D471E and 1527M) in MCS

pIMAY (rpoB12228) pIMAY with Rif® rpoB amplified from S. epidermidis ATCC This study

12228 in MCS

S. epidermidis mutants

IM3 AATACCTGTGACGGAAGATCACTTCG This study

M4 TACATGTCAAGAATAAACTGCCAAAGC This study

rpoB3 CCTCACTAAAGGGAACAAAAGCTGGGTACCTTGGCA  This study
GGTCAAGTTGTCCAATATGG

rpoB4 CGACTCACTATAGGGCGAATTGGAGCTCTTAATCAG This study
TAGTTTCTTTTTGTGATTCTG

rpoB out F CAATTTTTGAGGGGTGAATCTG This study

rpoB out R TAGCATTCCATACCTCTAAGGTTTCAG This study

Rif° = rifampicin susceptible; RifS = rifampicin resistant; CSF = cerebrospinal fluid; Cm" =

chloramphenicol resistant; MCS = multiple cloning site.
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3.4 Supplementary Appendix II

A AH526 '0516 A @ covalent bond with rifampicin
E565 van der Waals bond with rifampicin
Rssz . most frequently associated with rifampicin® mutations
1572 4 ;514 clinical S. epidermidis rifampicin® RpoB mutation
s’ S AQs13 Q510 [E i vitro/animal model S. epidermidis rifampicin® RpoB mutation
L533 F  additional RpoB mutations reported in other organisms
B
N-terminal cluster Cluster | (RRDR) Cluster Il
E. coli 143 RVIVSQ 148 505 FFGSSQLSQFMDONNPLSEITHKRRISALGPGG 537 562 ETPEGPNIGLINSL 575
M. tuberculosis 167 RVIVSQ 172 424 FFGTSQLSQFMDONNPLSGLTHKRRLSALGPGG 456 481 ETPEGPNIGLIGSL 494
S. aureus 132 RVIVSQ 137 460 FFGSSQLSQFMDOANPLAELTHKRRLSALGPGG 492 517 ETPEGPNIGLINSL 530
S. epidermidis 132 RVIVSQ 137 460 FFGSSQLS%zMEQANPLAELTIzKRRLgALGPGG 492 517 ETPEGPNIGLINSL 530
V1350 S464H D4713 H481M S486[d 15271
F N} D] F
Q468K R
L
Q
P

Figure 3.1 Schematic representation of the rifampicin resistance determining region (RRDR) of
RpoB updated with mutations identified in Chapter 3. A. Cartoon of rifampicin interacting with

1611 A rifampicin

the structural elements of bacterial RNA polymerase adapted from Koch et al. !
molecule (red circle) is bound in the active site (yellow star) of the RpoB subunit (green) to inhibit
transcription. DNA (pink lines) is shown as double-stranded entering the active site, then a single
strand of template DNA once unwound. The growing RNA chain is represented by the blue line. Inset
shows the rifampicin binding pocket of RpoB, highlighting the residues that interact with rifampicin,
colour coded by the nature of the chemical bond (blue and yellow triangles). The grey triangle (E. coli
RpoB E565) is the single interacting residue not known to be associated with a rifampicin resistance
mutation. B. Alignment of the rifampicin resistance mutation hotspots in RpoB for various bacterial

[159,161,168,169

species, with reported mutations ! and those newly identified in Chapter 3 overlaid.
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CHAPTER 4. Mining the methylome reveals extensive diversity in

Staphylococcus epidermidis restriction modification

hsdR
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d'f A ~ SauNewmanl
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Vo
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4.1 Introduction

To address the Chapter 3 hypothesis that the dual D471E and 1527M RpoB substitutions
found to dominate in S. epidermidis were the cause of the vancomycin heteroresistant
phenotype observed in the three MDRSE lineages, a method for the genetic manipulation
of ST2 and other lineages of S. epidermidis needed to be established. While developing
this methodology, it was observed that electroporation experiments did not yield the
expected results if the conventional assumption that S. epidermidis type I RM systems

(2261 as demonstrated in S. aureus 1**%1, was true. These

followed lineage specificity
observations led to the hypothesis that S. epidermidis type I RM systems are not strictly
conserved within lineages. To address this, PacBio RSII sequencing and methylome
characterisation of seven clinically significant S. epidermidis genomes was performed,
followed by the first systematic genomic analyses of the type [ RM systems in S. aureus
and S. epidermidis. This work aimed to: 1. Confirm that S. aureus type I RM systems are
lineage specific; 2. Demonstrate that S. epidermidis type I RM systems do not adhere to
lineage specificity; 3. Identify the underlying differences in the type I RM systems
between the two species that explain why they behave differently. The results of these
analyses were used to demonstrate how genomics can assist in predicting the functionality
of type I RM systems and competence of strains. An approach for the efficient
manipulation of any given S. epidermidis strain of interest, including those from

backgrounds that have hitherto been intractable was then demonstrated. The resulting

work was published in the journal mBio.

Supplementary materials for the publication are included in 4.3 Supplementary

Appendix. Supplementary tables that consisted of large metadata spreadsheets in Excel

format have been printed and are located at the end of the thesis in Appendix B.
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ABSTRACT Staphylococcus epidermidis is a significant opportunistic pathogen of hu-
mans. Molecular studies in this species have been hampered by the presence of
restriction-modification (RM) systems that limit introduction of foreign DNA. Here,
we establish the complete genomes and methylomes for seven clinically significant,
genetically diverse S. epidermidis isolates and perform the first systematic genomic
analyses of the type | RM systems within both S. epidermidis and Staphylococcus au-
reus. Our analyses revealed marked differences in the gene arrangement, chromo-
somal location, and movement of type | RM systems between the two species. Un-
like S. aureus, S. epidermidis type | RM systems demonstrate extensive diversity even
within a single genetic lineage. This is contrary to current assumptions and has im-
portant implications for approaching the genetic manipulation of S. epidermidis. Us-
ing Escherichia coli plasmid artificial modification (PAM) to express S. epidermidis
hsdMS, we readily overcame restriction barriers in S. epidermidis and achieved electropo-
ration efficiencies equivalent to those of modification-deficient mutants. With these
functional experiments, we demonstrated how genomic data can be used to predict
both the functionality of type | RM systems and the potential for a strain to be elec-
troporation proficient. We outline an efficient approach for the genetic manipulation
of S. epidermidis strains from diverse genetic backgrounds, including those that have
hitherto been intractable. Additionally, we identified S. epidermidis BPH0736, a natu-
rally restriction-defective, clinically significant, multidrug-resistant ST2 isolate, as an
ideal candidate for molecular studies.

IMPORTANCE Staphylococcus epidermidis is a major cause of hospital-acquired infec-
tions, especially those related to implanted medical devices. Understanding how S.
epidermidis causes disease and devising ways to combat these infections have been
hindered by an inability to genetically manipulate clinically significant hospital-
adapted strains. Here, we provide the first comprehensive analyses of the barriers to
the uptake of foreign DNA in S. epidermidis and demonstrate that these are distinct
from those described for S. aureus. Using these insights, we demonstrate an efficient
approach for the genetic manipulation of S. epidermidis to enable the study of clini-
cal isolates for the first time.

KEYWORDS DNA methylation, Staphylococcus aureus, coagulase-negative
staphylococci, generalized transduction, genetic manipulation, genome analysis, type
| restriction modification
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taphylococcus epidermidis is a ubiquitous colonizer of human skin (1). Invasive

medical procedures, specifically, insertion of prosthetic devices on which the bac-
teria can form a biofilm, enable evasion of both antibiotics and the host immune
system, which has contributed to its increasing importance as a significant nosocomial
pathogen. A leading cause of surgical-site- and central-line-associated bloodstream
infections (2), S. epidermidis poses a major economic burden (3). In the hospital
environment, two multilocus sequence types (MLSTs), ST2 and ST23, account for most
clinical disease (4, 5). Three hospital-adapted clones (two ST2 and one ST23) were
recently demonstrated to be globally disseminated and to have evolved to become
untreatable with first-line agents though the acquisition of multiple antibiotic resis-
tance determinants and resistance-conferring mutations (5). Efforts to increase knowl-
edge concerning the molecular genetics, pathogenesis, and treatment of S. epidermidis
have been limited by barriers preventing the genetic manipulation of clinically relevant
isolates and the assumption that the characteristics of S. epidermidis are similar to those
of S. aureus.

Restriction-modification (RM) systems have evolved as a form of bacterial immunity
that degrades incoming DNA from foreign donors such as bacteriophage (6). Type | and
IV RM systems represent a significant barrier to genetic manipulation of staphylococci.
Type | RM systems are comprised of three host specificity for DNA (hsd) genes that
encode (i) a specificity protein (HsdS), (i) a modification protein (HsdM), and (iii) a
restriction endonuclease (HsdR). Together, these function as a single protein complex
in which HsdS determines the DNA target recognition motif (TRM) in which adenine
residues are methylated by HsdM, while HsdR cleaves unmodified and non-self-
modified DNA (7, 8). Type IV RM systems consist of a single restriction endonuclease
that cleaves DNA with inappropriate modification (8).

Plasmid artificial modification (PAM) is a method to overcome the barrier imposed
by RM systems where plasmid DNA is passaged through a cytosine methylation-
deficient Escherichia coli host (DC10B) that has been engineered to heterologously
express the hsdMS system of the staphylococcal strain to be transformed. Plasmid DNA
extracted from this E. coli host mimics the DNA methylation profile of the target strain,
thus enabling introduction of plasmid DNA and subsequent genetic manipulation (9).

Type | RM systems of staphylococci are best understood in S. aureus. The distribution
of hsdS alleles corresponds to clonal complex (CC) for the 10 dominant S. aureus
lineages (10). Far less is known about the type | RM systems in S. epidermidis. A recent
study suggested that S. epidermidis type | RM systems adhered to lineage-specific
groupings like S. aureus. However, this inference was based on analysis of only four new
S. epidermidis methylomes (11) plus the one methylome that had already been char-
acterized; namely, the ST2 reference genome of strain BPH0662 (12).

Here, we present the first systematic genomic analyses of the type | RM systems
in S. aureus and S. epidermidis and demonstrate how these data can be used to
predict functionality of type | RM systems and associated competence of strains. We
show that PAM is a highly efficient method to enable genetic manipulation of S.
epidermidis, particularly hospital-adapted isolates that possess multiple functional
type | RM systems.

RESULTS AND DISCUSSION

S. aureus type | RM systems are lineage specific. We began this study by testing
the notion that S. aureus type | RM systems are lineage specific. We compared 128
publicly available finished S. aureus genome sequences (see Table S1A in the supple-
mental material) and confirmed that the chromosomal location and structure of type |
RM systems in S. aureus are highly conserved. A total of 110 genomes had a single hsdR
gene and two copies of hsdMS with the first in forward orientation located in the alpha
pathogenicity island and the second in the opposite orientation and located within the
beta pathogenicity island (10, 13) (Fig. 1A). The remaining 18 strains possessed hsdR
and a single copy of forward oriented hsdMS in the alpha pathogenicity island. Five of
the 128 strains possessed a third type | RM system at a nonmobile chromosomal
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FIG 1 Comparison of the structures and chromosomal locations of S. aureus and S. epidermidis type | restriction-modification systems. (A) S. aureus
Newman_UoM (29, 32). (B) S. epidermidis BPH0736. For consistency, the chromosome is orientated forwards starting at the start codon of dnaA, and native type

| RM systems are sequentially numbered.

location downstream of lacA. Twenty-three strains carried an additional type | RM
system on a mobile genetic element, 22 were on staphylococcal cassette chromosome
(SCC) elements (Fig. 2; see also Fig. S1 in the supplemental material), and 1 carried a
type | RM system on a plasmid (strain HUV05). Single variants of both HsdR (NCBI
protein accession no. WP_000331347.1; n = 127) and HsdM (WP_000028628.1; n = 222)
were demonstrated for the type | RM systems situated in nonmobile chromosomal
locations, indicating stable vertical inheritance. Interruptions in hsdR and hsdMS due to
horizontal gene transfer were rarely seen in S. aureus. A solitary example of hsdS
truncation due to insertion of a bacteriophage was noted in strain Sa17_S6. Most
changes were due to single nucleotide polymorphisms (SNPs) leading to amino acid
substitutions (n = 35) or nonsense mutations (n = 31) in hsdS (Fig. 2). See Table 1 for a
comparison of S. aureus and S. epidermidis type | RM systems.

We next established a high-resolution phylogeny using 144,727 core genome SNPs
for the 128 S. aureus genomes covering 40 STs (Fig. 2). Occurrences of hsdMS genes
were mapped across the phylogeny for each genome. A total of 48 HsdS subunits were
identified with associated TRMs (Table 2; see also Table S2A [https://melbourne.figshare
.com/articles/Sa_HsdS_48_fasta/7986956]). Although the same hsdMS genes were pres-
ent in genetically distinct lineages, the combinations of hsdMS genes were conserved
within each lineage (Fig. 2). For example, the same two HsdMS products were present
in ST250 and ST254, which are single-locus variants of ST8. A notable exception to the
lineage specificity was represented by the type | RM systems carried on SCC elements
(Fig. S1B), which may have been acquired from coagulase-negative staphylococci
(CoNS). Complete S. epidermidis BPH0736 hsdMSR genes (nondisrupted, identical se-
quences) were observed in four S. aureus strains from three different STs (ST5, ST59, and
ST338), suggesting gene transfer between the species (Fig. S1).

S. epidermidis type | RM systems are carried on mobile genetic elements. Seven
complete S. epidermidis reference genomes were publicly available at the beginning of
this study (Table S1). Of these, only BPH0662 (12) and RP62a had characterized type |
RM system motifs. However, the RP62a methylome was determined independently (11)
of the finished genome (14). The methylomes of S. epidermidis isolates 1457 (15) and
14.1.R1 (16) confirmed that, consistent with the absence of hsdM genes, neither
possessed a functional type | RM system. To improve understanding of the type | RM
systems in S. epidermidis, we conducted PacBio SMRT sequencing and established
complete genomes and adenine methylomes for six additional S. epidermidis strains
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TABLE 1 Comparison of S. aureus and S. epidermidis type | restriction-modification systems

Staphylococcus aureus type | RM system characteristics

Staphylococcus epidermidis type | RM system characteristics

RM system organized as a single hsdR gene separated from one,
two, or three distant hsdMS gene pairs
Conserved, stable chromosomal location for each gene

Most strains have two type | RM systems

All strains have at least one type | RM system

Up to three functional type | RM systems per isolate

99.7% amino acid pairwise identity for all native HsdRs

99.3% amino acid pairwise identity for all native HsdMs

At least 48 different variants of HsdS (8 likely imported from
coagulase-negative staphylococci)

Relative conservation of HsdS present within ST groups

Conservation of HsdM provides redundancy, enabling interaction
with multiple different HsdS

RM system organized as complete three-gene operon (hsdRMS or
hsdMSR)

Close proximity to ccr genes integrated at orfX, located in a
highly plastic region of the genome

Most strains have a single type | RM system

Many (38.1%) strains have no type | RM system

Up to three functional type | RM systems per isolate

At least five identified variants of HsdR

At least six identified variants of HsdM

At least 31 different variants of HsdS

No clear conservation of HsdS according to ST group
Each HsdS is capable of interacting only with the corresponding
paired HsdM; therefore, not all orphan hsdS genes are functional

Complete three-gene hsdRMS/MSR type | systems carried on SCC
elements do not adhere to lineage specificity and are likely
imported from coagulase-negative staphylococci

from ST2, ST5, ST59, and ST358 and we resequenced RP62a (ST10) (See Table S3 for
metadata).

The typical chromosomal arrangement of the type | RM system in S. epidermidis is
shown for BPH0736 (ST2) (Fig. 1B). Unlike S. aureus (Fig. 1A), type | RM systems in S.
epidermidis are arranged as a complete three-gene operon in either an hsdRMS or
hsdMSR organization, unless interrupted (Fig. S1). Analyses of the 11 closed S. epider-
midis genomes containing type | RM systems demonstrated their co-occurrence with
cassette chromosome recombinase (ccr) genes (with or without the presence of mecA).
The 16 type | RM systems present within these 11 genomes were located a mean
distance of 11.5 kb (minimum, 2.3 kb; maximum, 51.0 kb) from the nearest ccr (Fig. S1A).
Similarly, in the 22 S. aureus genomes with a SCC-associated type | RM system, the mean
distance between hsdRMS/and hsdMSR and the nearest ccr was 6.9 kb (minimum, 1.6 kb;
maximum, 20.9 kb) (Fig. S1B).

Cassette chromosome recombinases typically integrate at orfX (corresponding to
the last 15 nucleotides of the rRNA large subunit methyltransferase [17]), which is
located at 31.6 kb in the S. epidermidis chromosome (33.3 kb in S. aureus). This repre-
sents the start of a highly plastic region of the chromosome, in which multiple
antibiotic resistance genes and genes corresponding to drug transporters and insertion
sequence (IS) elements have accumulated (12) (Fig. S1). All 11 S. epidermidis and 22 S.
aureus genomes with ccr-associated type | RM systems were integrated at orfX (Fig. S1).
For type | RM system variants present in multiple isolates, conservation of genes
surrounding the system and ccr was observed, consistent with the mobilization of an
entire element (Fig. S1). Preserved cassette structure between isolates and in both
species (Fig. S1B) led us to hypothesize that the movement of type | RM systems in S.
epidermidis is mediated by ccr, enabling mobilization on SCC elements between strains
and to other staphylococcal species. Localization in this region of the genome also
predisposes S. epidermidis type | RM systems to disruption, potentially rendering
variants restriction deficient. This was seen with interruption of hsdR by IS elements in
BPHO0736 (Fig. 1B).

S. epidermidis type | RM systems are not strictly conserved within lineages. To
expand the S. epidermidis data set, we added short-read data from 234 publicly

FIG 2 Legend (Continued)

of in silico multilocus sequence type (MLST), clonal cluster (CC), Bayesian analysis of population structure (BAPS), presence of CRISPR-Cas systems,
and type | restriction-modification system HsdS variants. Bold red font indicates isolates with PacBio-characterized methylomes. Bold blue font
indicates isolates with methylomes determined by DNA cleavage with purified enzyme. Boxes around strain names are colored according ST type.
Open circles represent amino acid substitutions present in HsdS. An asterisk (*) indicates a truncated HsdS subunit. The scale bar indicates the
number of nucleotide substitutions per site (bold) with an approximation of SNP rate (in parentheses).
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TABLE 2 Diversity of S. aureus type | restriction-modification system methylation profiles?

Representative Motif Ne MLST HsdS NCBI

HsdS isolates Protein Accession
1. ® Newman_UoM_MS1 AGG(N),GAT 60  CC5[5 (225, 105)], CC8 [239, 8 (250, 254, 923)] WP_000072584.1
2. ® Newman_UoM_MS2 CCAY(N),TGT 42 151, 1, CC8 [8 (250, 254, 923)] WP_000072576.1
3. ® MW2_Ms1 CCAY(N),TTAA 3 1 WP_000072566.1
4. N315_MS2 CCAY(N),GTA 30 CC5 [5 (225, 105), 228] WP_000072627.1
5. ® FDAARGOS_159_MS1 CCAY(N),GAT 10 CC5[5, 228], 25 WP_000072629.1
6. ® NCTC13435_MS3 TCTA(N),RTTC 4 25,72 WP_000072557.1
7. ® NCTC13435_MS2 GAC(N),TTYG 3 72 WP_000072638.1
8. ® DAR4145_MS1 CTA(N),TAG 6 772,72 WP_000072592.1
9. ® DAR4145_MS2 GAAG(N),TTRG 4 772,27 WP_000072555.1
10. ® ST20130938_MS1 predict ?-RTGA 3 582, 15 WP_000066763.1
11. ® ST20130938_MS2 predict GGHA-?-TTYG 3 582, 15 WP_000072556.1
12. ® CN1_MS1 GARA(N),RTGT 5 7, unclassified, 72 WP_000072573.1
13. CN1_MS2 GGA(N),TGC 5 50, unclassified, 72 WP_000072558.1
14. ® AUS0325_MS2 GAG(N),TCG 2 1093, 88 WP_069992008.1
15. ® HO 5096 0412_MS1 AGG(N),TGAR 3 22 WP_000072565.1
16. HO 5096 0412_MS2, . not functional 3 22 WP_000323907.1
17. ® MRSA252_MS1 GWAG(N),GAT 8 unclassified, 30 (36, 243), 433 WP_000072632.1
18. ® MRSA252_MS2 GGA(N),TCG 10 unclassified, 30 (36, 243), 433 WP_000072622.1
19. ® BB155_MS1 predict AGG-? 2 152 WP_054190421.1
20. ® Tager 104_MS2 predict ?-RTTC 3 152, 50, 49 WP_000072571.1
21. ® S0385(ST398_MS1) ACC(N),RTGA 8 398 WP_000072568.1
22. CA-347_Ms1 GWAG(N),TAAA 2 45 WP_000072579.1
23. @ XQ_MS1 GGA(N),CCT 2 121 WP_058008355.1
24. ® XQ_MS2 GAC(N),TAYG 2 121 WP_058008121.1
25. @ SA40_S GGA(N),RTGT 6 59 (338) WP_000072559.1
26. ®@ JKD6159_MS1 CAG(N),TTC 1 93 WP_000072616.1
27. ®@ JKD6159_MS2 GGHA(N),TCG 1 93 WP_000072554.1
28. ® RF122_MsS1 unknown 1 151 WP_000072567.1
29. © RF122_MS2, not functional 1 151 WP_070007671.12
30. ® ED133_MSs1 CAG(N),RTGA 1 133 WP_000072617.1
31. ® ED133_MS2 GGA(N),TTRG 1 133 WP_000072562.1
32. LGA251_MS1 GWAG(N),RTGA 1 425 WP_000072635.1
33. LGA251_MS2, not functional 1 425 WP_044122248.1°
34. @ Tager 104_S1 predict GGA-?-RTGA 1 49 WP_000072560.1
35. JS395_MS1 predict CAG-? 1 1093 WP_000072352.1¢
36. ® FDA209P_MS1 CCAY(N),RTC 1 464 WP_000072586.1
37. ® FDA209P_MS2 predict CCAY-?-TTYG 1 464 WP_047210362.1
38. ® RKI4_MS1 TCTA(N),TTAA 1 27 WP_000072580.1
39. @ 08-02300_MS2 predict ?-RTTC 1 7 WP_000072588.1
40. AUS0325_MS1 ACC(N),RTGT 1 88 WP_000072613.1
Imported systems
41. @ JKD6159_MS3R GAAG(N),TAC 7 93, 425, 1093, 22, 464 WP_000394004.1
42. @ BPH0736_MS3R GAT(N),CTTA 4 59 (338), 5 WP_000456234.1
43. @ 12228 R, S3 GAA(N),CTTA 3 58 WP_001631029.1
44. DAR4145_MS3R TTAC(N),TAC 3 772 WP_000394606.1
45. ® CA-347_MS2 unknown 2 45 WP_000809140.1
46. ® RIVM3897_MS2R unknown 1 398 WP_060585130.1
47. ® MSSA476_MS3R unknown 2 1 WP_000085808.1
48. @ HUV05_RMS3* unknown 1 8 WP_048520805.1

“Truncation at amino acid 203.
bTruncation at amino acid 249.
<Truncation at amino acid 8. Full amino acid translations of all 48 HsdS variants are accessible at Figshare (https://melbourne.figshare.com/
articles/Sa_HsdS_48_fasta/7986956).
disolate HsdS motifs were collated from publications by Monk et al. (9) and Cooper et al. (18) and from the REBASE database (33). HsdS names
in bold black font have motifs determined by PacBio sequencing of the isolate after which the representative HsdS was named. HsdS names
in bold blue font have motifs determined by DNA cleavage with purified restriction enzyme. The multilocus sequence types (MLSTs) in which

each HsdS was found are listed according to the order in which they appear in the Fig. 2 phylogeny (top to bottom). STs within the same
clonal complex (CC) are listed within square brackets; STs within parentheses represent single-locus variants of the ST group they are listed
after. trunc, truncated; A (red), methylated adenine residue; T, complementary partner to methylated adenine residue. *, HUVO5_RMS3 is

carried on a plasmid, not integrated in the chromosome.

available S. epidermidis genomes to the 13 finished genomes (Table S1). In contrast to
the S. aureus data, variability was noted in both the HsdR and HsdM subunits for S.
epidermidis. Across the 247 genomes, 183 intact HsdR genes were identified, including
five major HsdR variants (<90% amino acid pairwise identity threshold) (Table S2
[https://melbourne.figshare.com/articles/Se_HsdR_5_fasta/7986893]). The two variants
of HsdR in strain BPH0662 shared only 22% amino acid identity. Similarly, 178 complete
HsdM genes were identified with six major variants (Table 3; see also Table S2)
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TABLE 3 Diversity of S. epidermidis type | restriction modification methylation profiles?

Representative Motif Ne isolates MLST HsdS NCBI Interacting HsdM
HsdS Protein Accession
1. @ 12228-S* GAA(N),CTTA 64 22,5,6,8,59, 22,2 (185) WP_001631029.1 BPH0662-M1
2. @ BPH0662-S2 CAG(N) ATC 52 23,35,2 WP_002504701.1 BPHO0662-M2
3. ® BPH0662-S1 ATT(N),CTC 43 2 WP_002504637.1 BPH0662-M1
4. ® BPHO0736-S TAAG(N) ATC 18 210,16, 2 WP_000456234.1 BPH0662-M2
5. BPH0723-S GAAY(N),TGC 13 32, 46, 83, 5, 210, 21 WP_002469391.1 BPH0662-M2
6. ® RP62a-S GAG(N),TAC 9 230, 71, 23, 10, 40 WP_002489618.1 BPH0662-M1
7. ® BPH0697-S ACA(N),GTG 4 89, 4,22 WP_002505893.1 BPH0697-M1
8. ® BPH0711-S GGA(N),TAG 2 59 WP_002437522.1 BPH0662-M2
9. ® BPH0704-S CYYA(N),CGT 1 358 WP_061544233.1 BPH0662-M1
10. ® BPHO0747-S CNAC(N),RTTA 1 2 WP_100481761.1 BPH0662-M2
11. UCLA-14-S unknown 7 186, 2 WP_002504281.1 BPH0662-M2
12. © 14578 non-functional 4 86 WP_079118799.1°¢ unknown
13. W 972_SEPI-S unknown 4 5,6, 20 WP_049387567.1 BPH0662-M2
14. W 288_GRE41-S unknown 3 83 WP_049366366.1 BPH0662-M2
15. W 300_ITL34-S unknown 3 66, 57 WP_021298801.1¢ BPH0662-M1
16. B 308_MEX35-S_, non-functional 2 328, 559 WP_080035763.1 unknown
17. @ 332_1340N-S1, non-functional 2 402 novel BPH0662-M2
18. [0 332_1340N-S2 unknown 2 402 novel 332_1340N-M
19. © BPHO0710-S,, non-functional 2 2 WP_064584491.1¢ BPHO0710-M
20. @ 141.R1-S° unknown 1 unclassified WP_102841642.1 unknown
21. W 248_DEN19-S unknown 1 1 novel BPH0662-M1
22. 271_ICE87-S unknown 1 40 novel BPH0662-M1
23. W 290 _TAW113-S unknown 1 85 novel BPH0662-M1
24. O 298_JAP60-S1 unknown 1 33 novel unknown
25. [0 298_JAP60-S2 unknown 1 33 novel 298_JAP60-M
26. W 307_HFA173B-S unknown 1 37 novel BPH0662-M2
27. ® 313_93N-S1 unknown 1 329 WP_104992793.1 BPH0662-M1
28. * 313_93N-S2 non-functional 1 329 novel unknown
29. W 315_148N-S unknown 1 390 WP_107639500.1° BPH0662-M2
30. 327_790N-S predict ?-ATC 1 406 WP_080352270.1 BPH0662-M2
31. H 328_803NLR2-S unknown 1 595 WP_002490392.1 BPH0662-M1

9The ATCC 12228 type | RM system is nonfunctional, with a truncated hsdR gene, a complete hsdS gene, and no hsdM gene. All 64 isolates
possessed the same incomplete type | RM system. The motif was identified based on the methylome determined for NIH4008 due to the
presence of an HsdM protein capable of interacting with 12228 HsdS.

514.1.R1 type | RM system is nonfunctional, with truncated hsdR, complete hsdS, and no hsdM.
“L1M substitution.

dFirst 81 amino acids truncated.

€5295P substitution.

fEleven amino acid substitutions (K26E, 156V, E59K, E171K, K174R, K175T, E178A, 1193V, D201N, Y386F, and V434l). Amino acid translations of all
31 HsdS variants (https://melbourne.figshare.com/articles/Se_HsdS_31_fasta/7986911) and their interacting HsdMs (https://melbourne.figshare

.com/articles/Se_HsdM_6_fasta/7986827) are accessible through Figshare.

dlsolate HsdS motifs were collated from methylomes newly characterized in this study and from publications by Lee et al. (12) and Costa et al.

(11). HsdS names in bold black font have motifs determined by PacBio sequencing of the isolate after which the representative HsdS was

named. The multilocus sequence types (MLSTs) in which each HsdS was found are listed according to the order in which they appear in the
Fig. 3 phylogeny (clockwise). ST185 is a single-locus variant of ST2. trunc, truncated; A (red), methylated adenine residue; T, complementary

partner to methylated adenine residue.

(https://melbourne.figshare.com/articles/Se_HsdM_6_fasta/7986827). The amino acid
sequences of these six variants were markedly divergent. The two variants of HsdM
present in BPH0662 shared only 31% amino acid identity.

A maximum likelihood phylogeny for the 247 S. epidermidis genomes, derived
from 83,210 core SNPs and sampled from 72 STs, was established, and the 31
different S. epidermidis HsdS subunits identified were overlaid (Fig. 3). Where
known, their associated TRMs are shown in Table 3 with NCBI protein accession
numbers (see also Table S2). Amino acid sequences of all 31 HsdS are available from
Figshare (https://melbourne.figshare.com/articles/Se_HsdS_31_fasta/7986911). The
distribution of S. epidermidis HsdS proteins within the population differed markedly
from that observed within S. aureus, with no strict concordance to lineage specificity.
For example, HsdS from BPH0723 (BPH0723-S; Table 3) was present in 13 isolates from
five STs (ST5, ST21, ST46, ST210, and one unclassified ST), while BPH0662-S2 was
identified in 52 isolates from three STs (ST2, ST23, and ST35). Although a high propor-
tion of ST2 isolates shared the same predicted methylome (Fig. 3), the majority of these
were known to be clones of internationally disseminated, multidrug-resistant strain
BPH0662 (5). However, even within this highly clonal group (n = 36), some predicted
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FIG 3 S. epidermidis type | restriction-modification systems are not conserved within lineages. The figure shows a maximum likelihood, core SNP-based
phylogeny for 247 S. epidermidis genomes, including 7 newly closed reference genomes, 6 existing reference genomes, 156 genomes curated from the NCBI
sequence read archive (SRA), 75 isolates from a study by Lee et al. (5); and the 3 draft genomes with methylation data (11). BPH0736 was used as the reference
genome for analyses. Overlaid are the results of in silico multilocus sequence type (MLST), Bayesian analysis of population structure (BAPS), presence of
CRISPR-Cas systems, and type | restriction-modification system HsdS variants. Bold red font indicates isolates with characterized methylomes. Isolates were from
70 recognized and two unclassified MLST groups. Boxes around strain names are colored according ST type; where background color is same as that of the
BAPS group, the result indicates an ST represented by a single isolate. An asterisk (*) represents a truncated HsdS subunit. The scale bar indicates the number
of nucleotide substitutions per site (bold) with an approximation of SNP rate (in parentheses).
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methylation variation existed. For example, BPH0662-5S2 was absent from two isolates,
six isolates (including BPH0662) had a truncation in the 12228-S orphan system, and
two isolates were missing the 12228-S orphan system completely. Furthermore, within
ST2, seven different variants of HsdS were identified in 11 arrangements, including the
absence of any type | RM system (Fig. 3). Of the 247 S. epidermidis genomes analyzed,
38% did not contain any hsdS alleles and were predicted to be restriction deficient.

Methylation analysis performed using our Pacbio-sequenced, lllumina read-
corrected RP62a_UoM genome as a reference indicated the presence of a single
type | RM system with a GAGN,TAC TRM (Table 3). Although this motif was
consistent with that previously reported by Costa et al. (11), the three additional
motifs previously described (lacking apparent associated genes) were not detected
by our methylome analysis; the low complexity of the motifs (e.g., GGBNNH) and the
low frequency of detected methylation (12% to 29%) (11) suggest that these might
have represented artifacts rather than true motifs. Similarly, the three additional
low-complexity and low-frequency motifs reported for VCU036 (11) probably rep-
resented artifacts. Although the ST type was not specified, VCU036, which shared
the same methylome with ST89 isolate NIH051475, was reported as CC89 by Costa
et al, leading to the conclusion that S. epidermidis type | RM systems follow S.
aureus-like lineage specificity (11). We performed in silico MLST by two independent
methods and determined that VCU036 belongs to ST4. Furthermore, our analysis of
the 247 S. epidermidis genomes demonstrated VCU036 to be phylogenetically
distinct from ST89 (Fig. 3).

Overall, our analyses demonstrated that, in contrast to current assumptions (11), the
type | RM systems of S. epidermidis do not adhere to the lineage-specific distribution
observed in S. aureus. These differences are attributable to the arrangement of S.
epidermidis type | RM systems as complete three-gene operons that reside within a
highly mobile region of the chromosome, the movement of which we hypothesize to
be mediated by ccr.

Recombinant target recognition domains generate HsdS variants with low
conservation of amino acid identity. The structure of a typical type | RM system
HsdS allele is shown in Fig. S2A and is composed of two highly variable target
recognition domains (TRDs) flanked and separated by conserved regions (CRs) that
collectively determine the methylation of the TRM by HsdM. Recombinant pairings
of TRDs result in different variants of HsdS (13, 18). Alignments of the range of S.
aureus and S. epidermidis HsdS proteins identified in this study are shown in Fig. S2B
and S3, respectively. Within our S. aureus and S. epidermidis collections, 77 variants
of HsdS that shared only 24% pairwise identity were identified. This low level of
conservation poses a potential challenge to the high-throughput bioinformatic
screening for HsdS variants within genomic data sets. However, using HsdS from
ATCC 12228 as the reference translation with our described method, we were able
to detect the partial if not complete presence of all HsdS variants in both species.
Of note, 12228-S was the only HsdS variant found within both species that clustered
with the majority of S. aureus variants. In comparison, RP62a-S captured only 18 of
the 31 S. epidermidis HsdS variants and fragments of fewer than half of the S. aureus
HsdS variants.

S. epidermidis HsdS variants interact only as part of a specific complex. The
arrangement of some S. epidermidis type | RM systems, with the presence of a
truncated hsdS gene between complete hsdR and hsdMS genes, suggested the
occurrence of recombination of component genes (e.g., S. epidermidis BPH0662|
[SepiBPH0662l1], SepiRP62al, and SepiBPHO0704l; Fig. S1). Analyses of the 247 ge-
nomes indicated that each variant of hsdS in S. epidermidis was always associated
with a specific hsdR gene and hsdM gene, with a gene arrangement that was
conserved (unless interrupted), frequently with the same surrounding genes found
in association with ccr (Fig. S1A). These observations support our hypothesis of a
role for SCC elements in the mobilization of S. epidermidis type | RM systems.
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The presence of an orphan hsdS gene without a partner hsdM gene in S.
epidermidis introduces additional complexity to the prediction of type | RM system
functionality. This was demonstrated by the presence of 12228-S, the most preva-
lent HsdS within the data set, in 64 S. epidermidis isolates (Table 3) (Fig. 3) and three
S. aureus isolates (Table 2 and Fig. 2). All examples of this hsdS variant followed a
truncated hsdR gene, without an hsdM gene. We determined that 12228-S was
expressed only when the corresponding specific interacting variant of hsdM
(BPH0662-M1; WP_002504638.1) was also present (see Table S4 for full explanation).
In contrast, conservation of a single variant of hsdM present twice within the same S.
aureus genome provides redundancy for the expression of type | RM methylation. This
is consistent with previous findings where the product of a single copy of the con-
served S. aureus hsdM allele could functionally interact with both CC8 HsdS products
when heterologously expressed in E. coli (9).

Plasmid artificial modification to overcome the type | RM systems in S. epider-
midis provides electroporation efficiency equivalent to deletion of functional type
I systems. To determine the restriction barrier posed by type | RM systems in S.
epidermidis and assess the efficiency of PAM as a means of bypassing restriction
barriers (Fig. 4), AhsdS mutants and E. coli hosts for PAM were constructed for S.
epidermidis isolates BPH0662, RP62a, and BPH0736. Two different plasmids (pRAB11
[19] and pIMAY [8]) were used in electroporation experiments, as each carried a
different number of TRMs recognized by the type | RM systems present in each
isolate (Fig. 4D). A clinical ST2 isolate, BPH0662-WT (BPH0662 wild type), was found
to have an intractable restriction barrier unless both functional type | RM systems
were overcome by complete bypass with PAM in an E. coli host (Ec_Se662I-11) or by
deletion of both complete hsdS genes (BPH0662 AhsdSI AhsdSll) or by a combina-
tion of the two approaches (plasmid from Ec_Se662l transferred into BPH0662
AhsdSll or plasmid from Ec_Se662ll transferred into BPH0662 AhsdSl) (Fig. 4A).

Using our protocol, the type | restriction barrier in RP62a-WT was found to be
incomplete. Low numbers of transformants (10" CFU/ml) were obtained with
plasmid DNA isolated from DC10B, indicating that bypassing the type IV restriction
barrier alone was sufficient to allow genetic manipulation of this strain (Fig. 4B) as
previously demonstrated (8). Complete bypass of the single type | RM system in this
isolate with E. coli host Ec_SeRP62al significantly improved electroporation effi-
ciency to 10* CFU/ml, which was equivalent to the complete absence of a functional
type | RM system as determined with the RP62a AhsdS mutant (Fig. 4B). In contrast,
when expressing the RP62a hsdMS genes from a plasmid in DC10B, Costa et al. were
unable to completely bypass the type | RM barrier. This discrepancy was attributed
to the presence of additional RM systems with low-frequency methylation (11).
However, our results showed that only one type | RM system is present in RP62a,
suggesting that the heterologous expression of type | RM systems on a plasmid in
DC10B rather than from a single copy of the genes integrated into the chromosome
may be suboptimal. Previously, we found that plasmid-based expression of hsdMS
was unstable and that cells were unable to tolerate the high level of expression
required for complete methylation of the target DNA (9).

Clustered regularly interspaced short palindromic repeat (CRISPR) loci confer
sequence-directed immunity against phages and other foreign DNA and represent
another recognized barrier to horizontal gene transfer in S. epidermidis (20). Our
analysis of the CRISPR spacers for RP62a (Table S3D) did not demonstrate the
presence of any targets on pSK236 (5.6 kb) as used by Costa et al. or on pRAB11
(6.4 kb) or on pIMAY (5.7 kb) as used in this study that would account for the fact
that their electroporation efficiency (102 CFU/ml per 5 ug plasmid DNA) (11) was
lower than that determined by our protocol (104 CFU/ml per 5 pug plasmid DNA for
both pRAB11 and pIMAY).

Isolate BPH0736-WT was predicted to be naturally restriction deficient due to the
interruption of hsdR by IS elements (Fig. 1B), but PacBio sequencing demonstrated
that it retained functional methylation conferred by an intact hsdMS system. Due to
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FIG 4 Plasmid artificial modification to overcome the type | RM systems in S. epidermidis. Biological triplicate data were determined for
5 ug of plasmid passaged through DC10B E. coli compared to the relevant E. coli PAM construct and transformed into S. epidermidis
wild-type (WT) and AhsdS mutant strains. Error bars represent means =+ standard deviations of results from three independent
experiments. *, no transformants. (A) Electroporation of BPH0622-WT, BPH0662 AhsdS1, BPH0662 AhsdS2, and BPH0662 AhsdS1 AhsdS2
with plasmid pIMAY (left) or pRAB11 (right) isolated from DC10B and strain-specific E. coli Ec_Se662| (expressing BPH0662hsdMST),
Ec_Se662Il (expressing BPH0662hsdMS2), and Ec_Se662I-l (expressing both BPH0662hsdMS1 and BPH0662hsdMS2). (B) Electroporation of
RP62a-WT and RP62a AhsdS with plasmid pIMAY (left) or pRAB11 (right) isolated from DC10B and strain-specific E. coli Ec_SeRP62al
(expressing RP62ahsdMS). (C) Electroporation of BPH0736-WT and BPH0736 AhsdS with plasmid pIMAY A736hsdS isolated from DC10B and
strain-specific E. coli Ec_Se736l (expressing BPH0736hsdMS). Note that pIMAY A736hsdS was used because neither pIMAY nor pRAB11
possessed any TRMs. (D) Number of S. epidermidis strain-specific HsdS TRMs present on each plasmid.

the complex and infrequently occurring TRM dictated by the single hsdS (Table 3),
neither pIMAY nor pRAB11 had any BPH0736-S TRMs present. Therefore, pIMAY
bearing the A736hsdS insertion (pIMAY A736hsdS) was used as this contained three
TRMs (Fig. 4D). BPH0736-WT was functionally confirmed to be restriction deficient,
with the same electroporation efficiency (10* CFU/ml) demonstrated for both
BPH0736-WT and BPH0736 AhsdS using plasmid isolated from nonspecific E. coli
host DC10B and PAM-tailored mutant Ec_Se736l (Fig. 4C). Further supporting our
bioinformatic predictions, like BPH0736, ATCC 12228 (truncated hsdR and no hsdM;
ST8), 1457 (truncated HsdS containing only one TRD, a truncated hsdR, and no
hsdM; ST86), and BPHO710 (truncation at amino acid 81 of HsdS; ST2) were all
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predicted to have no functional restriction barrier. Similarly to BPH0736, these three
strains were transformable at levels on the order of 104 CFU/ml with plasmid
isolated from DC10B, suggesting that this was the maximum electroporation effi-
ciency expected for our protocol. A clinical ST2 strain, BPH0676, was also predicted
to have no restriction barrier and the complete absence of a type | RM system;
however, similarly to BPH0662, the maximum electroporation efficiency achieved
was only 103 CFU/ml, suggesting that inherent strain-dependent factors other than
type | RM systems, e.g., cell wall thickness (21), impacted the electroporation of
these isolates.

Although the data presented above demonstrate that PAM is an efficient
method to overcome the type | restriction barrier of S. epidermidis, we observed
potential instability with the integration of multiple S. epidermidis hsdMS genes of
particular TRMs in a DC10B E. coli background. With serial passage of Ec_Se662I-Il,
the electroporation efficiency of plasmid isolated from this E. coli host into BPH0662
declined from 103 to 10" CFU/ml despite all other experimental parameters remain-
ing the same. This was not observed for any of the E. coli PAM mutants expressing
a single hsdMS gene, including Ec_Se662| and Ec_Se662Il, which maintained high-
level methylation (89.65% to 99.90%) of motifs within the genome (12) (Table S3).
Illumina sequencing of the Ec_Se662I-Il genome confirmed integration of both
hsdMS genes at the expected chromosomal sites but loss of approximately half of
the coding sequence of both hsdS genes for the majority of the population
sequenced. This instability was hypothesized to be due to the burden of excessive
DNA methylation (10,930 sites of heterologous expression of two BPH0662 S.
epidermidis type | RM systems in addition to 38,592 sites of endogenous E. coli dam
methylation) that may interfere with normal cellular function, rendering expression
toxic in E. coli. The same likely accounts for the poor electroporation efficiency seen
in experiments using PAM for NIH4008 (100-fold lower than that observed for
isolates with only a single type | RM system) as reported previously by Costa et al.
(11). NIH4008 possesses the same type | RM systems as BPH0662, without the
truncation of the orphan hsdS gene (Fig. 3). Furthermore, although stable chromo-
somal integration of three S. aureus hsdMS systems in E. coli DC10B (IM93B) was
described previously by Monk et al., decreased efficiency of methylation was
observed, with only 10,135 of a total of 14,602 TRM sites demonstrating detectable
methylation (9).

Collectively, our current and previous (9, 12) data suggest that DC10B E. coli is
unlikely to consistently maintain heterologous expression of staphylococcal type | RM
systems in the setting of high-frequency methylation (>10,000 sites). This limitation
should not impact plasmid electroporation for mutant creation by allelic exchange,
which theoretically requires only a single transformant. However, should high-efficiency
electroporation be sought (e.g., for direct transposon mutant library selection), then
suitable strains can be predicted using genomic data to identify restriction-deficient
isolates, such as our newly described reference isolate BPH0736, representing a clini-
cally significant ST2 isolate. Clinical metadata, genome characteristics, CRISPR spacers
(when present), in silico resistome, an Vitek 2 antibiogram representing clinically
relevant antibiotics, and common plasmid selection markers for the seven new refer-
ence isolates and BPH0662 are shown in Table S3. Metadata and sequencing accession
numbers for mutant isolates are listed in Table S5.

Phage transduction of plasmid is subject to type I restriction. Phage transduc-
tion is an alternative method for the genetic manipulation of S. epidermidis. In partic-
ular, S. aureus ST395 lineage-specific #187 shares wall teichoic acid (WTA) receptors
with S. epidermidis (22, 23). Depending on the incidental packaging of plasmid intro-
duced into a restriction-deficient intermediary host, S. aureus PS187 AhsdR AsauPSl,
with ®187 phage machinery (24), the method can be used to transduce a number of
CoNS strains but is not universally applicable to all S. epidermidis isolates (23). The
observed ability of ST395 S. aureus to exchange DNA with some CoNS strains led
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FIG 5 S. epidermidis phage transduction is subject to type | restriction. Biological triplicate data were
determined for phage transduction of ®187-pRAB11 lysate transduced into S. epidermidis wild-type (WT)
and AhsdS mutant strains. Error bars represent means = standard deviations of results from three
independent experiments. *, no transductants.

Winstel et al. to conclude that overlap of the DNA methylation of ST395 S. aureus and
that of CoNS strains that share the same WTA receptors may exist (22, 23). Results of
phage ®187 transduction experiments performed using our WT isolates and AhsdS
mutants for BPH0662, RP62a, and BPH0736 representing the transfer of pRAB11 are
shown in Fig. 5. These experiments demonstrated that even if successfully transduced
into a S. epidermidis isolate, plasmids are still subject to degradation by type | RM
systems if they bear a recognized TRM. However, in BPH0736 (absent type | restriction)
or in mutant strains in which systems have been rendered inactive, transduced plasmid
remains viable. The methylome for ST395 S. aureus has not been characterized; how-
ever, the draft genome sequence for PS187 (GCA_000452885.1) indicates that the two
type | RM systems in this isolate are identical to those in S. aureus isolate JS395 (ST1093,
belonging to CC395 [25]). We predicted the methylome of the isolate to include
GAGN{TCG (same as AUS0325-MS2) and another unknown TRM (Fig. 2) (Table 2). The
results of our experiments and analyses of the diversity of S. epidermidis type | RM
systems suggest that successful phage transduction of some S. epidermidis isolates with
®187 is more likely related to the absence of a functional system than to the presence
of a methylome shared with ST395 S. aureus. This is further supported by data from
experiments performed by Winstel et al. (23) in which ©187 was found to be able to
transduce pTX15 (26) only into RP62a and not into pKOR1 (27). On the basis of our
characterized RP62a TRM, we determined that pTX15 possesses no RP62a motifs
whereas pRAB11 and pKOR1 each bear four motifs, explaining why neither plasmid is
transducible into RP62a-WT.

A temperature-sensitive plasmid, pIMAY, is frequently used for allelic exchange in
staphylococci due to the presence of inducible secY antisense counterselection and the
lower likelihood of unintended mutations (that occurs with pKOR1) as integrants are
selected at 37°C instead of 43°C (28). However, we found that ®187 was not capable of
transducing pIMAY into any of the tested strains, including the AhsdS mutants and
naturally restriction-deficient BPH0736. We hypothesized this was due to the low copy
number of pIMAY in staphylococci, resulting in low levels of incidental packaging of the
plasmid within ®187, compared to high-copy-number plasmid pRAB11. Other limita-
tions of #187 transduction include a recommendation to use plasmids of <10 kb (24);
however, that should not have impacted pIMAY (5.7 kb), which is smaller than pRAB11
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(6.4 kb). Although a simplified harvesting and infection protocol was used compared to
that described by Winstel et al. (24), we achieved an efficiency of 10* transductants per
ml with pRAB11, equivalent to their anticipated results of 10" to 10* (24), in restriction-
deficient S. epidermidis strain BPH0736. Of note, the levels of efficiency of both AhsdS
mutants, BPH0662 AhsdSI AhsdSll and RP62a AhsdS, were 2 logs lower than those
measured for BPHO736 (Fig. 5), further supporting the theory that strain-dependent
factors beyond the barriers posed by type | RM systems and WTA are present in these
backgrounds.

Conclusions. Our results demonstrate marked differences between the type | RM
systems in S. aureus and S. epidermidis, which had hitherto been assumed to share the
same characteristics (11). These differences are predominantly attributable to the
arrangement and genome location of the S. epidermidis type | system as a complete
three-gene operon, which we hypothesize to be mobilized by ccr. Localization of the
operon in a highly plastic region of the chromosome increases the likelihood of
horizontal transfer of these complete systems between S. epidermidis strains as well as to
other staphylococci. This results in a lack of lineage specificity and a higher probability
of spontaneous interruption of component genes. This is in contrast to S. aureus, where
the type | systems are typically arranged as one hsdR and two hsdMS genes located
apart from one another in stable regions of the chromosome. The evolutionary impact
of these differences in the type | RM systems of S. epidermidis and S. aureus are
unknown and warrant future research. The diversity of S. epidermidis type | RM systems
that do not strictly adhere to ST/CC groupings indicates that genetic manipulation of
S. epidermidis requires tailoring for each isolate of interest. Attempting electroporation
without genomic analysis of the methylome could be successful, as our analyses found
that 38% of S. epidermidis strains did not possess a type | RM system, and not all systems
pose an intractable barrier (e.g., RP62a). However, some isolates such as internationally
disseminated, almost pan-drug-resistant clone BPH0662 have complex and absolute
type | restriction barriers.

We have demonstrated that PAM using a DC10B E. coli host is a simple and effective
means to bypass the type | RM barrier in S. epidermidis, with plasmid transfer efficiency
equivalent to that seen in the complete absence of type | RM systems. The decreasing
cost and ready availability of whole-genome sequencing has made the sequencing of
isolates planned for mutagenesis and their mutant derivatives commonplace and a
practice that is recommended to ensure the absence of acquired secondary mutations
(29). If the genome sequence of an isolate is known, then its methylome and ability to
be transformed can be predicted as follows. (i) Does the isolate possess an intact type
| RM system? If not, type | methylation would not be expressed and the isolate should
be inherently transformable. (ii) Each complete type | RM system within a genome
should be functional. For an HsdS protein with known TRMs, the presence of the TRMs
on a vector would likely prevent electroporation. (iii) Orphaned, complete hsdS genes
may be expressed in the absence of an adjacent hsdM if the associated hsdM allele is
present elsewhere in the genome. In view of the guidelines presented above, when
designing an E. coli PAM host, to ensure complete recapitulation of the endogenous
type | methylome, we recommend including all complete hsdMS genes and any
complete orphan hsdS genes from the S. epidermidis strain to be manipulated.

The 247 genomes that we analyzed are by no means an exhaustive representation
of all S. epidermidis, and additional examples of type | RM systems will undoubtedly be
catalogued as further sequencing of this organism is performed. However, this genomic
sampling and our functional data were sufficient to draw the conclusions presented
above. In view of the identified complexities associated with the genetic manipulation
of S. epidermidis, the BPH0736 reference isolate should prove particularly useful. A
clinical ST2 isolate that is representative of international circulating clones (5), BPH0736
is naturally type | restriction deficient due to the spontaneous interruption of hsdR,
rendering it highly amenable to both electroporation and phage transduction and
making it an ideal strain for future molecular studies.
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MATERIALS AND METHODS

Media and reagents. Bacterial strains, plasmids, and oligonucleotides used in this study are listed in
Table S6 in the supplemental material. S. epidermidis were routinely cultured at 37°C in brain heart
infusion (BHI) broth (Difco). See Text S1 in the supplemental material for detailed descriptions of culture
media, antibiotics, and enzymes.

Genome sequencing and analysis. The genome sequencing and analysis procedures are described
in Text S1.

Electroporation. Early (8-h)-stationary-phase cultures of S. epidermidis grown in 10 ml of B media
(BM) were added to 90 ml of fresh, prewarmed BM. Cultures were reincubated to an optical density at
600 nm (ODg,,) of between 0.8 and 0.9 and chilled in an ice slurry for 10 min. Cells were harvested at
3,900 X g for 5 min at 4°C in a swinging bucket rotor, and the cell pellet was resuspended in 100 ml of
autoclaved, ice-cold water. Centrifugation was repeated, and the pellet was resuspended in 50 ml of
autoclaved ice-cold water. Cells were centrifuged and successively resuspended in 20 ml, 10 ml, and
250 ul of autoclaved ice-cold 10% (wt/vol) glycerol. Equal aliquots (50 ul) were frozen at —80°C. Prior to
electroporation, cells were thawed on ice for 5 min and then at room temperature for 5 min. Following
centrifugation at 5,000 X g for 1 min, cells were resuspended in 50 ul of 10% glycerol-500 mM sucrose
(filter sterilized). Pellet paint (Novagen) precipitated plasmid DNA was added to the cells, and then the
cells were transferred into a 1-mm-path length electroporation cuvette (Bio-Rad) and pulsed at 21 kV/cm,
100 (), and 25 uF at room temperature. Routinely, 5 ug of plasmid DNA was used, with concentrations
determined by fluorometric assay (Qubit 2.0; Life Technologies). Cells were incubated in 1 ml of BHI broth
supplemented with 500 mM sucrose (filter sterilized) at 28°C for 2 h prior to plating on BHI agar (BHIA)
containing chloramphenicol (10 pg/ml).

Construction of Ec_Se736l and Ec_SeRP62al E. coli hosts. E. coli mutants expressing the relevant
S. epidermidis type | RM systems in a DC10B background were created as previously described (8, 9, 12)
using the primers listed in Table S6. Details of the methodology are provided in Text S1.

Construction of S. epidermidis AhsdS mutants. The pIMAY(AhsdS) vectors were constructed using
amplification by overlap extension PCR (30) with the A/B/C/D primer sets specified for each strain in
Table S6, cloning into the pIMAY vector backbone, and subsequent cloning of the insertion into the
vector. Mutant selection and screening were conducted as previously described (5). Details of the
methodology are provided in Text S1.

Harvesting ®187 plus pRAB11/pIMAY lysate from S. aureus PS187 AhsdR AsauPSI. 187 con-
taining pRAB11/pIMAY was harvested from S. aureus PS187 AhsdR AsauPS| using a protocol adapted from
Winstel (24). See Text S1 for detailed methodology.

®187 plus pRAB11/pIMAY transduction of S. epidermidis. A phage transduction protocol was
adapted a method described previously by Foster et al. (31). Details of the methodology are provided in
Text ST.

Data accessibility. Isolate BPH0662 has been deposited with the NCTC (NCTC accession no. 14219).
The data sets supporting the results of this article are available from NCBI (BioProject PRINA532483) and
ENA (BioProject PRJEB35032) (sequencing and closed genome assemblies) and Figshare (https://
melbourne.figshare.com/articles/Sa_HsdS_48_fasta/7986956 [S. aureus HsdS]; https://melbourne.figshare
.com/articles/Se_HsdS_31_fasta/7986911 [S. epidermidis HsdS]; https://melbourne.figshare.com/articles/
Se_HsdM_6_fasta/7986827 [S. epidermidis HsdM]; https://melbourne.figshare.com/articles/Se_HsdR_5
_fasta/7986893 [S. epidermidis HsdR]).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/mBio
.02451-19.
TEXT S1, DOCX file, 0.04 MB.
FIG S1, PDF file, 1.6 MB.
FIG S2, PDF file, 0.9 MB.
FIG S3, PDF file, 0.6 MB.
TABLE S1, XLSX file, 0.1 MB.
TABLE S2, XLSX file, 0.04 MB.
TABLE S3, XLSX file, 0.03 MB.
TABLE S4, DOCX file, 0.02 MB.
TABLE S5, XLSX file, 0.02 MB.
TABLE S6, DOCX file, 0.04 MB.
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Figure S1. A hypothesised role for cassette chromosome recombinase (ccr) in the
mobilisation of S. epidermidis and S. aureus type I restriction modification systems. A.
Complete S. epidermidis genomes with type I RM systems. B. S. aureus genomes with
imported type I RM systems. Genomes are orientated forwards starting at dnad. "NCBI

uploaded genome does not start at dna4. *SEI not classifiable by existing MLST scheme.
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Figure S2. Alignment of S. aureus HsdS variants. A. Structure of an HsdS allele with
conserved regions (CRs) flanking two variable regions known as target recognition domains
(TRD1 & TRD2). B. Each TRD typically specifies three to four defined base pairs including a
methylated adenine residue (red A; T = complementary partner to methylated adenine residue);
with a four to seven base pair non-specific spacer (N) between the two defined halves,
collectively these TRDs determine the full target recognition motif (TRM) specified by an
HsdS variant. HsdS names in bold black font have motifs determined by PacBio sequencing of
the isolate after which the representative HsdS was named. HsdS names in bold blue font have
motifs determined by DNA cleavage with purified restriction enzyme. Alignments of the
identified variants of S. aureus HsdS are shown adjacent to their TRMs, each formed by a
different TRD pairing. Scale above alignments indicates the position in the consensus
alignment with mean pairwise identity at each site graphed (green = 100% identity; khaki =
30-100%; red <30%). Blue (TRD1) and red (TRD2) outlines highlight examples of TRDs that
recur within the alignments and the TRM base pairs they define. Yellow boxes highlight

alignments of HsdS imported into S. aureus on Staphylococcal cassette chromosome elements.
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Figure S3. Alignment of S. epidermidis HsdS variants. HsdS names in bold black font have
motifs determined by PacBio sequencing of the isolate after which the representative HsdS was
named. Target recognition motifs (TRMs) (when known) and amino acid alignments are shown
adjacent. Scale above alignments indicates the position in the consensus alignment with mean
pairwise identity at each site graphed (green = 100% identity; khaki = 30-100%; red <30%).
Red outline highlights an example of a target recognition domains that recurs within the
alignments and the TRM base pairs they define. Yellow box highlights the 12228-S alignment,
this HsdS variant was found to be present in both S. aureus and S. epidermidis and shared
conserved regions with the S. aureus HsdS variants located within stable chromosomal islands

(Figure S2).
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Table S1. Metadata associated with pre-existing S. aureus and S. epidermidis sequencing.
A. S. aureus reference genomes; B. S. epidermidis reference genomes; C. S. epidermidis SRA

isolate metadata; D. Lee ef al., 2018 isolate metadata; E. Costa et al., 2017 isolate metadata.

Provided in a separate excel spreadsheet.
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Table S2. 8. aureus and S. epidermidis type 1 restriction modification systems subunit
protein accession numbers and references. A. S. aureus HsdS; B. S. aureus HsdR and HsdM;

C. S. epidermidis HsdS; D. S. epidermidis HsdR and HsdM.

Provided in a separate excel spreadsheet.
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Table S3. S. epidermidis reference isolates metadata. A. Clinical metadata; B. Closed
genome statistics; C. PacBio methylation statistics; D. CRISPR; E. Vitek 2 susceptibilities; F.

Resistome; G. Susceptibilities to commonly used plasmid selection markers.

Provided in a separate excel spreadsheet.
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Table S4. Determining the HsdM variant that interacts with 12228 HsdS.

1.

Three type I systems were identified in NIH4008 (1) without assignment of the
TRM to their associated /sdS, for which only draft genome sequencing was

available (2).

Expression of 12228-S by this isolate indicated that at least one of the two HsdM

present were capable of interacting with 12228-S.

The same three type I RM systems are present in closed reference genome
BPHO0662 (3), for which the TRM of the two complete type I RM systems were

assigned through heterologous expression in an E. coli host (3).

The 12228-S is non-functional in BPH0662 due to a SNP (64AA) resulting in

truncation after the first 21 amino acids.

Our analysis of the BPH0O711 methylome indicated expression of only one TRM
despite 12228-S also being present, since BPHO711-M has 98.0% pairwise
identity with BPH0622-M2, and was not able to interact with 12228-S, BPH0662-

M1 was determined to interact with 12228-S.
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Table S5. 8. epidermidis AhsdS and E. coli plasmid artificial modification mutant
sequencing accession data. A. PacBio sequencing; B. PacBio methylation; C. Illumina

sequencing.

Provided in a separate excel spreadsheet.
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Table S6. Strains, plasmids and oligonucleotides used in this study.

Bacterial strain, plasmid or ~ Description Reference
oligonucleotide or Source
E. coli strains
DCI10B DH10B with Adem mutation 4
Ec Se6621 DC10B with BPH0662 hsdMS1 integrated between ybbD 3)
(previously DC10B-MS1) and y/bG. PB
Ec_Se66211 DC10B with BPH0662 hsdMS?2 integrated between essQ and 3)
(previously DC10B-MS2) cspB. PB
Ec_Se662I-11 DC10B with BPH0662 hsdMS| integrated between ybbD 4)
and y/bG, BPH0662 hsdMS?2 integrated between essQ and
cspB
Ec Se7361 DC10B with BPH0736 hsdMS integrated between essQ and This study
cspB. PB
Ec_SeRP62al DCI10B with RP62a hsdMS integrated between gidB and atpl ~ This study
S. aureus strains
PS187AhsdRAsauPSI ST395 S. aureus deficient in type I and IV RM systems 6)
S. epidermidis strains
ATCC 12228 Non-clinical reference strain; non-functional type | RM @)
system; ST8
BPH0662 Clinical reference strain, isolated from CSF; two functional 3)
type I RM systems ST2; PB
Cm103, Tet5S, Ery30R, Kan50R
BPHO0662AhsdSI Mutant of BPH0662 with AsdS1deletion This study
BPHO0662AhsdSII Mutant of BPH0662 with 4sdS2 deletion This study
BPHO0662AhsdSIAhsdSII Mutant of BPH0662 with both AsdS1 and hsdS2 deleted This study
BPH0676 Clinical strain, isolated from blood; no type I RM systems; 5)
ST2
BPH0697 Clinical strain, isolated from blood; one functional type I This study
RM system; ST89; PB
Cm10R, Tet5S, Ery308, Kan50R
BPH0704 Clinical strain, isolated from blood; one functional type I This study
RM system; ST358; PB
Cm103, Tet5S, Ery30R, Kan50R
BPHO0710 Clinical strain, isolated from blood; non-functional type I This study
RM system; ST2
BPHO0711 Clinical strain, isolated from blood; one functional type I This study
RM system; ST59. PB
Cm103, Tet5R, Ery305, Kan50R
BPH0723 Clinical strain, isolated from blood; one functional type I This study
RM system; ST5. PB
Cm103, Tet5S, Ery30R, Kan50R
BPH0736 Clinical strain, isolated from blood; non-functional type I This study
RM system; ST2. PB
Cm103, Tet5S, Ery30R, Kan508
BPHO0736AhsdS Mutant of BPH0736 with AsdS deletion This study
BPH0747 Clinical strain, isolated from blood; one functional type I This study
RM system; ST2. PB
Cm10R, Tet55, Ery305, Kan50R
RP62a UoM Clinical reference strain, isolated from blood; one functional This study
type I RM system; ST10. PB
Cm103, Tet5S, Ery30R, Kan50R
RP62aAhsdS Mutant of RP62a with /sdS deletion This study
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Plasmids

pKD4 Plasmid for amplification of FRT-kan-FRT; Amp®, Kan® (8)

pKD46 E. coli temperature sensitive plasmid containing A red ®)
recombinase genes under the control of an arabinose-
inducible promoter; Amp®

pCP20 E. coli temperature sensitive plasmid expressing flp enzyme ©)
for flp-catalyzed excision of kan marker; Amp®, Cm®

pIMAY Temperature sensitive, low copy number allelic exchange 4
plasmid for staphylococci; Cm®

PIMAY (A662hsdSI) pIMAY with BPH0662AAsdSI construct in MCS This study

PIMAY (A662hsdSII) pIMAY with BPH0662AAsdSII construct in MCS This study

PIMAY (A736hsdS) pIMAY with BPH0736AAsdS construct in MCS This study

pIMAY (ARP62ahsdS) pIMAY with RP62aAhsdS construct in MCS This study

pRABI11 Non-temperature sensitive, high copy number staphylococcal (10)
vector; Cm®

Phage

D187 S. aureus ST395 lineage specific phage [€0))

Cloning hsdMS genes

Ec_Se7361

IM199 (essQ tail + Pxyl/tetO CCCAAACTGCACCCAAGAGTCAGAACACAGTTTTTCAAGA 3)

promoter-736MS F) GTACAAAGGGGTAAACTAAAATAAATATTGACACTCTATC
ATTG

736MS-F (Pxyl/tetO AAACTAAAATAAATATTGACACTCTATCATTGATAGAGTA  This study

promoter- 736MS F) TAATTAAAATAAGGAGGAAATTAATGGCCACTATAGGTTT
TGAAGAA

IM201 (736MS R) TTAAATTGAAAGTTCATCACTATTCACCTC 3)

IM202 (pKD4 F) GGTGAATAGTGATGAACTTTCAATTTAAGTGTAGGCTGGA 3)
GCTGCTTC

IM203 (pKD4 R + cspB tail) GCTAACCATTGTGGTGAAGTGCAGGTTTGCTGCATGAATA 3)
GTTTTACGGTCCATATGAATATCCTCCTTAG

Ec_SeRP62al

IM365 (RP62aMS F; ATATCCATGGCAACGACGGAAAAACAAAG This study

Ncol/Pstl site)

IM266 (RP62aMS R; ATATCTGCAGTTACACAAACATTTTCTGTAGTAATCC This study

Ncol/Pstl site)

IM367 (apt tail + Phelp CAAAAAGCGGTCAAATTATACGGTGCGCCCCCGTGATTTC  This study

promoter-RP62aMS F) AAACAATAAGTACGGAGCTCCATTATGCTTTGGCAG

IM360 (SOE to RP62aMS + CTACAGAAAATGTTTGTGTAACTGCAGATATGTGTAGGCT This study

pKD4 F) GGAGCTGCTTC

IM366 (pKD4 R + gidB tail) ~ ATAACGTGGCTTTTTTTGGTAAGCAGAAAATAAGTCATTA  This study
GTGAAAATATGTCCATATGAATATCCTCCTTAG

AhsdS

BPH0662-A1 (pIMAY CCTCACTAAAGGGAACAAAAGCTGGGTACCAGTGATATTG This study

MCS/Kpnl site) AAATTGATATGTTAGGG

BPH0662-B1 AAATCTTAATTCTGGAGTGTTTGTGTG This study

BPH0662-C1 (SOE to B) CACACAAACACTCCAGAATTAAGATTTTAGTTCTGATAAC  This study
AGCCTATTATGTC

BPH0662-D1 (pIMAY MCS)  CGACTCACTATAGGGCGAATTGGAGCTCGTGATTCTAGCT  This study
TATGGTGCTCAT

BPH0662-A2 (pIMAY CCTCACTAAAGGGAACAAAAGCTGGGTACCGGAGAATTCT This study

MCS/Kpnl site) ATACGCCATCATC

BPH0662-B2 TCCATTAAACTCCATAACCTAGTCC This study
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BPH0662-C2 (SOE to B) GGACTAGGTTATGGAGTTTAATGGAAATAGTGATGAACTT This study

TCAATTTAATGAAG

BPH0662-D2 (pIMAY MCS)  CGACTCACTATAGGGCGAATTGGAGCTCGACAACTAAGGT  This study
AGGATTATTAAGCATTTG

BPH0736-A (pIMAY CCTCACTAAAGGGAACAAAAGCTGGGTACCACAGCAGGAT  This study

MCS/Kpnl site) TCGTATTAGCC

BPH0736-B AGCTACATCACCGAAAAAAATTGT This study

BPHO0736-C (SOE to B) ACAATTTTTTTCGGTGATGTAGCTACAAATAGTAGACAAA  This study
GAGTAAAACCAACA

BPH0736-D (pIMAY MCS) ~ CGACTCACTATAGGGCGAATTGGAGCTCCGATTGTCCTTC  This study
ATCATCATAGTC

RP62a-A (pIMAY MCS/Kpnl CCTCACTAAAGGGAACAAAAGCTGGGTACCAGGAGAATTC  This study

site) TATACACCACAACAG

RP62a-B AAATCTTAATTCTGGAGTATTTGTGTG This study

RP62a-C (SOE to B) CACACAAATACTCCAGAATTAAGATTTTAATTCTGATAAA  This study
GCCCTATTATGTTAATTG

RP62a-D (pIMAY MCS) CGACTCACTATAGGGCGAATTGGAGCTCCGACGCTATCAC  This study
AACCTTACTTAAC

Recombineering

IM179 (essQ out F) CGGCCATTTATACAGGAAAAGCCTA 3)

IM180 (cspB out R) GTTACCTTCTCTATAGAGAGTGGTG 3)

IM434 (atpl out F) ACTTTCTTTAAGGCTTAGAGTCAAGC This study

IM435 (gidB out R) TTTAACGCCACGTTCACTCTTTTGC This study

IM1 (pIMAY backbone F) GGTACCCAGCTTTTGTTCCCTTTAGTGAGG 5)

IM2 (pIMAY backbone R) GAGCTCCAATTCGCCCTATAGTGAGTCG )

IM3 (pIMAY MCS R) AATACCTGTGACGGAAGATCACTTCG )

IM4 (pIMAY MCS F) TACATGTCAAGAATAAACTGCCAAAGC )

BPHO0662AhsdSI out F CGAAACTTATTTCGAAGGTCAT This study

BPHO0662AhsdSI out R GATAAACACACAGACATCCACTTG This study

BPHO0662AhsdSII out F AGATGTATTAGGCCGAGTGTATGAG This study

BPHO0662AhsdSII out R CCGTCCTTTCGATTTAACAAAC This study

BPHO0736AhsdSI out F ATGGCCACTATAGGTTTTGAAG This study

BPHO0736AhsdSI out R CACTACGATAGGCAAGCCATT This study

RP62aAhsdSI out F AATTGATATGTTAGGGGATGCTTATG This study

RP62aAhsdSI out R GGTTTTCAAGTGAATTTAAGGTGTG This study

PB = PacBio sequenced; RM = restriction modification; ST = sequenced type; CSF = cerebrospinal fluid; Cm10R
= chloramphenicol 10 pg/ml resistant; Cm10S = chloramphenicol 10 pg/ml susceptible; Tet5 = tetracycline 5
pg/ml; Ery30 = erythromycin pg/ml; Kan50 = kanamycin 50 pg/ml; Amp = ampicillin; MCS = multiple cloning
site; F = forward; R = reverse; SOE = spliced overlap extension.

131



Supplementary Methods.

Media and reagents. Bacterial strains, plasmids and oligonucleotides used in this study are
listed in Table S6. S. epidermidis were routinely cultured at 37°C in brain heart infusion broth
(BHI)(Difco). For electroporation, S. epidermidis were grown in B media (BM) (1% Bacto™
Proteose Peptone No.3, 0.5% yeast extract, 0.5% NaCl, 0.1% K;HPOs4, 0.1% glucose). E. coli
was routinely cultured in L broth (LB) (1% tryptone, 0.5% yeast extract, 0.5% NaCl).
Staphylococci infected with @187 were routinely cultured in LB. For growth on agar, BHI or
LB were solidified with 1.5% agar, to yield BHIA and LBA, respectively. The following
antibiotics were purchased from Sigma Aldrich and used at the specified concentrations:
chloramphenicol (Cm) 10 pg/ml in S. epidermidis, 15 pg/ml in E. coli; ampicillin (Amp) 100
pg/ml in E. coli; kanamycin (Kan) 50 pg/ml in E. coli. Oligonucleotides were purchased from
Integrated DNA Technologies. Isolation of genomic DNA, plasmid purification, gel extraction
and colony PCR were performed as previously described (5). Restriction enzymes and Phusion
DNA polymerase were purchased from New England Biolabs. Phire Hotstart DNA polymerase

was purchased from Thermofisher.

Genome sequencing. Single molecule real-time (SMRT) sequencing was performed on a
PacBio RS II instrument with subsequent analysis performed using SMRT Analysis
v2.3.0.140936. The RS HGAP_ Assembly.3 algorithm was used for de novo assembly with
trimmed Illumina reads used to correct homopolymer errors using Snippy v3.2 (12). Illumina
reads were assembled using SPAdes v3.7.1 (13) and the resulting contigs were screened for
small plasmids that would be lost during PacBio size selection. Final assemblies for each new
reference genome were independently confirmed using Unicycler v0.3.0 (14). For methylome

analysis, each newly closed genome was used as its own reference with the
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RS Modification_and Motif Analysis.1 algorithm. Draft genomes were sequenced using on

an Illumina Nextseq platform with Nextera XT libraries, as per manufacturer’s instructions.

Genome analysis. All publicly available, S. epidermidis genome raw reads in NCBI SRA were
downloaded (4™ November 2016). Exclusion criteria were as follows: sequencing performed
on a Roche 454 or lon Torrent platform (per Genbank metadata); single end reads; sequencing
depth <30x; mutagenesis isolate pairs; organism not S. epidermidis or sequencing of mixed
bacterial species as determined by Kraken v0.10.15beta (15); >300 assembled contigs; raw
reads not associated with publications and lacking metadata. When isolates were identified as
exact genetic replicates, a single representative was used in analyses. Trimming, assembly,
genome annotation and in silico MLST determination was performed as previously described
(5). Isolate VCUO036 with a previously unspecified ST (1), was independently reanalysed using
a second method, MLST v1.8 (16). CRISPR type and direct repeat and spacer sequences were
determined using CRISPRCasFinder (17). Maximum-likelihood core-SNP phylogeny of S.
epidermidis isolates and hierarchical Bayesian Analysis of Population Structure cluster
modelling of the resultant tree was determined as previously described (5), using the closed
BPHO0736 genome as a reference. All publicly available, closed S. aureus genomes available
were downloaded (2" February 2017). Mutant derivatives and repeat sequencing of serial
isolates over the course of an infection were excluded from analyses. Sa Newman UoM
(GCA _900092595.1) (18) was used as the reference genome to generate a maximum likelihood

core-SNP phylogeny as described (5).

To determine the diversity of HsdS in S. epidermidis and S. aureus, each of the ten S.

epidermidis (Table 3) and 32 S. aureus (Table S2) HsdS translations with characterised TRMs

were used as a reference for individual tblastn queries against the collected assemblies using
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BLAST v2.6.0 (19) with an e-value cutoff of 1e*, and low complexity filtering disabled (-F
F); the output of which was aligned with Clustal Omega v1.2.4 (20). To validate this approach,
all S. epidermidis and S. aureus genomes were manually screened for the presence of type I
RM systems or component genes using Geneious v7.1.8 (21) and type I systems were manually
extracted as contiguous operons and full individual genes. The complete HsdS translations
from all isolates were aligned with Clustal Omega, a shared amino acid identity of <90% was
used to classify separate variants of HsdS. The diversity of HsdR and HsdM in S. aureus (Table
S2B) and S. epidermidis (Table S2D) were determined using this same method. In the case of

closed genomes, systems were numbered relative to location after dnaA.

Electroporation. Early stationary phase cultures (8 h) of S. epidermidis grown in 10 ml of BM
were added to 90 ml of fresh, prewarmed BM. Cultures were reincubated to an ODsgo between
0.8 - 0.9 and chilled in an ice slurry for 10 min. Cells were harvested at 3,900xg for 5 min at
4°C in a swinging bucket rotor and the cell pellet resuspended in 100 ml of autoclaved, ice-
cold water. Centrifugation was repeated, and the pellet resuspended in 50 ml of autoclaved ice-
cold water. Cells were centrifuged and successively resuspended in 20 ml, 10 ml then 250 pl
of autoclaved ice-cold 10% (weight/volume) glycerol. Equal aliquots (50 ul) were frozen at -
80°C. Prior to electroporation, cells were thawed on ice for 5 min, then at room temperature
for 5 min. Following centrifugation at 5,000 xg for 1 min, cells were resuspended in 50 pl of
10% glycerol with 500 mM sucrose (filter sterilised). Pellet paint (Novagen) precipitated
plasmid DNA was added to the cells, and transferred into a I mm electroporation cuvette (Bio-
Rad) and pulsed at 21 kV/cm, 100 Q, 25 pF at room temperature. Routinely, 5 pg of plasmid
DNA was used, with concentration determined by fluorometric assay (Qubit 2.0; Life
Technologies). Cells were incubated in 1 ml of BHI supplemented with 500 mM sucrose (filter

sterilised) at 28°C for 2 h prior to plating on BHIA containing Cm 10 pg/ml.
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Construction of Ec_Se7361 and Ec_SeRP62al E. coli hosts. E. coli mutants expressing the
relevant S. epidermidis type I RM systems in a DC10B background were created using methods
previously described (3, 22). The hsdMS system from BPH0736 was amplified with primers
736MS-F (incorporating Pxyl/tetO promoter)/IM201. Plasmid pKD4 (8) was used as a
template for the amplification of the Kan resistance marker flanked by flippase recognition
target (FRT) sites with primers IM202/IM203 (product pKD4). The AsdMS and pKD4 products
were gel extracted and joined by spliced overlap extension (SOE) PCR using primers
IM199/203 (primer tails contained 50 bp homology for integration into the intergenic region
between essQ and cspB in the DC10B chromosome). The hsdMS-pKD4 amplicon was pellet
paint (Novagen) precipitated and electroporated into DC10B containing pKD46 (8), made
competent as previously described (4). Transformants were selected for on L agar Cm10.
Colony PCR with primers IM179/IM180 was used to screen for recombination at the
integration site, positive clones were grown overnight at 43°C to promote loss of pKD46. To
excise the pKD4 product, strains were transformed with pCP20 (9) at 28°C, single colony
purified at 28°C, then grown overnight at 43°C to promote plasmid loss. To confirm excision
of the Kan resistance marker and the loss of pCP20, cells were patch plated on L agar Kan and
L agar Cm, respectively. The resulting KanS, CmS strain containing BPH0736 hsdMS (with

Pxyl/tetO promoter promoter) was named Ec_Se736I.

The E. coli Ec_SeRP62al mutant was constructed from E. coli DC10B using the following
primer sets: IM365/266 for the amplification of RP62a hsdMS from S. epidermidis RP62a,
which were then ligated into complementary digested (Ncol/Pstl) plasmid pIMK2 (23);
Primers IM367/IM266 were used to amplify ~sdMS with Phelp promoter from pIMK2(AsdMS)
with subsequent steps following the same protocol described above. Primers IM360/IM366

were used to for amplify the FRT-kan-FRT from pKD4 (product pKD4); IM366/IM367
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(containing tails with 50 bp homology for integration into the intergenic region between gidB
and atpl in the DC10B chromosome) for SOE PCR of AsdMS-pKD4. Primers IM434/IM435

were used to confirm recombination at integration site.

Construction of S. epidermidis AhsdS mutants. The pIMAY(AhsdS) vectors were
constructed as follows: AhsdS inserts (designed to delete the complete hsdS gene) were
amplified by overlap extension PCR (24) with the A/B/C/D primer sets specified for each strain
in Table S6; cloning into the pIMAY vector backbone and subsequent cloning of the insert into
the vector was conducted as previously described (5). Transformation of pIMAY (AZsdS) into
the relevant E. coli host for PAM and the subsequent selection of transformants was as
previously described (5). Integration and excision of pIMAY(AAsdS) was performed as
previously described (4), with the exception of concurrent (rather than sequential) colony
PCRs: for loss of replicating plasmid (with MCS primers IM3/IM4); and chromosomal
integration of the plasmid upstream (relevant Akisd out forward/IM3) and downstream
(IM4/relevant Ahsd out reverse). Post 1 pg/ml anhydrotetracycline (ATcl, Sigma) counter
selection, large colonies were patch-plated on BHIA plus ATc1, and BHIA containing Cm10,
with successful mutants bearing a CmS phenotype and loss of the type I restriction barrier.
Draft genomes of successfully created mutant strains in E. coli/S. epidermidis were sequenced
and assembled as above to confirm the insertion/deletion of the hsdMS/hsdS at the expected
site and determine if any unintended mutations were present. Variant calling between the
mutants to their respective parental strains was performed using Snippy v3.2 (12). Mutants and
their corresponding parental strains were subject to phenotypic testing to determine the barrier

to genetic manipulation presented by each individual type I RM system.
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Harvesting @187 + pRAB11/pIMAY lysate from S. aureus PS187AhsdRAsauPSI

To harvest ®187 containing pRAB11/pIMAY, an overnight culture of S. aureus
PS187AhsdRAsauPSI (6) containing pRABI11 was diluted to an ODggo 1:100 in 50 ml of
prewarmed LB plus 10 mM CaCl,/Cm10 and grown at 37°C for pRAB11 (28°C for pIMAY)
with aeration at 200 rpm for 4 h (final ODsoo 2.5). In 15 ml tubes, 300 pl aliquots of the 4 h S.
aureus PS187AhsdRAsauPSI containing pPRAB11/pIMAY culture were infected with 200 ul
of 10! to 10 serial dilutions of ®187 lysate. Tubes were incubated for 45 min at room
temperature, then 10 ml of molten top agar LBA plus 10 mM CaCl2/Cm10 (0.35% agar) was
added to the infection reaction and the mixture poured over LBA plus 10 mM CaCl,/Cm10
base agar (1.5% agar). Plates were incubated at 37°C overnight without inversion. The top agar
layer of plates with cotton wool appearance (10 to 107 dilution) were transferred into 15 ml
tubes with a sterile spreader and centrifuged at 15,000 xg for 10 min at 4°C. Supernatant was
filter sterilised through a 0.22 uM filter and stored at 4°C. Phage titer was determined by plaque

assay as previously described(6), using LBA rather than BM agar.

©187 + pRAB11/pIMAY transduction of S. epidermidis. A phage transduction protocol was
adapted from Foster (25). A 25 ml overnight culture of the target S. epidermidis strain was
harvested at 7,000 xg for 10 min, then resuspended in 1 ml L broth supplemented with 10 mM
CaClz (LBC). In 15 ml tubes, 500 pl of suspension was added to: 1.0 ml of LBC and 500 pl
®187-plasmid lysate (10" plaque forming units); and control of 500 pl of suspension plus 1.5
ml of LBC. Tubes were incubated in a 37°C water bath for 25 min, then at 37°C a further 15
min with aeration at 200 rpm. To each tube, 1 ml of ice cold 0.02 M sodium citrate was added,
and the cells were harvested at 7,000 xg for 10 min at 4°C. The cell pellet was resuspended in

1 ml of ice cold 0.02 M sodium citrate and incubated on ice for 2 h. Aliquots (100 ul) were
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spread plated on BHIA Cm10 containing 0.05% sodium citrate. Plates were incubated 37°C for

24h (pRAB11) or 28°C for 48h (pIMAY) and colony counts performed.
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5.1 Introduction

At the commencement of this work, the global dominance of ST2 S. epidermidis in the
clinical environment had been established for close to a decade ¢!, However, the existing
MLST scheme lacked the sensitivity to offer any insights into epidemiology beyond this,
while the absence of dedicated molecular tools coupled with the genetically intractable
nature of S. epidermidis, hindered the study of molecular genetics, pathogenesis and
treatment. Utilising new sequencing technologies with a functional genomics approach,
the works presented here sought to provide new insights into the molecular epidemiology,
resistance mechanisms, recommended treatment, and genetic manipulation of S.

epidermidis, with a focus on clinical ST2 isolates.

5.2 Key findings

In Chapter 2, BPH0662 was introduced as the first complete ST2 reference genome. The
largest S. epidermidis genome described to date, BPH0662 was demonstrated to have
undergone chromosomal rearrangements and multiple horizontal gene transfer events
resulting in the accumulation of a broad range of resistance determinants, conferring a
phenotype resistant to all standard therapeutic options. Demonstrated to be representative
of international ST2 isolates, the BPH0662 genome provides an ideal reference for future

bioinformatic analysis of clinical isolates.

The international clonal expansion of three genetically distinct lineages of MDRSE (two
ST2, one ST23) with a common dual D471E and [527M RpoB substitution, was presented
in Chapter 3. Found to account for 86.6% of mutations occurring within the RRDR of
RpoB, this dual D471E and 1527M mutation was determined to be the most common
cause of rifampicin resistance in S. epidermidis and demonstrated to occur almost

exclusively (96.0%) within in the ST2 (63.9%) or ST23 (33.1%) lineages. Thereby,
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identifying rifampicin resistance as a marker for these clones. By breaching lineage-
specific DNA methylation RM barriers and performing site specific mutagenesis, the
DA471E plus 1527M RpoB substitutions were shown to confer both rifampicin resistance
and reduced susceptibility to vancomycin in isolates from divergent genetic backgrounds.
This was the first successful report of allelic exchange in a ST2 S. epidermidis
background.

Co-resistance to vancomycin potentially explains the fixation of the D471E and
[527M RpoB substitutions in the three lineages and their success within the hospital
environment. Once these mutations were present within the lineages, even if the selective
pressure of rifampicin exposure were removed, the high prevalence of vancomycin use
in clinical practice would ensure preservation of the mutations within the population, and
subsequent clonal expansion of strains possessing these mutations. A theory supported
by the competition assays performed in Chapter 3, in which the presence of as little as 2
pg/ml of vancomycin was demonstrated to shift the population away from WT in favour
of the rpoB662 mutant. S. epidermidis RpoB sites D471 and 1527 correspond with RpoB
positions D516 and 1572 in E. coli (Figures 1.4 and 3.1), which have been demonstrated
to have a high frequency of positive epistasis, segregate in natural populations and are
associated with compensatory mutations in unrelated alleles that confer resistance to other
antibiotics 1?1, These mutations are also hypothesised to favour the accumulation of
additional mutations that abrogate the cost of a multidrug resistant phenotype ensuring
their preservation even in the absence of antibiotic selective pressure [2°°l, The presence
of the same RpoB mutations in not only different S. epidermidis genetic backgrounds but
also at the equivalent RpoB sites in other species, suggests convergent evolution of a

favourable phenotype with effects potentially extending beyond just antibiotic resistance.
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The Australian data suggested that local factors within an institution were critical to the
expansion of these MDRSE clones and their observed prevalence. This was highlighted
by the markedly different prevalence in rifampicin resistance observed between Austin
Health and Monash Health. Both institutions are tertiary centres located in Melbourne,
Victoria, Australia. All three lineages were demonstrated to be endemic at both sites, and
in the Australian isolates sampled, rifampicin resistance was exclusively conferred by the
dual D471E and I[527M mutations, 100% of which displayed a vancomycin
heteroresistant phenotype. Despite being located only 24 km apart, the prevalence of
rifampicin resistance increased from 10.9% to 31.4% over seven years at Austin Health,
but remained unchanged at 10% at Monash Health. The site-specific factors contributing
to local prevalence were not addressed by this study and warrant further investigation that
may also offer insight into the mode of transmission.

Austin Health is the only Victorian centre that provides a liver transplant service,
it 1s tempting to hypothesise that increased use of rifaximin (for treatment of hepatic
encephalopathy associated with chronic liver disease ?2”)) may be contributory. A recent
study demonstrated that the transient use of rifaximin (600 mg orally preoperatively) for
surgical prophylaxis in elective colorectal surgery was associated with the emergence of
rifampicin resistant CoNS in 43.2% (32/74) of patients two weeks post treatment, with
reversion of resistance after three months 228!, The closely related chemical structures of

rifampicin and rifaximin [ is thought to induce cross resistance between agents 228,

The endemic nature of the three MDRSE lineages within hospitals internationally,
suggests that studies attempting to distinguish clinically significant from contaminating
S. epidermidis strains based on the presence of multiple genetic markers are unlikely to

be successful. The pathogenesis of infection is not as simple as some lineages always
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colonise, while other always cause infection. Instead, studies suggest that patients become
colonised with hospital adapted lineages over the course of their admission 41331 in
addition to or replacing their existing isolates, and under favourable circumstances
clinically significant disease can occur. Although hospital adapted clones are better
equipped and more likely to cause disease, isolates from backgrounds other than ST2 or
ST23 can also cause nosocomial infections as evidenced by the data in Chapter 3. While
the detection of hospital strains may assist clinical decision making, the reality is that the
molecular methods proposed to screen S. epidermidis isolates for the presence of invasive

genetic markers [7475:80]

are costly and not readily available in a diagnostic setting.
Conveniently, this project has identified rifampicin resistance alone as a reliable marker
of the three MRSE lineages. Furthermore, the presence of rifampicin resistance in S.
epidermidis flags probable glycopeptide heteroresistance, and therefore the likely need

for intervention in the patient from whom the strain was isolated, such as device removal

to achieve source control and/or a change in therapy from first-line agent vancomycin.

The work presented in Chapter 4 dispels the assumption that what is known about S.
aureus can extrapolated and generally applied to S. epidermidis. Using PacBio
sequencing, the complete genomes and methylomes of seven clinical S. epidermidis
isolates were characterised to double the number of complete S. epidermidis genomes and
expand upon the five isolates for which methylation data was available. This first
systematic genomic analysis of the type I RM systems in S. aureus and S. epidermidis
revealed marked differences in gene arrangement, chromosomal location and movement
of the systems between the two species. These structural differences accounted for the
lineage specificity seen in S. aureus type I RM systems and the previously unrecognised,

extensive diversity of S. epidermidis type 1 RM systems, that contrary to current
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assumptions, do not follow lineage specificity. These results indicated that genetic
manipulation of S. epidermidis requires tailoring to the isolate of interest, potentially
explaining the difficulty with attempts to transform the species thus far. In conjunction
with genomic data, PAM was demonstrated as an effective approach to manipulate any
given S. epidermidis isolate, able to overcome restriction barriers and achieve
electroporation efficiencies equivalent to modification-deficient mutants. Additionally,
BPHO0736, a naturally restriction defective, clinically significant, multidrug-resistant ST2
isolate was identified as an ideal candidate for molecular studies. The work presented in

Chapter 4 should prove invaluable in advancing molecular studies in S. epidermidis.

5.3 Limitations

Determining the true prevalence of rifampicin resistance in S. epidermidis is a challenge
due to the lack of denominator data regarding the background number of susceptible
isolates. While some sites maintain local data, there are no dedicated surveillance studies.
The frequency with which S. epidermidis is encountered in diagnostic specimens and
challenges associated with distinguishing clinically significant isolates from
contaminants hinders the collection of robust data. The ubiquitous nature of the species
and clinical perception that S. epidermidis is a dismissible contaminant, undoubtedly
contributed to the pervasive yet unrecognised spread of the three MDRSE lineages.

The sampling of isolates in Chapter 3 was skewed towards Australia and Europe.
It is possible that the dominance of the three MDRSE lineages may not be as pronounced
in other geographic regions. Unlike most other sites, no ST2 isolates were sampled from
the Mayo Clinic in Minnesota, USA. Furthermore, it was found to have the lowest
prevalence of rifampicin resistant clinical S. epidermidis, only 3%, unchanging from 2012
to 2017. Despite this, ST23 isolates bearing the dual D471E and 1527M mutations were

found to persist at the site for 17 years. How representative this data is of other institutions
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in the USA and beyond is uncertain. Limited representation of less prevalent genotypes
was common to the studies in both Chapter 3 and 4. It is debatable whether wider
sampling to include them would have altered outcomes as they are less likely to be of
clinical relevance in terms of molecular epidemiology in Chapter 3, while the sampling
in Chapter 4 was sufficient to demonstrate the diversity of S. epidermidis type | RM

systems.

5.4 Future Directions

While the majority of the S. epidermidis isolates sampled in Chapter 3 were known to
cause serious disease manifestations, the retrospective nature of the data collection meant
the full clinical impact of these rifampicin resistant clones was uncertain, as was their
hospital reservoir and mode of transmission. Prospective studies that include more
geographically diverse isolate sampling from both clinical and environmental sources
(including healthcare workers) with correlated treatment and outcome data would better
delineate the global extent of these clones, their true clinical impact, and offer insights
into transmission.

How these rifampicin resistant clones prevailed when implementation of rigorous
hand-hygiene has seemingly resulted in the decline of in-hospital MRSA transmission
(2292301 " also bears investigation. The high level of biocide resistance observed in these
clones [231:232] was possibly contributory and consistent with reports of increasing
chlorhexidine resistance (233234 and alcohol tolerance [23%] in hospital adapted bacteria,

that has been attributed to hand-hygiene products, and prompted questions about the need

for biocide stewardship.
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In the setting of misinformed clinical practice and liberal antibiotic use, it would seem
that these clones have surpassed being merely hospital-adapted to become hospital-
thriving. Current guidelines that recommend adjunctive rifampicin and vancomycin for
the treatment of serious methicillin resistant staphylococcal prosthetic infections have
almost certainly resulted in the generation of resistance and contributed to the prevalence
of the three MDRSE lineages. There is an apparent lack of knowledge regarding optimal
antimicrobial combinations for S. epidermidis, and a need for dedicated research.
Furthermore, the work in this thesis emphasises that the evolution of antibiotic
resistance is more complex than just breakthrough resistance while on treatment.
Unintentional collateral exposure of colonising S. epidermidis when treating other
organisms would also have contributed to the expansion of the three MDRSE lineages
and their accumulation of multiple resistance determinants (e.g. vancomycin prescribed
for S. aureus and Enterococcus; rifampicin for tuberculosis and S. aureus; rifaximin for
small bowel overgrowth, C. difficile and hepatic encephalopathy). Alarmingly, Chapter 3
identified two near untreatable MDRSE German clones, both rifampicin and vancomycin
heteroresistant with acquired resistance to daptomycin and linezolid, tetracycline their
only remaining treatment option. Whether other colonising bacterial species have evolved

similarly unrecognised multidrug-resistant phenotypes, remains to be seen.

Beyond its role in bacterial immunity, type I RM systems have been demonstrated to
influence gene expression in some species, with downstream effects on virulence [236-238],
In Streptococcus pyogenes, a mutant strain expressing no adenosine methylation due to
deletion of its type I RM system, was demonstrated to have significant down regulation

of genes affecting virulence, surface adhesins, and immune evasion factors [236],

Compared to WT, the mutant strain had reduced survival in human neutrophils,
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diminished adherence to human epithelial cells and was unable to supress the host
immune response in a murine subcutaneous infection model [2%¢, Whereas in
Streptococcus pneumoniae, that possesses three copies of hsdS, site-specific
recombination occurring between the AsdS genes has been demonstrated to generate
changes in methylome, gene transcription and virulence [?*723] Reversible inversions
among the three 4sdS served as a switch between two distinct and well recognised colony
morphologies (phase variants). The first, an opaque phenotype that contains more
polysaccharide capsule, demonstrates better evasion of opsonophagocytic killing and

2371, The second, a transparent

causes more virulent systemic infection in animal models !
colony with higher cell wall teichoic acid content and faster autolysis, that demonstrates
higher levels of nasopharyngeal colonisation and lower animal model virulence 237,
Paired with their respective parental strains, the five methylation-deficient AhsdS
mutants introduced in Chapter 4 would be ideal candidates to determine if similar

epigenetic regulation occurs in S. epidermidis and any effects of methylation on

virulence in this species.

Utilising the methodology outlined in Chapter 4, the genetic manipulation of any S.
epidermidis strain of interest is now possible, and should advance scientific
understanding of antibiotic resistance mechanisms, pathogenesis and virulence in the
species. It is likely that future research shall uncover new examples of complex bacterial
resistance mechanisms and other drugs with previously unrecognised cross resistance. In
the interim, clinical vigilance and good antimicrobial stewardship with judicious
prescribing of all agents, not just those saved for salvage therapy, is key to limiting the

spread of resistance and preserving our remaining antibiotic options.
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Isolate Sample unique name  Uploaded to Study accession  Sample accession

AUS11 AUSMDU00010940 NCBI SRA PRJNA470534 SAMN09093616
AUS12 AUSMDU00010947 NCBI SRA PRJNA470534 SAMN09093617
AUS13 AUSMDU00010951 NCBI SRA PRJNA470534 SAMN09093618
AUS14 AUSMDU00010956 NCBI SRA PRJINA470534 SAMN09093619
AUS15 AUSMDU00010984 NCBI SRA PRJNA470534 SAMN09093620
AUS16 AUSMDU00010995 NCBI SRA PRJNA470534 SAMN09093621
AUS17 AUSMDU00011002 NCBI SRA PRJNA470534 SAMN09093622
AUS18 AUSMDU00011006 NCBI SRA PRJINA470534 SAMN09093623
AUS19 AUSMDU00011014 NCBI SRA PRJNA470534 SAMN09093624
AUS20 AUSMDU00011024 NCBI SRA PRJNA470534 SAMN09093625
AUS21 AUSMDU00011032 NCBI SRA PRJNA470534 SAMN09093626
AUS22 AUSMDU00011033 NCBISRA PRJNA470534 SAMN09093627
AUS23 AUSMDU00007545 NCBI SRA PRJNA470534 SAMN09093628
AUS24 AUSMDU00007547 NCBI SRA PRJNA470534 SAMN09093629
AUS25 AUSMDU00007550 NCBI SRA PRJNA470534 SAMN09093630
AUS26 AUSMDU00007553 NCBISRA PRJNA470534 SAMN09093631
AUS27 AUSMDU00008046 NCBI SRA PRJNA470534 SAMN09093632
AUS28 AUSMDU00008047 NCBI SRA PRJNA470534 SAMN09093633
AUS29 AUSMDU00007904  NCBISRA PRJNA470534 SAMN09093634
AUS30 AUSMDU00007905 NCBI SRA PRJNA470534 SAMN09093635
AUS31 AUSMDU00007924 NCBI SRA PRJNA470534 SAMN09093636
AUS32 AUSMDU00007933 NCBI SRA PRJNA470534 SAMN09093637
12228-rpoB662 Se_12228-rpoB662 ENA PRJEB12090 ERS1019846
12228 Se_12228-WT ENA PRJEB12090 ERS1019847
BPH0662 Se_BPH0662 ENA PRJEB12090 ERS1019848
BPH0663 Se_BPH0663 ENA PRJEB12090 ERS1019849
BPH0666 Se_BPH0666 ENA PRJEB12090 ERS1019850
BPH0667 Se_BPH0667 ENA PRJEB12090 ERS1019851
BPH0668 Se_BPH0668 ENA PRJEB12090 ERS1019852
BPH0669 Se_BPH0669 ENA PRJEB12090 ERS1019853
BPH0670 Se_BPH0670 ENA PRJEB12090 ERS1019854
BPH0671 Se_BPH0671 ENA PRJEB12090 ERS1019855
BPH0672 Se_BPH0672 ENA PRJEB12090 ERS1019856
BPH0673 Se_BPH0673 ENA PRJEB12090 ERS1019857
BPH0674 Se_BPH0674 ENA PRJEB12090 ERS1019858
BPH0675 Se_BPH0675 ENA PRJEB12090 ERS1019859
BPH0676 Se_BPH0676 ENA PRJEB12090 ERS1019860
BPH0676-rpoB662 Se_BPH0676-rpoB662 ENA PRJEB12090 ERS1019861
BPHO0677 Se_BPH0677 ENA PRJEB12090 ERS1019862
BPH0678 Se_BPH0678 ENA PRJEB12090 ERS1019863
BPH0679 Se_BPH0679 ENA PRJEB12090 ERS1019864
BPH0681 Se_BPH0681 ENA PRJEB12090 ERS1019865
BPHO0684 Se_BPH0684 ENA PRJEB12090 ERS1019866
BPH0685 Se_BPH0685 ENA PRJEB12090 ERS1019867
BPH0686 Se_BPH0686 ENA PRJEB12090 ERS1019868
BPH0687 Se_BPH0687 ENA PRJEB12090 ERS1019869
BPHO0689 Se_BPH0689 ENA PRJEB12090 ERS1019870
BPH0690 Se_BPH0690 ENA PRJEB12090 ERS1019871
BPH0691 Se_BPH0691 ENA PRJEB12090 ERS1019872
BPH0692 Se_BPH0692 ENA PRJEB12090 ERS1019873
BPH0693 Se_BPH0693 ENA PRJEB12090 ERS1019874
BPH0694 Se_BPH0694 ENA PRJEB12090 ERS1019875
BPH0695 Se_BPH0695 ENA PRJEB12090 ERS1019876
BPH0696 Se_BPH0696 ENA PRJEB12090 ERS1019877
BPH0697 Se_BPH0697 ENA PRJEB12090 ERS1019878
BPH0699 Se_BPH0699 ENA PRJEB12090 ERS1019879
BPHO0700 Se_BPH0700 ENA PRJEB12090 ERS1019880
BPHO0701 Se_BPH0701 ENA PRJEB12090 ERS1019881
BPH0702 Se_BPH0702 ENA PRJEB12090 ERS1019882
BPH0703 Se_BPH0703 ENA PRJEB12090 ERS1019883
BPHO0704 Se_BPH0704 ENA PRJEB12090 ERS1019884
BPHO0705 Se_BPH0705 ENA PRJEB12090 ERS1019885
BPHO0706 Se_BPHO0706 ENA PRJEB12090 ERS1019886
BPH0707 Se_BPH0707 ENA PRJEB12090 ERS1019887
BPH0708 Se_BPH0708 ENA PRJEB12090 ERS1019888
BPHO0709 Se_BPH0709 ENA PRJEB12090 ERS1019889
BPHO0710 Se_BPH0710 ENA PRJEB12090 ERS1019890
BPHO0711 Se_BPHO0711 ENA PRJEB12090 ERS1019891
BPHO0712 Se_BPH0712 ENA PRJEB12090 ERS1019892
BPHO0713 Se_BPH0713 ENA PRJEB12090 ERS1019893
BPHO0714 Se_BPH0714 ENA PRJEB12090 ERS1019894
BPHO0715 Se_BPH0715 ENA PRJEB12090 ERS1019895
BPHO0716 Se_BPH0716 ENA PRJEB12090 ERS1019896
BPHO0717 Se_BPH0717 ENA PRJEB12090 ERS1019897
BPHO0718 Se_BPH0718 ENA PRJEB12090 ERS1019898
BPHO0719 Se_BPH0719 ENA PRJEB12090 ERS1019899
BPH0720 Se_BPH0720 ENA PRJEB12090 ERS1019900
BPHO0721 Se_BPH0721 ENA PRJEB12090 ERS1019901
BPH0722 Se_BPH0722 ENA PRJEB12090 ERS1019902
BPH0723 Se_BPH0723 ENA PRJEB12090 ERS1019903
BPHO0724 Se_BPH0724 ENA PRJEB12090 ERS1019904
BPH0726 Se_BPH0726 ENA PRJEB12090 ERS1019905
BPHO0727 Se_BPH0727 ENA PRJEB12090 ERS1019906
BPH0728 Se_BPH0728 ENA PRJEB12090 ERS1019907
BPH0729 Se_BPH0729 ENA PRJEB12090 ERS1019908
BPHO0730 Se_BPHO0730 ENA PRJEB12090 ERS1019909
BPHO0731 Se_BPH0731 ENA PRJEB12090 ERS1019910
BPH0732 Se_BPH0732 ENA PRJEB12090 ERS1019911
BPH0733 Se_BPH0733 ENA PRJEB12090 ERS1019912
BPHO0734 Se_BPH0734 ENA PRJEB12090 ERS1019913
BPHO0735 Se_BPH0735 ENA PRJEB12090 ERS1019914
BPHO0736 Se_BPH0736 ENA PRJEB12090 ERS1019915
BPHO0736-rpoB662 Se_BPH0736-rpoB662 ENA PRJEB12090 ERS1019916
BPHO0737 Se_BPH0737 ENA PRJEB12090 ERS1019917
BPHO0738 Se_BPH0738 ENA PRJEB12090 ERS1019918
BPH0739 Se_BPH0739 ENA PRJEB12090 ERS1019919
UKo1 Se_BPH0743 NCBISRA PRJNA470752 SAMN09103953
UK02 Se_BPH0744 NCBI SRA PRJNA470752 SAMN09103954
UK03 Se_BPH0745 NCBI SRA PRJNA470752 SAMN09103955
UK04 Se_BPH0746 NCBI SRA PRJNA470752 SAMN09103956
IRLO1 Se_BPH0747 NCBI SRA PRJNA470752 SAMN09103952
UK05 Se_BPH0748 NCBI SRA PRJNA470752 SAMN09103957
UK06 Se_BPH0749 NCBI SRA PRJNA470752 SAMN09103958
UK07 Se_BPH0750 NCBI SRA PRJNA470752 SAMN09103959
UKo08 Se_BPH0751 NCBI SRA PRJNA470752 SAMN09103960
UK09 Se_BPH0752 NCBI SRA PRJNA470752 SAMN09103961
UK10 Se_BPH0753 NCBI SRA PRJNA470752 SAMN09103962
UK11 Se_BPH0754 NCBI SRA PRJNA470752 SAMN09103963
UK12 Se_BPH0755 NCBI SRA PRJNA470752 SAMN09103964
AUSO1 Se_BPH0771 NCBI SRA PRJNA470752 SAMN09103846
AUS02 Se_BPH0781 NCBI SRA PRJNA470752 SAMN09103847
AUS03 Se_BPH0794 NCBI SRA PRJNA470752 SAMN09103848
AUS04 Se_BPH0795 NCBI SRA PRJNA470752 SAMN09103849
AUS05 Se_BPH0801 NCBI SRA PRJNA470752 SAMN09103850
AUS06 Se_BPH0808 NCBI SRA PRJNA470752 SAMN09103851
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BEL12
BEL13
BEL14
BEL15
BEL16
BEL17
BEL18
DENO1
DEN02
DENO3
DENO04
DENO5
DENO06
DENO7
DENO08
DEN09
DEN10
DEN11
FRAO1
FRA02
FRA03
FRA04
FRA05
FRA06
FRA07
FRA08
FRA09
FRA10
FRA11
FRA12
FRA13
FRA14
FRA15
FRA16
FRA17
FRA18
RP62a-rpoB662
RP62a

Se_BPH0809
Se_BPH0813
Se_BPH0816
Se_BPH0822
Se_BPH0823
Se_BPH0825
Se_BPH0828
Se_BPH0829
Se_BPH0830
Se_BPH0831
Se_BPH0832
Se_BPH0833
Se_BPH0834
Se_BPH0835
Se_BPH0836
Se_BPH0837
Se_BPH0838
Se_BPH0839
Se_BPH0840
Se_BPH0843
Se_BPHO0844
Se_BPH0845
Se_BPH0846
Se_BPH0847
Se_BPH0848
Se_BPH0849
Se_BPH0850
Se_BPH0851
Se_BPH0852
Se_BPH0853
Se_BPH0854
Se_BPH0855
Se_BPH0856
Se_BPH0857
Se_BPH0858
Se_BPH0859
Se_BPH0860
Se_BPH0861
Se_BPH0863
Se_BPH0865
Se_BPH0866
Se_BPH0867
Se_BPH0868
Se_BPH0869
Se_BPH0870
Se_BPH0871
Se_BPH0872
Se_BPH0873
Se_BPH0874
Se_BPH0875
Se_BPH0876
Se_BPH0877
Se_BPH0879
Se_BPH0880
Se_BPH0881
Se_BPH0882
Se_BPH0883
Se_BPH0884
Se_BPH0885
Se_BPH0886
Se_BPH0887
Se_BPH0888
Se_BPH0889
Se_BPH0890
Se_BPH0891
Se_BPH0892
Se_BPH0893
Se_BPH0894
Se_BPH0895
Se_BPH0896
Se_BPH0897
Se_BPH0898
Se_BPH0899
Se_BPH0900
Se_BPH0901
Se_BPH0902
Se_BPH0903
Se_BPH0904
Se_BPH0905
Se_BPH0906
Se_BPH0907
Se_BPH0908
Se_BPH0909
Se_BPH0910
Se_BPH0911
Se_BPH0912
Se_BPH0913
Se_BPH0914
Se_BPH0916
Se_BPH0917
Se_BPH0918
Se_BPH0919
Se_BPH0920
Se_BPH0921
Se_BPH0922
Se_BPH0923
Se_BPH0924
Se_BPH0925
Se_BPH0926
Se_BPH0927
Se_BPH0928
Se_BPH0929
Se_BPH0930
Se_BPH0931
Se_BPH0933
Se_BPH0934
Se_BPH0935
Se_BPH0936
Se_BPH0937
Se_BPH0938
Se_BPH0940
Se_BPH0941
Se_BPH0942
Se_BPH0943
Se_RP62a-rpoB662
Se_RP62a-WT

NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBISRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBISRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBISRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBISRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBISRA
NCBI SRA
NCBISRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBISRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBISRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBISRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBISRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBISRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBISRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
NCBI SRA
ENA

ENA

PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJINA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJNA470752
PRJEB12090

PRJEB12090
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SAMN09103852
SAMN09103853
SAMN09103854
SAMN09103855
SAMN09103977
SAMN09103978
SAMN09103886
SAMN09103887
SAMN09103888
SAMN09103889
SAMN09103890
SAMN09103891
SAMN09103892
SAMN09103893
SAMN09103894
SAMN09103895
SAMN09103896
SAMN09103897
SAMN09103898
SAMN09103899
SAMN09103900
SAMN09103901
SAMN09103902
SAMN09103903
SAMN09103904
SAMN09103905
SAMN09103906
SAMN09103907
SAMN09103908
SAMN09103909
SAMN09103910
SAMN09103911
SAMN09103912
SAMN09103965
SAMN09103966
SAMN09103967
SAMN09103976
SAMN09103968
SAMN09103969
SAMN09103970
SAMN09103971
SAMN09103972
SAMN09103973
SAMN09103974
SAMN09103975
SAMN09103931
SAMN09103932
SAMN09103933
SAMN09103934
SAMN09103935
SAMN09103936
SAMN09103937
SAMN09103938
SAMN09103939
SAMN09103940
SAMN09103941
SAMN09103856
SAMN09103942
SAMN09103943
SAMN09103944
SAMN09103945
SAMN09103946
SAMN09103947
SAMN09103948
SAMN09103949
SAMN09103950
SAMN09103951
SAMN09103857
SAMN09103858
SAMN09103859
SAMN09103860
SAMN09103861
SAMN09103862
SAMN09103863
SAMN09103864
SAMN09103865
SAMN09103866
SAMN09103867
SAMN09103868
SAMN09103869
SAMN09103870
SAMN09103871
SAMN09103872
SAMN09103873
SAMN09103874
SAMN09103875
SAMN09103876
SAMN09103877
SAMN09103878
SAMN09103879
SAMN09103880
SAMN09103881
SAMN09103882
SAMN09103883
SAMN09103884
SAMN09103885
SAMN09103913
SAMN09103914
SAMN09103915
SAMN09103916
SAMN09103917
SAMN09103918
SAMN09103919
SAMN09103920
SAMN09103921
SAMN09103922
SAMN09103923
SAMN09103924
SAMN09103925
SAMN09103926
SAMN09103927
SAMN09103928
SAMN09103929
SAMN09103930
ERS1019920

ERS1019921



Isolate Sample 1D
AUSTT AUSMDU00010840
AUS12 AUSMDUO0O10%
AUSTE AUSMDUO0010951
AUSta AUSMDUO0010856
AUS1S AUSMDU00010984
AUS16. AUSMDUO0010995
AUSTT AUSMDUO0011002
AUS18 AUSMDU00011006
AUS1O AUSMDU00011014
AUS20 AUSMDUO0011024
Aus21 AUSMDU00011032
AUs22 AUSMDU00011033
AUS23 AUSMDUO0007545
Aus24 AUSMDU00007547
AUS25 AUSMDU00007550
AUS26 AUSMDUO0007553
hus2r AUSMDUO000B046
AUS28 AUSMDU00008047
AUS29 AUSMDU00007904
AUS30 AUSMDU00007805
AUS3T AUSMDU00007924
Us32 AUSMDU00007933
12228.p0B662  Se_12228-1p0B662
12228 Se_12228-WT
BPH0662 Se_BPH0662
BPHO663 Se_BPHOB63
BPHO666 So_BPHOBGE
BPH0667 Se_BPH0667
BPHO665 Se_BPHOG6S
BPHO659 So_BPHOB6S
BPH0670 Se_BPHO70
BPHO671 Se_BPHO671
BPHO672 e_BPHOGT2
BPH0673 So_BPHO673
BPHO674 Se_BPHO674
BPHO675 So_BPHOGT5
_BPHOG:

BPH0676-p0B662 Se_BPHO676-rpoB662
BPHO677 _BPHOG77
BPHO678 So_BPHOGT8
BPH0679 Se_BPHO679
BPHO681 Se_BPHO681
BPHO684 So_BPHO6B4
BPH0685 Se_BPHOG85
BPHO686 Se_BPHOG86.
BPHO657 e_BPHOBET
BPH0689 Se_BPHOG89
BPH0690 Se_BPHO6Y0
BPHO691 Se_BPHO691
BPH0892 o_BPH0692
BPH0693 Se_BPHO0693
BPHO694 Se_BPHOBO
BPH0695 So_BPHOG95
BPH0696 Se_BPHO696.
BPHO697 ‘Se_BPHOGY:
BPH0699 So_BPHOG99.
BPHO700 Se_BPHO700
BPHO701 Se_BPHO701
BPHO702 e_BPHO702
BPHO703 Se_BPHO703
BPHO704 Se_BPHO704
BPHO705 Se_BPHO705
BPHO708 So_BPHO706.
BPHO707 Se_BPHO707
BPHO70B Se_BPHO708
BPHO709 So_BPHO709
BPHO710 Se_BPHO710
BPHO711 e_BPHO71
BPHOT12 Se_BPHO712
BPHO713 Se_BPHO713
BPHOT14 Se_BPHO714
BPHOT1S Se_BPHO715
BPHO716 Se_BPHO716
BPHOT17 Se_BPHOT17
BPHOT1B So_BPHO718
BPHO719 Se_BPHO719
BPHO720 Se_BPHO720
BPHO721 Se_BPHO721
BPHO722 So_BPHO722
BPHO723 Se_BPH0723
BPHO724 _BPHO72:
BPHO726 So_BPHO726
BPHO727 Se_BPHO727
BPHO728 Se_BPHO728
BPHO729 e_BPHO729
BPHO730 Se_BPHO730
BPHO731 Se_BPHO731
BPHO732 Se_BPHO732
BPHO733 Se_BPHO733
BPHO734 Se_BPHO734
BPHO735 Se_BPHO735
BPHO736 So_BPHO736
BPHO736-p0B662 Se_BPHO736-poB662

HO737 Se_BPHO737
BPHO738 So_BPHO738
BPHO739 Se_BPHO739

K01 Se_BPHO743
ko2 So_BPHO744
UK03 Se_BPHO745
UKo4 Se_BPHO746
IRLD1 So_BPHO747
UK0S So_BPHO748
UK0G Se_BPHO749
ko7 So_BPHO7S0
Ukos So_BPHO751
UK0g Se_BPHO752
Uki0 Se_BPHO7S3
Ukt So_BPHOT54
Uki2 Se_BPHO755
AUSOT Se_BPHOT71
Aus02 Se_BPHO781
AUS03 Se_BPHO794
US04 Se_BPHO795
AUSOS Se_BPHO801
US06 Se_BPHOB08.
AUSOT Se_BPHOB09
USO8 So_BPHOB13
AUS09 Se_BPH0B16
AUS10 Se_BPH0822
BPH0823 Se_BPHOB23
BPH0825 So_BPH0825
DEN12 Se_BPHOB28.
DEN13 Se_BPHOB29
DEN14 Se_BPHOB30
DEN15 Se_BPHOB31
DEN16 Se_BPHO832
DEN1T So_BPHOB33
DEN18 Se_BPHO834
DEN19 Se_BPHOB35
DEN20 So_BPHOA6
DEN21 So_BPH0837
DEN22 Se_BPHOB38.
DEN23 So_BPHOB30
DEN24 So_BPHOB40
DEN25 Se_BPH0843
DEN26 So_BPHOBA4
DEN2T So_BPH0845
DEN28 Se_BPHOB4E.
DEN29 Se_BPHOBAT
DEN30 So_BPHOB4B.
DEN31 Se_BPHOB49
DEN32 ‘Se_BPHOBS0
DEN33 Se_BPHO8S1
DEN34 So_BPH0852
DEN35 Se_BPHOBS3
DEN3E So_BPHOBS4.
DEN37 So_BPHOBS5
DEN38 Se_BPHOBS6.
usot Se_BPHOBST
uso2 So_BPH0858.
Uso3 Se_BPHOB59
usos Se_BPHOBB0
Usos Se_BPHO861
Usos Se_BPHOB63
usor ‘Se_BPHOB!
usos So_BPHOBGE
usos Se_BPH0867
usio Se_BPHOB6S.
ustt So_BPHOB6S
stz Se_BPHOB70
GERO1 Se_BPHOBT1
GERD2 Se_BPHOBT2
GER03 So_BPHOT3
GERO4 Se_BPHO874
GERDS Se_BPHOBTS
GEROS So_BPHOET6
GEROT Se_BPHO877
GERDS Se_BPHOBT9
GERDS So_BPHOBE0
GER10 Se_BPH08B1
GERT1 Se_BPHO882

llumina NextSeq

2932278
2893624

Yield

427878249

438349221
428600250

Minlen  Avglen Maxien Modelen Phred
35 145 151 151 33
35 147 151 151 33
35 147 151 151 33
35 143 151 151 33
35 147 151 151 33
32 148 151 151 33
35 148 151 151 33
33 148 151 151 33
31 147 151 151 33
34 146 151 151 33
35 145 151 151 33
32 147 151 151 33
30 144 151 151 33
32 147 151 151 33
31 146 151 151 33
31 144 151 151 33
35 143 151 151 33
35 148 151 151 33
33 148 151 151 33
35 148 151 151 33
35 148 151 151 33
33 148 151 151 33
35 220 301 301 33
35 225 301 301 33
35 139 151 151 33
35 125 151 151 33
35 148 151 151 33
35 219 301 214 33
35 148 151 151 33
35 190 301 214 33
35 169 301 214 33
35 173 301 214 33
35 71 301 215 33
35 170 301 215 33
35 170 301 215 33
35 166 301 215 33
35 184 301 214 33
35 228 301 301 33
35 185 301 214 33
35 226 251 251 33
35 220 301 214 33
35 182 301 214 33
35 188 301 215 33
35 191 301 215 33
35 174 301 215 33
35 195 301 215 33
35 179 301 214 33
35 169 301 214 33
35 102 251 251 33
35 237 301 301 33
35 236 301 301 33
35 147 151 151 33
35 203 301 215 33
35 231 251 251 33
35 177 301 215 33
35 182 301 215 33
35 179 301 215 33
35 173 301 214 33
35 168 301 214 33
35 236 251 251 33
35 160 301 214 33
35 210 301 215 33
35 185 301 215 33
35 103 301 215 33
35 189 301 215 33
25 149 151 151 33
35 148 151 151 33
35 103 301 214 33
35 148 151 151 33
35 184 301 215 33
35 163 301 215 2
35 175 301 215 33
35 231 301 301 33
35 231 301 215 33
35 179 301 215 33
35 147 151 151 33
35 192 301 214 33
35 185 301 214 33
35 193 301 214 22
35 212 301 215 33
35 203 301 215 33
35 197 301 215 33
35 203 301 214 33
35 207 301 214 33
35 200 301 214 33
35 201 301 214 33
35 200 301 215 33
35 197 301 215 33
35 187 301 215 33
35 204 301 215 33
35 207 301 214 33
35 202 301 214 33
35 230 301 301 33
35 147 151 151 33
35 147 151 151 33
35 198 301 215 33
30 147 151 151 33
30 147 151 151 33
30 147 151 151 33
30 147 151 151 33
30 143 151 151 33
30 148 151 151 33
30 146 151 151 33
30 148 151 151 33
30 148 151 151 33
30 148 151 151 33
30 148 151 151 33
30 147 151 151 33
30 148 151 151 33
3¢ 147 151 151 33
30 147 151 151 33
35 147 151 151 33
31 148 151 151 33
31 145 151 151 33
35 147 151 151 33
35 149 151 151 33
30 126 151 151 33
35 145 151 151 33
35 147 151 151 33
3 148 151 151 33
35 148 151 151 33
32 147 151 151 33
35 148 151 151 33
33 148 151 151 33
31 148 151 151 33
31 149 151 151 33
30 149 151 151 33
31 149 151 151 33
31 148 151 151 33
31 143 151 151 33
3 149 151 151 33
31 148 151 151 33
31 148 151 151 33
31 148 151 151 33
32 149 151 151 33
31 148 151 151 33
30 148 151 151 33
31 148 151 151 33
32 148 151 151 33
3 149 151 151 33
31 149 151 151 33
31 149 151 151 33
30 143 151 151 33
30 149 151 151 33
31 148 151 151 33
33 149 151 151 33
31 148 151 151 33
31 149 151 151 33
35 148 151 151 33
35 148 151 151 33
31 149 151 151 33
31 148 151 151 33
3 149 151 151 33
30 149 151 151 33
31 148 151 151 33
31 143 151 151 33
31 148 151 151 33
31 149 151 151 33
32 149 151 151 33
3 149 151 151 33
35 149 151 151 33
35 148 151 151 33
35 149 151 151 33
31 147 151 151 33
33 148 151 151 33
35 149 151 151 33
34 149 151 151 33
35 149 151 151 33
35 149 151 151 33
35 149 151 151 33
35 148 151 151 23

Avgaual
322

Depth
150x
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Assembler

SPAdesv37.1
SPAdesv37.1
SPAdesv37.1

2514204
2661902

2718268
2514204
2661902

Gaps

350332

327001
332745



AUTO! Se_BPHOBE3
GERIZ Se_BPHO8E4
GER13 Se_BPHOB8S
GER14 ‘Se_BPHOBES
GERI1S So_BPHOBET
GER16 Se_BPH08S.
GERIT ‘Se_BPHOB8Y.
GER1E Se_BPHOBY0
GER19 So_BPHO891
GER20 Se_BPH0892
GER21 Se_BPHOBE3
BELO1 Se_BPHO894
BELO2 Se_BPHOB95
BELO3 Se_BPHOBYS.
BELO4 So_BPHOBST
BELOS Se_BPHOB9B.
BELOS Se_BPHOBYY
BELO7 Se_BPHO900
BELOS So_BPH0901
BELOY Se_BPH0902
BEL10 So_BPHO903
BELT1 So_BPHO904
BELT2 Se_BPH0905
BEL13 Se_BPHO906.
BEL14 Se_BPHO907
BEL1S Se_BPH0908
BEL1 Se_BPHO208
BEL17 So_BPHO910
BEL1S Se_BPHO11
DENOT Se_BPHOO1
DEN02 Se_BPHOS13
DENO3 So_BPHO914
DENOZ Se_BPHO916.
DENOS So_BPHO917
DENOS So_BPH0918
DENOT Se_BPHO0919
DENOS Se_BPHO920
DENOY So_BPH0921
DEN10 Se_BPH0922
DEN11 Se_BPH0923
FRADT Se_BPH0824
FRAD2 Se_BPH0925
FRAD3 Se_BPHO926
FRADS So_BPHOS27
FRAOS Se_BPH0928.
FRAOG Se_BPH0929
FRAOT So_BPHOS30
FRAOS Se_BPH0931
FRAS Se_BPH0933
FRATO Se_BPHO934
FRA11 So_BPH0935
FRAT2 Se_BPH0936.
FRATS Se_BPHO937
FRAT4 So_BPHO938
FRATS Se_BPH0940
FRATE Se_BPHO%4:
FRATT Se_BPH0842
Se_BPH0043

RP622-poBE62  Se_RPG2a-poBE62
RPG22 e RPE:

llumina NextSeq
llumina Nexis:
llumina NextSeq

lumina NextSeq

2020500

499567035
442624493
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SPAdes 371

SPAdesv37.1

a7
68
a7
58
51
63
78

45
59
49
46

52
58
65
66

62

60
49
66
58
55
64
62
52
60
51
52
59
60
60
63
59

43

45
51
73
a1
45
55
51
49
50
63
53
59
57

43
55
a7
4
47

o

2437347
2720897

2576729

2437347
2720897
2554407
2713035
2522025
2720706
2735622
2720260
2378699
2675107
2456280
2633563
2474149
2481971
2692004
2530912
2503702
2731325

2576720

256374
197660

284741
250180

186870

124013
135638
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Chapter 4. Mining the methylome reveals extensive diversity in Staphylococcus

epidermidis restriction modification — Supplementary Tables

183



SOWOUIT 90UIRJAI Sna.np °§ Y 129§ - | 9[qe], Arejudwaddng
UONJEDIJIPOW UONILISAI SIp1uLiaplda s122020]Aydpig Ul K)ISIOAIP SAISUIIXS S[BIADI QWIO[AYIOW dy}) SUIUIA

1950091 HSV™4 SEROY9100YOSSOKH) 00O ISLOUBEASD U B 1gs0v9LNSY Ses0rsL0r: sz w1 45691040V SAONA0AT INUROUHD 09T GOGHGT  LSSGONOOVOD LLZSSTVNIN  OESZMISONNYS  §  Shanesmascaouudrs aorsrz
LAGOSERNISV”S SHESAPO00 YODSIUSTHOOUVOO) AGBSEINSY | SEOS7000 JORUSTHO00 oD RALOURONOD U G oD medua) G850 DL §  308220°ONZ roN e 55959000 ¥00 oz sranosnascaniudag iz
EPPVIRSY | SHCoRbL00 VIBSHEPPHIOON. LTSS INSY | SYErYYL00 JOBSPNYHL00ODNESORRBST U O ) SuwolD oD Geor 296 L L AE1S0401 L5V ZNouosouanD 02 Sherri00¥00 T2 snamesrscsotioas ox

PEOLNSY 5250000 V995 © suusmmcuod coe w1 iy londcyousouens 097 1000°vo0 G enane e a0
VSPCHSY | S6renZ000 VOO vissransy L sevsrzoon Uoe oo 1 | 05004011 216940 ONouOsOuD 0825 2000°voD o e sroscootidng oron
1591HSV~4 54019100 ¥001 ¥ e ooz | 09651040S09Nd ruEE: 5600 SusouD b2 SHI9L00¥00 e spoaaniigdas So9n
o0voorszar - e s ¢ ¥ PoNeuosouons 025 v oz snanosnascanuag Tosn
AEDOR0IASY 2 560900100 VIDSEAOrBLOON: o v ¢ X Nveuouon 052t 2560000100 v00 D6 wnane amonnyias ouzen
IAIS05SSV-L 515095100 Y005 oucua AT NIV BV AUA  suoleo MmO Uele & N SSMSLN PSSO LZEE XM L00E104D TN SOMGLN PRI T DY 10PN PN eoRaanE 037 506510020 o snamesrscooiidEs 55 veuN I
FROSHSY | 55008000 V0D o WU TPV, SiowD aied [The  GE ¢ chrndowsn Lubionol iusedo s iovent L0401 0111000 N owosOuONS 1125 +595000 Vo0 G snamssmooo/idus SNSIO0ESN
4 15950100" V2015139501000 Esawoust o s c INeusana 115 L sigosoi0nvon o snemesmosouides | unsoocven
\S¥"} 599210000 V201597 e et i e e S e 00 G snamsrsvooiidms su5uad 00EvaN
00 vo0rs0LTaLI 00N oot e e oo 210401, 61121000 ZNowosouons 0125 000 G snamesrscooidmns 1000102 0oEvaN
10561 HSV~4 SO0SL6100 YOO 61 00: o o - INeussouons oizs ovoo S eraune rosoonbiai 20000
05 61HSV"L SHUSL6100 YODHUS 6100 Wi s - INewmouan Gz Lswosesingvoo & sramesroscootiams oz ion
LALGSGONSYS SLESO000 VORI SO0 oS OB Uty SuowoauswD Ove  her L 069L0041Y 0691000 2N Susoud 07 19505000 ¥00 G snamesrssoorudes oncsnsts v
NGSEMSV- 1 SESE00000 VODSISONO0N: o WU TPV, Siow o) 1S1C LG 3 S0 ONTaosspuss-y s e onesesosd s 1 565500000 ¥00 GBc  Snanwsmmomodas  (G61S)S0L0S
V0LV SHOLO000 YORSULZONOOY: BOE e Fel0 oNe oaep N L svaszoon0voo E- o
L Lssaprsianvoo o seizsnL

i ¢ 258610007 vo0 ‘

P e B R R < S Lss0ri000¥o0 o

SoUDBOD U Uy OO AGD  SEE  1seT L 25acesho0 VoD o

E I soavoronnvoo oz

o sw ¢ L 50r196000 Y0 w2z

e e ¢ L Sorioc000¥00 oz

auauatios cuowosmduoy 9 4w T 596190000 ¥0 w2z

oo Swowowwowed e o L SvEi96000¥00 o2z

e L szci000¥o0 oz

a0 cuowoamowed e % ¢ 500586000 Y09 @

suowoussues lee e 1 Soscaconnvoo oz

cuwosmduy v wow  ©  sonzesonn¥oo o

Swowoowowed S i LSsEiis100v00 %

A o0 5

wee s ¢ v o
e e L S51056100¥00 Gt snanesmooodudes g2r anurs

Wwudity suowomdwd 053 el L Sva01r000¥00 o

R i Loviiaeion Voo s

Lwe ouw b L sozomsianvon -

e I~ L S9R0L000 V00 o

uowouscued ot Siozci00¥00 5

8 © Caiwono o ooz 1 scereonvoo i

LoLz01mSY L Svoszoon e s ¢ L Shareolon voo i

11055191 HSV~4 SOE915100 YORSOEE 15100 1A0CE191 NSV S0C815100 U s © Lsocaioianvon s

2 i - o - L LZBR10U0IN 1296100 PN owosouD 0055 LS51500100 V00 anc

L9504 SVt SL0SDF00 YORSLUSINLO0Y: LAL9S08 WS 5195991000 B A Neuoouon 0azt L slo60r00¥00 o5

EOSSVIRSY | SE9SAHI00 VIDSESIIOON: 1ACo5a8 NGV SE9507 00 JODISEISON | 00IDIIEEOURURBOB U UV U ity Suoueo AoBuD Gz0¢ 0oLt 5 5510401 01981040 ZNewosouONE G62E seoRnianvon oo

00200000 VO5/S0AE0D000N Lh00ESY 1500600000 400/S0B00000 10DIouOUaBABL I U By  owoueD A0 0ose  Sce | 1 So0600000¥00 st

S2B0008 VORS00 WonTUeumeN 851 50260008 i w1 + Seszon008¥o0 vz

4 $1LL10006 VOOISLLILL0OORNOOY N 1 SLL130008 we ez L69B00LYY 696001 ZNZ PISEI L D6SBO0LYY 0B9600LT 2N S 116 1511130005 ¥05 f

ZEOUNSIZN | SCESS1006 VOSEESSI00BY: * ououed meruod - : L S0L560LTZ RuReI L YOLGBOLTH sussowOND 520 L Sccssions Voo :

SEREIDLON S SOPLSHIO0 VIDSELSHIOOY: SEYELOLON"I'SERLSYLO0 S0DISEMSHIOGHODIIUEAUOUIBAB IV UGty SuOUED BOD S0LZ  OST £ INVISSOIENT T susouens G978 Lovisrian¥on o

2o WOV 52410000 VODSEHE DOOV: IAETEINSY 1 527240000 S00ISEHEL0000 40DIOOUaBAD Ul U By owoued A0 1oL Cer L S5200040/) SELL00 DN OuOSOuND 0625 L Szv5i0000¥00 v

260891 MV} SEBOFS100 YORSZHONHIOO: G we oz INeuomsans 052 L szanvoi00¥o0 s

4 505079100 VI0IS0B0THL0NIDY s oo ¢ 295571901 05 Pouosounnn 9620 A H

LAs96HSY | S99500000 VODSHI00000Y: G oww ¢ 615002 OG0 ONSHENG PRUSEd € 010000VAIZ SL200™DN ouosoun 915 H

SELLNSY™ | SO21 10000 ¥00/5921 10000 cuowosmduoy St o '

HG600000 VOD/S59ED0000N Suowoawowed e s s

43010000 ¥0B5POIN00Y: o e L H

10251V 525110000 YODSESIH K00V suowoumduoy o we .

S sizssite voasicssmitavoonmraunethot e uowowsowed lsse taiz | o

uowoamduoy e i b o

uowono e owi L H

e me oz s

s e L kS

Wi o ¢ o

uouon e e © o

owowooudioy 100 Sez | o

N s

w5 oo onc

sue s ¢ cs01

s s ¢ o

suowowwowed e oz | e

e woe oz s

e A o

Cuowouwcued ose  wee b 910000 11910007 o

o e v VoS04 I 10 Y s

suowouwowed Ouie  towe L &

Zoe  ome b ez

e oo 1 e

e w1 z

uwosmduoy e w0E © 140230400V 11021043 ZN 0 PSRN e

o Suowoawowed Owe 0L | 1 LS9G00UOIN 1996000 PN owosouD 0626 s

T [ 9402404011 91021040 2N S04 PRSI 510210401 SLOZA 00 2N suosous 05z ez

TSRS e e © 10407 ENeuosouons ouzs o

o G soe L 1 S60210uIV 002100 INouosouaD 0% <

fitiiisiat e LEEIEI0UIV 516100 PN SuosouD 078 .

oz suowoawowed G G L 55501040V 650100 I ouosouND 0625 o

TS e ose L 11555004011 50000 ZNSuRsOwRD 075 o

it [ 2np oneuosouone cuzs -

v [ S socvass ‘ we s

cuswosmsuey 15 v Vv 104007 1114003 TN susound 057 s

G000 voorse SuowowNeD SilE W b ONISHEID 2 s

3 iz omw L o

uowoumdud IS ST T WL s

Suowouscwed e sse < o

uowosmduoy o a

Suowoawowed loie  towe 25100002 529900 ON 18410 prsid | SYODO0UE 6200 ON SUSEDWOND 0326 ose

e sz ¢z 0 oNewomowas 615 o

1705206/ OVOH o SEEB21008 YODICEIGZHI00GVO) A 1 05614917 09914917 2N 6501 L5111 5591611 231 uosouo 51 o

601201 v} 560120100 Vo560 wse w2 25150 ¥ o

X 3 s me ¢ L9004 540040 2NZ1 YO sl o

S oae ¢ 1510804011 255120”ON PN s s

[ 6RZS00401 £59120 N EoceauE pus ez

wee ¢ e

@ sz L =

suowosmduoy e s b )

Swowoawowed e e 1 2065004011 29650020 ZN w6159 PUSHI o

B e A i

A e

- 7 3

IG5 SESRSZ00T400ISBASTIOND OIS LOLS D U Gy 7 one

11SGZAMSV"| SSEZ0R000 JODSSHEONO0IOEEADONO U suwowooudioy rsse  seie L os

2ASE09L S 2 SEE091000 A /6552004011 521220”ON powewAn puserd | 555200001 o

GRVSLLLLNSY L 70111100 0SP0L1 1 OOOOIIRUONSEAOR sl U dyry  SueeowoND 067 SL0F | 235991041 75391049 ZNN 1 150 PUREI PRSI 755591041 5891000 ZNSWOROUONE P12 N

1106L6SSY "\ S0eLsS000 0 e e e Iewsouons Sazt s

110251V 02545000 J0DIS021S4 000D/ 0U80D v 9y Gose s L 0GEDL04OIY 020103 ZNSusouID 0575 o

110S5pLINSY" | S0501L000 10508105000 AIBHESURL O Ul B 0y [ - Enveuosouons ouzs H

si ww L 55591040 ouesowans 0355 :

N 0 e o

I e o :

e ¢ 103001040 PO BB 1'| 050} 040 SuRsOwRND 515 o

Wi oaoe ¢ 29091040 pawotin puse | Co691040 auaRaOND o

Lo oz L a

e wer 7 500401 055L407ON 561841 pus o

e e L o5

A .

Sy o oL DU e ) Tt 0% | LSHOOLO0V00  DOOLZIVNING  SLLOCERONNYS 245

AP ISZHSY 51520000 YOD S SEL00YOOIaLOURBATD VAT SrSZ0000 oz v 7 Wolo0dlt OYELLG ON OGRS 0655 SO0 VoD GORVOVNIG  OLCODEONNYS S22

g aivesion e [ ooy %0 oasssy . weloaoa | sduesom

1w
oonsu

184



SOWOUdT 20uaIRJal SIpruLiaplds S g 199YS - | 9]qe Areyuswojddng
UONLIIIIPOW UONOLSAI SIp1uLiaplda $122020]AYdp)s Ul K)ISIOAIP QAISUIIXO S[EOASI QWIOIAYIOW ot Sururpy

7170000 VoWOUSB/gZ L L 0% 1102 “|e e ussse A 7559956100 VOO unis Buisiuojon snyiey spewusg 5102 - sipiwiapide snoo0ooiAyders Ly LvL
£1-05%00'vVawousb/gzl 10k 1102 “1e10 oB[ED A T'S69580200 VOO (OAD) aamyno poolg elwaeiseg BinquieH Auewon 0661 98 sipiusiopido sn20000/Ayde)s LS¥L
$1-6G010'VoWOUsb/gZ L L 0b ¥10Z “[e10 Hoduareq N T'555652000 VOO a|qeoyidde JoN a|qeoyidde joN umousiun sajels paun umouun - sipiuLiepide $n20000/AydeIS 13s

G00z'8€ve-92ve L 281 'Ar/8TLL 0L A T'ST6TT0000 VOO aInmno pooig elwaeispeg 99ssauua] ‘siydwaly Sejels pajun 08616161 (3 sipiusiopido sn20000/Ayde)s ez9dy

PZZ€0051d/LZ0L 0L N T'SE0TSL000 VOO nsew snasen umouun puejuiy 2002-6661 8l SipjuLiepide sn22000jAydels L2ZNd
Z700000'UsbW/6601 01 ey 097 A T'ST9980006 VOO 480 uoposjul SNO BLOJOIA ‘auInogapy eljensny z10z z Y Hdg

XL 19€0°€002'8562-G9€ 1 9701 °0L €002 “[e 10 Bueyz N T'SY9£00000 VOO a|qeayidde JoN a|qeoyidde joN umousiun sajels paun 5G61 8 sipiusiepide $n20000jAydelS 82zl

10a @oua1aj0y Burousnbeg oigoed Alqwessy 199N sidweg uoejuasald oy uoeoo] uonmisu| Anunog uopelosi 1eaA  LSTTIN OIS Ul wsiuebio ulens

185



elRpRIOW VS S1pruiapida g D) 19yS - | d[qe], Areyuswoddng
UON)EOJIPOW UONILNSAI S1p1uLiapida sn22020]Aydpig ur AJISIOAIP JAISUIXO S[BOADI SWO[AIow ) Suturjy

rons 1 £ e ey :
e 1 o e e 7
o 9 £ on 1 :
e 1 o on _
o 9 £ on :
Lonso 1 £ on \ 7
% \ £ o
s 1 b o
% s 1 & il o
o v 9 £ %
o e 1 & i
% It 1 3 o
* g 9 3 7
o i 1 3 o
s 5 1 3 Pt
* I 1 ey
e B 9 et
it s 1 1 ey
e e 1 9 i a5
o v 1 1 : e
Lonso e 1 1 5
rons i e 1 1 & ey
L % 1 1 p
* e \ 1 ey
o 25 1 1 ;
2 2ic 1 s ESiomices
s fis 1 3
s 55 9 H e A
% i L b e v
* & 9 B prod
o e 1 I e
s s5 9 P e
* 5 I ouziozs
o et i e e
it I v weiozs
e o o aciocs
L o o Sveioes E:
e 9 H o
* 1 5
s t 1 I
* 1 5
s + 1 i
% 1 b
s o 1 z
3 o 1 z 3
o i 9 & Sovuisss sesohrs
o : a i
onoe E i o
o @ Vi Gowssone ausaee o
L i Zie o oomwozoos oraeons
L o Tee anssieeet
L i el 1 Gowirorss Coniionts ooyt
T o o5 1
e 5 1
| % o 1
s bl 1
3 s 9
s ke 1 3
s ix 1
* % 1 1
o % 1 i+
s 25 1 Lo
* o 9 Lo
e o 1 9
it 3 1 o
G Lo B 1
L o " 1
e s 1 e
n sieo [P o wisa ooy evm urepon oty e 50, E.

P 3 g sanog oS oo G0 kg a0 fapasnes amwaanys mmvsos

186



S)e[0SI SIpruLidpida *§ Q10T 1P 12 9977 " 199YS - | d1qe ], Areyudwojddng
UONBOLJIPOW UONOLISAI SiptuLiapida sn22020)Aydpig Ul KAJISIOAIP SAISU)XD S[BIAI JWO[AIou oY) JUTuIj

siveiz vase o o v o sustezz SSLOHAE™SS POGEOIGONIYS  ZSLOLWWNINA  VHSIEON e oz z
o o 09 o vonssz vSL0HaE o8 e S0z spuspde smsscoouudes (1) rsLobide
o o s o ey oz z
o o & o weuniy oz z
o o 08 o sufowoaso  uewn ol ¢ suwopdasmooooydes (s0yn) 15Lo0kde
o o 8 o sweondes  veuniy sz z
o o 9 o Sueondes  veuwnyy sz z
o o £ o ey sz z
o o o o e sz z
o o E [ UBWN  pUBU3ISQUNHRSASWOA  OPOUNPALN  OIOZ 3 SPuuspdesnanoooydeis (vOMN) OviOHAE
o o 0 o ewny U3 spUePIN T doz 7 spuopdesmocookyde  (S0yn) SrLohds
o o o o weuniy sz (z0¥0) vr10HdE
o o s o weuny sz z (o) cri0mds
o o v s et @ L 68L0Hd8
o o 1 s ey Loz e s810HAS
0 o " s Liesioisus weuny woe se L810Hd8
o o 19 S ¥ 3 weuni z SeLoHds
o o = E 3 weunii o veLoHds
o o o E w3 weuniq z ciohds
o o & s i w3 ewovopeg  ueuny z Zionds
o o s olesioisia ewovpeg  ueuny z Le0Hde
o o s B08sI01S3 g ewnn z 08.10Hd8
0 o s a3 weuny o 62L0Hds
o o s 3 weuni z szL0Hds
o o S avises suesloisus weunii z Lzi0Hds
o o E avscvzs sussloISN3 weuniq o oziods
o o E sourzs vossloISH3 weuniy z s2ionds
o o s 96v625 3 weuniy z 22i0Hds
o o s scaiez weuny oz oz \z00d8
o o s eyt oz 0zL0Hds
0o o s ey oz z Bl10HdS
o o s e sz z by
o o S e sz z Li1onds
o o E et sz z o110Hds
o o E eq  uewn ooz Si10Hd8
o o s sesBl0LSH3 ewovopeg  ueuny ooz Fi10Hds
o o s eopi0LSu3 ewoviapeg  ueuny o0z ez €110Hd8
o o s a3 g ewnn oz 7 2110Hds
o o s ey ooz z oL10Hds
o o sz e ooz z s0L0HdE
o o e euwesepeg  uewny oz z s010HaE
o o E e ewesipeg  uewny ooz or Lo10Hds
o o E et g ueun ooz z o010Hd8
o o s g uewnn o z S010Hd8
o o s g ewnn w2 50.0Hd8
o o s zssioisu3 g ewnn w7 2010Hds
0 o s LesBl0isu3 weuny woz e Loomds
o o s ey wez % o0LoHds
o o S eg  uewn wz oz by
o o E ea  ueuwn we oz b
o o E weuniy we s S690Hda
o o s #085PL06C. suspioisua weuny woz  z F690Hda
o o s e s161050lr rigBi0LSH3 weuny woz e £650Hd8
o o s sve oaszssesy cusmi0iSH3 weuny Gz 2630Hd8
0 o s see zso0ealon assioisus weuni ez Lesomds
o o s v sozveesol 3 weunii ez L oss0Hds
o o s sw cosa 3 weuniy foz s by
o o Locczeee 3 weuniq Gz ey
o o w3 weuniy Gz o8501da
o o 2 weuny Gz z S890Hda
o o a3 weuny s F830HAS
0o o a3 weun ez L8048
o o et fo oz BL50Hds
o o e ooz as0Hds
o o et sz sz Lisorids
o o ey ac oz ou50Hd8
& b ewovopeg  ueuny a oz S90Hd8
o o e a0z P190HdS
o o g ewnn zoz s S290Hd8
0 o ey a7 2us0Hds
o o ey aoe oz Lisowds
o o e ez os0rds
o o VO ILEASOPYAS et ez b
o o 69 ILEASOPVES weuniy ez e
o o v ULENSOPVES weuniy ac s L990Hd8
o o € LrENsopvaS 2issce ey a0 9950Hda
sdeo oN oquassy  weq sroy  seusnbas  qopdues o woxis ueas.

187



TITIZ00 BT Tor
TITIZ008IeeITOE
TrTIZovameTTor

oa

£402"10 ®1S00.
L4102 " 10 EIS00.
110 210 s
sousisjoy
uonelAoN

IZEGYNTEd

pausiiandun 58299

Bupousnbag

eazyel
156027

xen

19958 129 0 0
9952 952 0 0
Loveve 850\ 282 0 ¥

Bay.

uw sdeo SN

08ESZVZ 08ESZVZ 99
£98057 £99805Z 16
1812 081

1881812 165.
xo

dq

sBuod

97 A siameN

£52 AJ2IaMaN
€2 nJoiamoN
soiquiessy.

xg
oL
oL,

tndog

euwni sy
X1459 ¥57
X1459 v5¥
pouiow
Bupousnbag

umowyun
umowyun
umouyun
oseasia
150H

umouyun
uewny
uewny

150H

umouyun

® spmme

umowyun
uiop
pooig
oaun0g
uofelos)

SoJe[0SI SipruLiapida °§ [ 10T <7 12 ©1S0)) *J 199§ - | 9[qe], Arejudwaddng
UONBOLJIPOW UOIOLSAI Sip1uLiapida sn22020)Aydpig Ul KJISIOAIP SAISU)XS S[BIAI QWO[A)ou oY) JuTuIj

vsn  umowxun
vsn 5002
vsn 00z
uogesoy g

odesBoog  uopoalod

aimpsu seiuaA Bies0

980N0A

Sipuapida sn2000iAydels

a2ue) Bupuanbeg [enwesu

Aapapaion

IHIN  SLPLSOHIN

1HIN

800KOHIN
uens

sipuwiapido sna2020iAydless

wsyuebio

Aquessy

wofoidolg

TS0RZ60000 V0D  GIZEGYNTEd  SEZGETOONTIVS
TG96522000 VOO  GGZ9BVNIEd  ZBEEGE0ONFIVS
TSE09.7000 VOO SGEZOVNTHG  FGZEGR0ONTVS

aduesorg

v
68
z
15
ooy

980NN
SLVLSOHIN
800KOHIN

oejos)

188



TO0XTBEUE0T 0T

THoLes'S
TSURIBIETIEE0T 08

EBST-GI0-FORZISIRRI T 0T

THOCTSOLIZZ 0T

TOSZ6TTeSS

To0XTOEUEG0T 0T

SIR0C00 OAWRZITOF
STR0R00OIAWRZITOF
TSOOBIETEE0L 0L
TESTSENTES S
ESTSUNTES'S
Z50RT To

SIB0E00 OIEWRZI 0k
STB0E00 WL T 0T

To0XTOTEUEG0T 0L

STR0E00OAWRZI I OE
TOPpTSUTOSERT 0L
SOPPISTWOTEEOT OF
1oa

2102 “1e18 19d00).
102 "Ie e usbuealy
102110 uabuzaL

£102"1010 10d00)

TZZTezvNEa
1107210300000

OVEIVNIEd
1102010 00000

5102 "Ie18 Bl

fpms s
5102 "Ie18 HUOW

210z " Ie10 liody

TEEETZYNrEd
[z

1102 "I 30 100000
2102 "fe1e s8do0d

G102 1210 0N
G102 1230 0N
1102”1010 100D

2107 "le18 180000

S10Z “1219 uop.
G102 1210 W0
210710300000
11021010 Jodood
L10Z “[e18 1190y
1107 @10 00000
1107 010 00000

51021610 Buiais
510z "Ie10 Buiais
L10¢ "1e18 19000
1102 1210 190000

TEZTENrEd
210z 1210 90000
5102 1219 HuON
2102 e 19 Ao
£102 1210 YO

SHECSIOSUGEOT oL
TEEOTOF

TTEVISFI00 V0D

BEL0RIZIZVIOBIT 0L
‘3 L0811 LVI/98T T 0T
T o

OZEATSIPIUTEGOT 0T
TOTTZ5Z070 SEUTEZ0T 08
STEZZ00WAVIEZIT0F
EBBCI-GI0-7O8ZISORIT 0T
TT-Z1500VOWOUBBRZI 07
XLL9E0'E00Z 8562-S9€ 4 19701 01

GIEE L T
2007 186€-L6E 201 IVIBZL T 08

0r-Bs00aELIT 0T
OTBZB00ANEZIIOb

TZE900 9U0d TEWON | ZET
TSYEPPPIO0 V0D
TCTETPI00 V0O
ETZ1S00VeWoUsgZI 08
STETIHOIZIIVIOBIT 0T
TECFZOL0-FIRZISIORI T OF

|

‘TOTTZSZ070 SEUTE 01 0
TOT 1252070 SeuT
ZITOLLZVTIBIIOTT
ZITOLZZPTIOIONT
THOE TRRUILIIT
082200 il
700508 eIy L €10
ZBSZTTIIIIOL
ZEZTTIIITOL
BBSIST0-FORZISIORI 0L
EB6STGL0FIBZISIOBI T 0L
TTEYISPI00 V0D
T'CGVISYI00 V0O
ZTB7855100 V0D
ZEOVOI00I9E 907 OSISTOT 0F
SEIZ80Z0J9ELO-0F0S/OT0T 0T
TOppTSTUOSERT 0L
TOPPISTWOTEEOT 0T

EEEEEEE]

£102 “Ie38 B15UM,
£102 "1e30 [a1sum

£079arEd

7102 “Ie16 UsbueaLL
L0¢ “Ie1o usbueaiL
1102 1230 zasenly-e01ED
TZZrezyNrEd

100z “[e1 BpOINY

JOVIIHOGEENESS 4iv
JGEEEIIOEETES'S (Wbusl ) 91y (8 ee1eouna)

JFBEIHOTEVEINESS 107
JSCYBIHOLTOSEIESS Lbv

2002 "Ie10 eqeg

5102 "0 1008Id

€002 “Ie 0 Bueuz.
Apms st
0102 "fe18 ENU

L10z 181 1ochy
810z “[210 1000/
510z “1219 suanels

5102 "[e 10 yBUIS

0102 "Ie18 ENUD
010z "fere enud
€402 “[e10 Uau)

FFOT0EVNIEd

0102 “[e10 UBfayfiuos
9102 "Ie18 sineq
o05EEarEa

$00Z “[230 UaPIOH
00Z "[218 UBPIOH
£102 "[e10 UBPIOH
£102 “[e30 UBpIOH
2102 "Ie18 119y

510 “[e30 Bluials
e
SovoEarad
TZZTEyNrEa
100z “Ie10 BpOINY
200z “Ie10 eqeg
2102 "[e18 HUON
402 “[e10 HuoN
0us13j01 Bw0URB UlENS

‘JOTEETIIOSOANHNESS 80y
TTSSANES'S 965
JEZIHOLRENESS GTv
‘J0SIHOZLINESS S8E
umowyun Gey

FOIHOZENESS S6E
607
‘I09TTITOTDINES'S 807
‘JL691IHOB0ZIESS vhy
‘JBIEIIOBOLIESS Z1y
dSEE6I9056eNeS S (Wbuol ) 9Ly (g eeieouns)
JZ0TTIHOPOLNES S 998
‘J0063TIOTSZIES'S (Wbua) 1) v0v  (6vZ ee1e ouns)
TTGZIESS 007
JFBLIFOCEINESS 268
JIG7IHOLEINESS L68
JFOEITOZZIITNES'S (wbuel ) 60v  (€0Z 2e 12 ouna)
JSIZIOLZIIINESS Ok
TOIMeS'S z4y
TQIMESS L1y
0L 69€
‘J0Z7030DXTES'S 96E
J5TEIIHOOXTESS 88
TT7ENES
JE6VIOLSTES'S 268
JECHZIHOPOLIESS 907
J0ZZEIIOTEINESS L1y
ISIATESTS e
TSEANES'S 017
J0VZITIHOB0STES'S 951
9B0STES S 6Ly
JEIWOSZENES'S 2hy
JISIIIHOINOTESS 28
‘JSTPIUOINONES'S 868
JEGFEITOTEONESS biv
JSTITOBEENES S 86E
JE0BIIHOZLINESS 12y
JT6EIIOZLINES'S L0V
TTSIIIVOGEREIES'S 207
JGITZIFOCEEINESS 907

%)
-

TEIHOROIGSS cor
asvaay tbus) ee

11520000 At
1'2Z8£2£0000 M

1215055000 M

1'9.52.0000" M

1'5080258Y0_dM
1'809580000” M

1'b00Y6E000" M

119220000t

185240000 di

uoissa09e ujojoid 1IN SPSH.

SPSH sha.np g "y 19§ - ¢ d1qe, Areyuswojddng
UONJBDIIJIPOW UONILIISAI SipiuLiapida sn22020]dydpig ul ) ISIOAIP SAISUSIXO S[BIADI QWIO[AYIoW dy}) SUIUIA

ZAEEEOTIOPSEETOZ 0T 100

£60115 SNId SBELS
£60115 SN G6ELS

2us 2LLS
£ep1S (EVZ1S '9ELS) 0ELS
£8p1S (E921S '9E1S) 081S

(£26°¥SZLS '0621S) 8LS ‘66218 '(0LLS 'SZZLS) LS
(€26 'v521S '052LS) 81S ‘6£2LS (SOLLS '622LS) S1S
(€26 '7SZ1S ‘052LS) 81S ‘6€2LS (SOLLS '522LS) SIS
(£26'vSZLS '0621) 815 'LLS ‘15 1LS
(626 'vS2150521S) 815 LLS '1G1LS

as

515 '(88ELS) 65LS
VOVLS ‘2218 ‘60118 'SZHLS ‘€618

151LS

261

61

(seeLs) 651s

1z1s

Lzus

sv1S

96ELS

6715 '081S Z511S

2511

1S (EV21S '9ELS) 0ELS

€€71S (EvZ1S '981S) 0ELS

s

zels

815 ‘€601LS

2115 '081S

eus LS

5L1S 2851S

5115 28515

rz1s'zius

ey

zus

2118 's2uS

5215 '8221S '51S

8221 ‘(50115 '5221S) 51

s

(626 'v521S0521S) 81" LLS ‘LG LIS

(€26 'v521S '0521S) 81S ‘6£2LS (SOLLS ‘62218 §1S
1S

Mroaoe N

BT m O mm BB NmODR N O® NN NG -

13
09
sorelos) jo soquiny

aveusdly snone's g

Ip3 ZSW_/81Sd

ovowIpaId LSW2818d

(ouous6 yesp) 1615d

Burpusnbes 01ga% Aq pUNLISIoP WO

passaidxa jou LSIN SEVELOLON

ZSW_£265Z_D0LY

OMLONNNNNOLY LYONNNNNOVMO 1SINE2652 00LY

OLLONNNNNVLO OVLNNNNNOVVO LSW152vO1

SOLYNNNNNNOVL VIONNNNNNAYOD 2SN 651 SODMYY

LOONNNNNOLY LVONNNNNOOV LSW SLEN

LOONNNNNOLY LVONNNNNOOV LSWENVZN

LOONNNNNOLY LVONNNNNOOV LSIW_9ISLHOL

OOLUNNNNNNVOY LOLNNNNNNAVOO ZSW 91GLHOL

ZSW_ZMIN

umouyun piwseld, ESWH SOANH

umouun MESW 9LPYSSW

umouyun ZSINY ™ L6BEWAIY

VVLONNNNNVLO OVANNNNNOVLL HESW SPLYHYA

umouun ZSWLYEVO

OLLNNNNNNOWYL 'VLLONNNNNNYYO £SoUnIY 82221

OLVYNNNNOWYL VLLONNNNLVO YESW 9£L0HIE

OLLONNNNNVLD OVANNNNNOWVO HESIN_ 6SL9ON

ITEOAH

LOONNNNNAVOY LOLHNNNNNOOV LSW_szeosny

OLLY~¢ PIpasd 2SI 00€20-80

mn v LS

DALLL-AYDD 10Ipasd ZSW_dB0Zvad

LS d602vad

ovopad LS et

VOLY-L~VOO 10Ipasd 157 v0L JebeL

passaidxa jou ouna ZSW_LSZvO1

OMLONNNNNAVOL VOLUNNNNNOVMO ISW152ve1

oul SN eera3

OLONNNNNAVOL 'VOLYNNNNNOVO ISW_eeLa3

umouun ouna ZSW_Zz14Y

umouyun ISWZZLaY

0L ZSN_6S1L9aMr

OLONNNNNNYYD OLLNNNNNNOVO LS 6519

DOLNNNNNNAVOY LOLYNNNNNNYOO BUAS]

‘OLONNNNNNVLI¥O 'DAVLNNNNNNOVO ZSIW DX

OOLNNNNNNOOV LOONNNNNNVOD LSW DX

LLL LSW™LPE-VO

LOONNNNNAVOL VOLHNNNNNOOY (1S 86£15) 56605

DLLY-¢ PIpaud ZSWv0L JebeL

99V PIpad ISWS5188

ZSW_2SZVSUN

OMLONNNNNOLY LVONNNNNOYMO LS ZS2VSHN

IeuonauNy jou YIpaId ounA ZSW_Z1P0 9605 OH

LOONNNNNNVOLA HYOLNNNNNNSOY LS 215079605 OH

SLONNNNNNYOD SOLNNNNNNOVD 2SI szE0SNY

ZSW ND

1 LSWNO

HOD Ppaid 2SI B060EL0ZLS

YOLY--¢ 0Ipasd IS 8E60EL0ZLS

oL oML ZSW_SPLYHva

OVLNNNNNNNVLO OVLNNNNNNNVLO LSW SyLpava

OALL 2SI SEREIOLON

feTNE £SIN_SEVELOLON

OOLYNNNNNOLY LVONNNNNAVOOD LSWBS1SODNVYaS

OOLYNNNNNNOVL 'VLONNNNNNAVOD ZSWSLEN

OOLUNNNNNYVLL 'VVLLNNNNNAYOO LS ZMIN

2SN on_uewmoN

LOONNNNNOLY LVONNNNNOOV LSINWoN™ uewmaN
ow seuped oW 'SPSH Ulesys aAnejuasaiday

189



sjusWIWoD

d86E4H4OMAINNES'IN
d6eld4OMaNnes
3sva3ay

%001
%001
9Alj)isod

%001
%001
Kyuap)

JAPSH 29 \PSH sna.np g *q 1994S - g 9[qe], Arejuowaddng
UONIBOIJIPOUE UOIOLISAI SIp1uLiaplds sn22020]dydpig ur K)ISIOAIP SAISUIXD S[BOAAI dWO[AYIow Y} SuTurjy

81§ 1'829820000 dM INPSH INoN” uewmaN”es
626 L'L¥ELEE000 dM HpsH Won~uewmaN"eg
yjbua| ee uolssadsoe uiajoud |gON jungng ules}s

190



6815 LON L5 09115 U1 1690448 5¢ awes
58 1512690Hda 50 ows
Ssezz) s owes

90
NEHN 16ZEA NOPLL HE0I3 AGSY DZI SUomRans e2 o,

1PEVA49EA NI0ZO NG 'VRLIZ LELI HPLi X1 L13 NGS5 A5 ‘392 suonrugsans e

V4990 30511 NZBZQ TOLHN 'DPLLS 'V9YO 9L 1511 05613 HOOLN SUORISaNS BE 1.

Loz e Eson
0w ased
Loz e Esod

psu ou pus wpsy p -

(psu ou pereouna woq spsu pue

e g3t ns

Swouon

5
Koms syt
Loz e Ese

prs s
o

1 269505200"ct
1 269505200"at
V8c9905200 atn

Vo0zs0sz00"aM.

(suouniians ee 9. | £29520850"dM
1869505200
1609505200"aM

00£505200"aM

#6905200"ai.
051966950™ M.

(suopmasans ez 03,

+acovoszo0 am

1 950505200"aM.

+002905200"aM.

1 002505200"aM.

+001505200"ai.
(Uormasans Ne6ZQ) 1 68595790 et

| ac0r05200"aM.

P2690HdT TS o1y
P2690HdS FSTFTSIRST 015
1129901448 FETZTIHORIOVISS'S 007
anzo90mdn wnouun 1
2nz990Haa umoun 51
L¥Z990Hda wwoun 507
2-2990Hda uwouun 525
weNoveL zee uwouun 715
2n2990Hds unouun 515
[ty wnouun ¢y
wousun unouun 6o
\hezasonas unousun a1
wwouwrn umoun ¢4
2n2990Hda unouun €or
L¥Z990Hd8 uwouun 65
PO 86z unouun 515
nouyun unouun 926
Lreza90Has unouun z0p
anz990Hds unouun a6t
Lhezao0rids unoun 1y
Lzas0ds unousun 15t

unowyun FOTFTTIOTHISET L6

\wzao0nds  ZTUOMGERSE S0y

SPSH siprutiapida -g -0 1994S - g 9[qe], Areyudwd(ddng
UONBOLJIPOW UONOLISAI SiptuLiapida sn22020)Aydpig Ul KAJISIOAIP SAISU)XD S[BIAI JWO[AIou oY) JUTuIj

IR0 I00
STEEASTIPIRRIIZ 000

269505200"c
£68505200"aM
Vo2Dicoio0

¥ 1azr0sz00 e,

(svoqmgsans
0w

VesL266901 M.

1631500080 "aM.

(wormasans ds6ZS)1 108962120 M.

(wogmsans

(poounn e 1g!

orss932¢ uioad 1BON SPSH

pusspice
LOLNNNNNOVD  OLONNNNNYOY
LOLNNNNNOVD  DIONNNNNYOY.
SLLNNNNNNOWVL  YLLONKRNNYYO
o1z . umoun
oee's H usoun
s6s ' usoun
907 ' owvepad
2 z uwouun
e z uvouun
ose usoun
ez ewogaunjoupaid
ez usoun
essuze evorun ou paid
i usoun
9915 opaid
& wopaid
e uwoun
s uwoun
F usoun
o opard
' Ppoid
- uwoun
z ' ONLONNNNAVYL  VLLURNNNOVND
sy LOLNNNNNOYD  DIONNNNNYOY.
ast SUMLNNNNNNOOY  LOONNNNNNYAXD
[ OOLNNNNNNVLD  DYLNNNNNNYVED
o0 evorun U peId
o1z R or e z's OLLUNNNNNYOD  O9LNNNNNAVYD
H evoraunou paid
se ot

ez 1L '0v ez 01 SLONNNNNNNYID  OVLNNKNNNNOVO
ooz OLYNNNNOWYL  VLLONNNNLYD
st SLONNNALYD  DLYNNNDVD
H o SLONNNNNLLY  LVWNNNNROVD

spsHumms1s soiosjooqunn o oused now

S960n9n
SSLISOHN

zsove 2ot
o

29001108
P ueas ovpeosoxdoy

191



umouxun
umouxun
[GZVIGUS W
umousun

11990Hdg!deS'IN
[Z990HJAIdsS

Jsva3ay

umouyun
umouyun
umouyun
diiz990HJg1dss
dizo90Hdg1dss
Jsva3ay

€6J9054d6109°5/8819¢°01 100

L 1¥¥4595910995/8819¢°01 10d

3

3

S
ol
66

19
9)9|dwod m sajejos| N

3
3
oL
101
9
a)9|dwod m sajejost N

%66 81G/91G

%66 818/71S
%001
%001
%001
%001

oAlIsOd

%66 2€6/.26

%66 0€6/826
%001
%001
%001

9Al)IsOd

JNPSH 2 ¥MPSH Sipruiapida - *q 1994S - z 9]qe], Arejuowaddng
UONBOLJIPOW UONOLISAI SIp1uLidplda sn22020]Aydpig ur KJISIOAIP SAISU)XS S[BIAI QWO[AIou oY) JuTuIj

aleysbi4 woy papeojumop aq ued sjueleA \PSH spipiwiapide 'S 9 ||e j0 uole|suel} ploe oujwe |jn4
a1eysBi4 woy papeojumop aq Ued sjueleA ¥pPSH Spipiwiapide ‘S G ||E JO UORe|SUEL} PIOE OUIWE |IN4

%66 815/CLS 819
%86 815/80S 819

%001 0§

%66 G65/V6S G69
%001 0§
%001 81§

RApusp;  yibuos) ee

%86 ¢€6/916 TE6
%66 0€6/9¢6 0€6

%001 6001
%001 6€01
%001 0€6

RApusp;  yibuos) ee

(suopmgns ee 9,) 1'£29520€50 dM
(suopmsans ee Q1) 1'0519€6950 dM
1'268505200 dM

(uonnwsans Ne6zA) 1'68Y78SY90 dM
1'00/#05200 dM

1'8€9%05200 dM

uoissadde :_ouo._n 199N

(suonnnsgns ee 91,) L'G2/11G200 dM
(suonnipsans ee y,) 1'GZ9520€50 dM
1'G67785790 dM

1'202%05200 dM

1'079705200 dM

uoissadsoe uiajoud |gON

(230 1) W-NO¥EL 228 NO¥EL™ 22E
N-€92dVr 862 €92dVr 862
N-2690Hdd 1690Hdg
N-0120Hdd 0L20Hdg
ZIN-Z990Hdg Z990Hd4g
LIN-Z990Hdg Z990Hd4g

yungng uteng

sjuelieA Jungns NPSH sIpIwiapids s

(230 1) ¥-NOvEL 22E NO¥EL ™ 22€
H-€9dVI 862 £9dVIr 862
¥-0120Hdg 0L20Hdg
24-2990Hdd Z990Hd4g

1 4-Z990Hdg Z990Hd4g

yungng utensg

SjuelIBA JUNQNS YPSH SIpIwLIapIda S

192



awolAyew ulelqo 0} BoUBIBJEI BZIdY JO Bulousnbas oigoed
81.0Z “[e19 997 Ul LOTY| SE O} PaLIgja1 B1e|os|

sjuswwo

G002 8E¥C-92¥C L'/81°ar/8Z11 0L
2-0€20-810-¥9S 1 #S/8€01 01
/-0€20-810-79S1¥#S/8€01 01
£-0€20-810-¥951¥S/8€01°01
£-0€20-810-¥9S1¥S/8€01°01
/-0€20-810-¥9S 1 #S/8E01 01
£-0€20-810-¥9S 1 #S/8€01 01

£70000°0'Usbw/6601L 01
loa

S002Z 1812 11D
810z “|e1e 997
810z “[ele 997
810z “"|e1e 997
810Z “|e1e 997
810Z "[e10 897

9102 "|e19 897
aoualaey

aimjno pooig
ainyno poojg
a1mno poojg
aimno poojg
aimno poojg
aimjno poojg
aimno poojg
480
s dwesg

elwaeisloeg
elwaelsjoEg
elweelsjoEg
elwaelsjoeg
elwaeisjoeg
elwaeisjoeg
elwaelsjoEg
uonoBUI SNO

uonejuasald [edluNd

uewny
uewny
uewny
uewny
uewny
uewny
uewny
uewny
3s0H

9assauua] ‘siydwapy
puejall jo olignday
BLOJOIA 'aUINOg BN
BLOJOIA 'aUINOgaN
BUOPIA ‘auInogaiy
BLOJOIA ‘BUINOQI
BLIOJOIA ‘BuInoqIapy
BULOJOIA 'aUINOg IS
uogeso| uonnsy|

BjEpRIOW [BOIUI]D) "V 199YS - ¢ 9[qe], Arejuowolddng
UONBOJIPOW UOIOLI)SAI SIp1uLidplda sn22020]Aydpig Ul KJISIOAIP SAISU)XD S[BIAI SWO[ATIou oY) JuTurj

S9)EIS pajun
puejal| jo olgnday
egsny
egsny
egsny
egsny
egsny
egsny
Anunop

0861-6.61

9102
Loz
6002
8002
8002
1002
cLoe
Jeop

o

LS oors uy

Won~ez9dy
(L0741 L¥20HdE
9€20Hd8
€2.0Hdg
LL20Hdg
$020Hdg
1690Hd8
2990Hd8
NIViLS

193



awousb sje|dwod
awousb aje|dwod
WousB ajo|dwod
aWousB ajo|dwod
awoush ajo|dwod
awousb aje|dwod
awouab aje|dwod
awousB sjo|dwod
swouab ejeidwod
wousb aje|dwod
aWous6 ajo|dwod
awousb sje|dwod
awoush aje|dwod
3WousB 8jo|dwod
awousb aj|dwod
2WousB ajo|dwod
aWousb sjo|dwod
awousb sje|dwod
WousB aje|dwod
aWousB ajo|dwod
aWousb ajo|dwod
auousb sje|dwo)
1oAa7

oy
€592
sausb Buipos Jaquiny

sployess

6le
zze
982
oLe
9le
962
1'ze
€0€
€le
£2e
(314
882
[X43
62
vze
61E
662
1ze
982
Ve
00€
oze
% 09

(294
851'619'C
895l
yov'LELT
6£9'LL
85562
YO8'EEST
we'e
9.8'6E
1£6'955'2
YEO'9L
065'9L
6016252
0£0'SL
110'925'2
519
L1er'ze
851'08Y'2
695l
998
2085y
£00'€62'2
(da) o215

L0-Wonezadyd
WoN"ezody
L0~ L720Hdad

10-9820Hdgd
9EL0HdE
20-62£0Hdad
10-£2£0Hdgd
£220Hd8
20-1120Hdad
10-1+20Hd8d
LLL0HdE
10-$020Hd8d
$020HdE
20-2690Hd8d
10-2690Hd8d
1690HdE
£0-2990Hd8d
20-2990Hdad
10-2990Hdad
2990HdE
uoaydey

UOROBLI0D BUILINJ| LM [ISY OIEOR]

UO}OB1I00 BUIIN|I| YM [ISY OlgoBd
UONO81I00 BUILINI|| UIM ||ISY Olgoed
0081100 BUW ISy olgoed

UOROBLI0D BUILINJ| LM [ISY OIEORd

U0RP81I00 BUIL

wm ISy olgoed

U0PP31I00 BUILIN||| UM [ISY OIEOEd

UORY21I0D BUILINJ|| YIM SY Olgoed
fBojouoyoa) Bujouanbag

€dVOH

€dVOH

€dVOH

€dVOH

€dVOH

£dVOH

£dVOH

2dVOH
poyjaw Alquassy

T575605206 V09

(pwseid) /495500 8 (aUI0SOWOIL) 8YISHOD

T505605206 V09

TST5605206 V09

TSES605206 V09

TS6V605206 VOO

TS8V605206 VOO

T'ST9980006 YOO
uoissaooe Alquiassy

UOISSI0IB QWIOUN) “ 109§ - ¢ 9]qe ], Arejuowd[ddng

1266101543 TLLTLLEVANYS 2£05€83ryd

VN 2S6E0LBONWYS Hd
5166101543 9921 LEVANYS 2£05€83rdd sipiuuapide snoooooikyders
£066101543 ¥S221LEVANYS 2€05€83rdd uapide snoooooikyders
1686101S¥3 TPLTLLEVANYS 2£05€83ryd
¥886101S43 SELTLLEVANYS 2£05€83ryd sipiwiapide snoooooikydels
886101543 62121 LEVANYS 2£05€83ryd
SE6€SLLSHT 528286£VANYS S26€183rdd uapide sn2o0ooiAyders

(vN3) (1goN) ! e i wsjuebio

UOTBOIJIPOW UONOLISAI SIp1uLiaplda $120020]Aydpig UT ANISIOATP SAISUIXO S[EIAI SUWO[AYIoW ) SUTUTIA]

Won"ezody

(L0 L¥20HdE

9€L0HdE

€2L0HdE

LL20HdE

$0L0HdE

1690HdE

2990HdE
uens

194



79691
28021
LLLGL
1G'9v1
G.'8S
G.'19
09'0v¢
ya'vee
9e'0ve
1290
86'G0¢
02’101
18¢0L
¥1°66
9¢'29l
6,191
02’92
0v'9.
0L'9L
06'G.

abeIan0D JIJOIN UBBIN  AD UOIIBOLIPOA UBBI\

oe'lle
80'/Lcc
1G'v61
49’861
6€°101
€9'101
¢v'88¢
69'0L€
9'6EE
Sv'vve
11°09¢
yeeel
68'8¢l
8v'eel
L2861
€ecle
0€'v0l
ov'scl
0lL'sol
0°0LL

099
099
288
288
16€
16€
10€
8G¢
619¢
yXa4
yX44
09%
09v
Gl
6G.
6G.
6lLEL
6lLEL
8S1
861
awous9 ul SPION #

169
169
198
G.8
G8¢
G8¢
€6¢
G€
¢09¢
[434
[444
(314
314
LeLL
96/
652
o6clh
6lElL
L1S1
41
pa3o83aq SO #

¥9'86
¥9'86
0€'86
1266
L¥'86
L¥'86
€16
88'86
GE'66
6796
£€8'86
0'86
8Y'86
€0'66
09'66
0000}
08,6
00001
9G'66
1866
pa3o33aq S0 %

eIEp UONE[AYIOW OIgoed "D 199YS - ¢ 9[qe] Arejuows|ddng
UONEIJIPOW UOIOLNSAI SIp1uLiapida sn2020]Aydpig ur K)ISISAIP OAISUIXD S[EIAI JWOJAYIow ) SUTUTIA

OLONNNNNNNVLO
OVLNNNNNNNOVO
VLLINNNNOVNO
ONLONNNNAVYL
OLVNNNNOVYL
VLLONNNNLVYO
OL1IYNNNNHVOO
O9LNNNNNAVYYO
o) A 90
OVLINNNNNNVOO
OOLNNNNNNVLO
OHIINNNNNNOOV
1OONNNNNNVAAD
OVHOVO
1O91INNNNNOVO
OL1ONNNNNVIV
OLONNNNLVO
OLVYNNNNOVO
OLONNNNNLLY
1VYVNNNNNOVO
JIoN

sipiwJiapida snoooo0ojAydels
siplwiapida snooooojAydels

sipiwJiapide snooooojAydels

sipiwiapida snooooojAydels

sipiwJlapide snoooooljAydels

sipiwiapida snooooojAydels

sipiwJlapide snooooojAydels

sipiwiapida snooooojAydels
wsjuebio

NoN~ezody
(L0741 L¥20HdE

9€.0Hdd

€¢.0Hdg

L 1.0Hdg

¥0.0HdE

L690Hdg

2990Hdg
ulens

195



umowiun OLOLIVOLIOLLLLLINOYYOLOOLODOVIOVL
SLHd ebeyd ¥OOIVOVLIOOVIVOOLLL

esexolu 1o WY DODINLO

SlusWale BlIGow A B Al IOV S S 10 uoiBel Buip o suH ¥OLL OVLIOYYOOL
JUBWa[@ 8]Ig0W A FWOV SIpIULIBPIdS °S 4O Uo1Bal BuIpod-Uou Uo SIH OLLLIVY
[ewAzus uoyeuiquioda: pse|d] aid 20D I LIOVOOL
[oub sgjsues] e YOIYOIVVOIOLIIVYIVYOIVVVIIOIOOVIIY
umouyun I IOVIOLL
uo sy le ‘urjoid DDLIOYOIVILL OLIVOILYOLLIOIOIVIVD
[esenjosal] sas & ODYYDYOL: DLLLLIOVYLO
umouyun IV

uogeidai ajoro Buijos piwseld] des OVVLLL
eseuaboiphyep-| esoon|b VIVOVYDLOIYOVYODLIOVVIVIVIOLOOOVIOLL

[(0)uuz ssesaysuenifipaw-((9)N-(8502)euluspe) YNNI S€Z] OuLs LIOTLYODLOILITYOLO: foh)

umouyun
umowyun

umouyun

umowyun

61 Les1ud aBeyd snoa0o0iAyders uo 1y ‘uisiosd (eanatodAH

umowyun

umouyun

uigjoid ainsesw ade) |1gy 6y

umouyun

umowyun

00 Budepano) uisjoid Joidepe (1e) peal g ujsioid Buibexoed NG 9BeUd
umowyun

107 €2€13WI 3Beyd $n20000/Aydels uo Y “uisloid [eanauiodAH
umowyun

uieioid 18} Beyd

10618} 100EdS YJSIND

DOVYOVD RRRENARNRRINA

OVDOVINVOVOOVOVOVYOLLIOIODOLLOL
DDYOVVVOYOVYLYILOVLLIOOVOVYLYD
VWUDLVVVOODIVYOLOVOLIVOLINYNYYD

0D DOWYD

DIOVYOLIVYYOOVYODLIOIVILLLOLYL
DOLLODVLIOIND
'YODOVIOVYYOVDLYILYOVOVYYDIDIVY.
OVLIVODIVVILIOIVOIVLIODIOVOOLL
¥¥ILYODOVODYOVYDIVODLIDIIVILOY
I9IVIODDINE
OVIOVILILIO
OVYOVDDODIVOLVYYOILLLLIOVYYYD

DLINOLIY

@duanbas 1eoeds ¥dSIND

‘€
T
b

L
oL

o

“a Y6 OeN®

Sb

s109eds ¥dSIND J0 J0qUINN

AdSTAD "d 199YS - ¢ d[qe [, Areyuowojddng

UONBOYIPOW UONDLISAI Sip1uLiopida s122020]dydpig ul KAJISIOAIP SAISUIX S[BIAI SWOJAIIAW ) FuruIjA

A USIID J0 Jequiny

wibusl ¥a

OV DDDDVIDDVIVOOLYDD Vil 8dAL 21186 9v86 EIN won~ezady
suoN (10T LPLOHdE
auoN 9EL0HdE

OYVOVVOODDLYLO OI¥D  WVIedAL  Gl9e6  98.26 SoA £2L0Hd8
auoN L120Hd8
L ll adhL 16004 89069 S9A $0L0Hd8
auoN 1690HdE
auoN 2990Hd8
oouenbas 4@ ¥dSRID  SeD pu3 Mel)S  SED-NASIND wens

196



NDONOOOVED

fa)
Y

soniiqudoosns 7y ‘g 199YS - € 9[qe], Arejuowdjddng
UONEIJIPOW UOIOLNSAI SIp1uLiapida sn2020]Aydpig ur K)ISISAIP OAISUIXD S[EIAI JWOJAYIow ) SUTUTIA

1SvoN3 Aquessisaling IS0 Aq ejelpawisiul W

sjujodyeaiq 210z LSYONT pue S0 ulog Aqjuessisey S|

sjulodyeaiq 210z 1SYON3 pue |S10 yiog Aq s|qudsosng S
anNaoa

Non~ezody

(1L07d1) v 20HdE
9€.0Hdg

€2.0Hdg

LLLOHdE

¥0.0Hdg

1690Hdg

Z990Hdg

d NIVYLS

DONEDN LN
N R NN ONONO RN
LODNDNDONNNN

XOnnnnnonon
EIIU)(/)(/)U)U)IIU)
DXV OVONED

ronwneonxx

Xronwneonxon

rerxrxrewryow

roerxxrxrowymow

=]
=z

13l

o
>
w
=
w

(2]
Xrnromnewewrwx

WY oryowewowowow
o
[
Orormwwnrrwn
WY oryewewoowow

[
3
o
>
w
3
o
z
o
x
N
o
§
o
=z

197



QUIOISISAY *J 199YS - € 9[qe], Arejuowdjddng
UONROYIPOW UONOLISAI Sip1uLiapida $120020]dydpig Ul AJISIOAIP JAISUIX S[BIAI QUWOJAIW ) FuruIjA

2ua8 Jo Adod ajajdwioou snid a3a1dwio)  [+A
2uad aja|dwodu| 1
auaf J0 s31d0 333/dW0D 4O JaqUINU S3I0UBP SIMPEIG UL IBGUNN  (Z)A
auBaodwoy A
anzod1
A A A A (@A A A A (e)A A A A 33 Won~ezody
A A A A I+A A A A A A i (LOTYI) L¥v20HdE
A A A A @A 1 . A A A . . . o 9ELOHdE
A A A A @4 | A A A A o £€240Hdg
A A A A A A A | A A : LLL0Hd8E
. A A A A A A A A A A a ¥0/0HdS
A A A A @4 | . A 6 1690HdS
. A A A A A . A A A A A (@ . . A . vt 2990Hd8
ey voeb viou vidw e vanw o snipaua r1vs asny oup up e paw voow  (zel) esewenelepq 4 visw uduw w3 vz 9P wIBNON NIVALS

198



STRAIN CHL 10 TET S ERY 30 KAN 50

BPH0662 S s R R
BPH0697 R s s R
BPH0704 s s R R
BPHO711 s R s R
BPHO0723 s s R R
BPH0736 S s R s
BPHO0747 (IRLO1) R s s R
RP62a_UoM s s R R

(10 - 30 pg/ml) (5-10 pg/ml) (30-100 pg/ml)  (10- 100 pg/ml)

Mining the methylome reveals extensive diversity in Staphylococcus epidermidis restriction modification
Supplementary Table 3 - Sheet G. Plasmid selection markers
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