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ABSTRACT

Daptomycin (DAP) is used as a Kiste antibiotic to treaf. aureusnfections.
However, there has been an increase in the number of publications reporting DAP non
susceptility (DNS). Extensive research on DNS has identified an association with an
elevated DAP minimum inhibitory concentration (MIC) and the acquisition of single

nucleotide polymorphisms (SNPs) in specific genes.

In this study, the reported SNPsime different genesép23, asp23a, cls, dspl,
mprF, pgsA, rpoB, rpoCandwalK) were investigated in 171 DAP na@usceptible
(DAP-NS) S. aureuggenomes to establish whether these SNPs were correlated to a
particular DAP MIC value. The genetic diversity 8. aureusisolates was also
investigated to determine whether DNS was linked to one specific sequence type.
Screening for other antimicrobial resistance genes was also conducted. Lastly, the
genomes of ST22 DAP susceptible (DA&Pand DAPNS isolates wer compared to
identify any significant differences in the genes associated with DNS. The results in
this study demonstrated DNS was not associated with one particular sequence type.
DNS, however, was observeda genetically diverse population (47 sequegpes),
which had no impact on the MIC value. The majority of isolates (61.8%, n = 102/165)
had one of the previously reported SNPs (S295L, P314L, S337L, L341S, T345A/l,
V351E, 1420N, and L826F) in theprF locus. These SNPs, however, were not
associateavith one particular DAP MIC value. A crosssistant relationship was not
identified in this study. Distinct differences between B8FRand DAPNS ST22
isolates was observe®DAP-NS isolates had a more genetically divenggrF gene

compared to DAFS isolates. AlIDAP-S isolates did not contain any of the previously



reported SNPs in any of the genes, includmgF, supporting the role of these SNPs

in DNS.

This study has indicated DNS is highly variable regarding the acquisition of
SNPs in genes pr®usly associated with DNS. Evidence provided by this study also
suggests DNS is not a result of clonal expansion in Australia, as seen by the genetically

diverse population in the study.
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1. INTRODUCTI ON

1.1 History

Staphylococcusvas first isolated from pus inknee jointabscess in 1880 by
Scottish surgeon Alexander Ogst@renstein, 2006)Concerned with the high rate
of postoperative mortality, Ogston stained a smear of the pus and examined it under
a microscope and observédét uf t s and chains of round o
which stood out clear and distinct among
the mcrococci were the causative agent for the abscess, which he tested by injecting
guinea pigs and mice with pus from absce§®esnstein, 2006 He observed abscess
formation followed by early signs of septicaemia. In 1884 a German surgeon, Anton
J. Rosenbeh, isolated two strains &taphylococcuand named them by the distinct
pigmentation of their colonieStaphylococcus aurewgas named from the Latin word
aurumfor gold, andStaphylococcus albysow calledS. epidermidis from the Latin

word albusfor white (Licitra, 2013)

1.2 Staphylococcusureus

S. aureuds a commensal and opportunistic pathogen in humans. GloBally,
aureusis a predominant contributor to bacteredated morbidity and mortality in the
community andn hospitals(Tong, Davis, EBhenberger, Holland, & Fowler, 2015)
While the precise number &. aureusnfections fluctuates between countries, an
international study conducted by Vincesit al. reportedS. aureuswas the most
prominent grarpositive organism infecting intensive eapatients, accounting for

20% of all grampositive infections(Vincent et al., 2009)Due to antimicrobial



resistance (AMR)S. aureusnfections, especially those due to methicillesistans.
aureus(MRSA), can bechallengingo treat(Jindal,Pandya, & Khan, 2015; Lakhundi

& Zhang, 2018)

1.2.1 Microbiological Features of S. aureus

S. aureuss a grarapositive coccus, approximatelyuin in diameter and grows
in grapelike structures or clusterf~oster, 1996) The organism is a facultative
anaerok and can grow at a temperature range betweta 45C. The bacterium can
be cultured on most nutrient agamscluding blood agar, tryptic soy agar, or heart
infusion agar and forms yellow coloni@dissiakas & Schneewind, 2013ylannitol
salt agar (7.% sodium chloride) is used as a selective medium for differentiating
staphylococci from other bacterial organisms and distinguiShesireusiue to the
fermentation of mannitol detected by the phenol red indicator (turns yellow)
(Missiakas & Schneewind,023) As a member of the gen®&aphylococcusthe
bacterium ionsideredhorrmotile. However, a recent study has shown under certain
conditions, S. aureuscan be actively motilgPollitt, Crusz, & Diggle, 2015)
Staphylococci have catalase activity whdiktinguishes them from streptococci, and
a differentiating characteristic &. aureusrom mostother staphylococci (exceft

intermediusi¥is its ability to coagulase bloqéoster, 1996)

1.2.2 Multilocus Sequence Typing

Multilocus sequencegyping (MLST) is a molecular typing method used to
understand the epidemiology and genetic diversity of a species, mainly bacterial

specieqLakhundi & Zhang, 2018)The MLST scheme fdB. aureuss based on the



sequence variations with internal fragments of seven housekeeping geae
(carbamate kinase, 456 bpyoE (shikimate dehydrogenasés6 bp),glpF (glycerol

kinase 465 bp),gmk(guanylate kinasel17 bp) pta(phosphate acetyltransferad&4

bp), tpi (triosephosphate iscgnase 402 bp), andyqiL (acetyl coenzyme A
acetyltransferasé&16 bp)(Chua, Stinear, & Howden, 2013; Jolley & Maiden, 2010)
Each variation in the nucleotide sequence of those fragments is assigned an allele
number. An isolate is given an allelic profileknown as a sequence type (ST),
characterised by seven integers based on the alleles of each of the seven MLST loci
(Lakhundi & Zhang, 2018)STs which are identical at five or more loci are grouped

into the same clonal complex (CC).

1.2.3 Classification of S. aureus

Prior to the discovery of antibioticS, aureusnfections had an incredibly high
mortality rate, which was drastically reduced by the introduction and use of penicillin
(Tong et al., 2015)However, penicillin resistance emedgwithin two years of its
introduction and was replaced by its semisynthetic counterpart, meth(icdlchundi
& Zhang, 2018) Within a few years, the first MRSA wadentified in the United
Kingdom, causing an epidentttatled to the emergence of novieleages. Since then,
MRSA ha been found globally and has become a clinically significant pathogen
(Lakhundi & Zhang, 2018)in most countriesS. aureuss classified as MRSA or

methicillin-sensitiveS. aureugMSSA).



1.2.4 Classification of the SC@ecElement

MRSA harbous mecgenes which are carried on a mobile genetic element
called the staphylococcal chromosocassette (SC@eq (Lakhundi & Zhang, 2018)
The SCGnecelement is 2560 kb in length and is highly diverse in its structural
organisationwhich has led to its classification into types and subtypakhundi &
Zhang, 2018)The SCnecelement consists of three structural/genetic elements: the

mecgene comple, theccr gene complexand the joining regions (J regions).

Themecgene complex consists of theecgene (necAor mecQ, its regulatory
elements hiecR1and mec) and the associated insertion sequente&khundi &
Zhang, 2018)Themecgene complex is classified into five different classes, classes
A to E, and is based on the differences in the insertion sequences (1S431, 1S1272,
IS1182) and the regulatory elements. ThecAgene which encodes an altered
penicillin-binding protein (PBPa or PBP2), is associated with a decreased affinity to
penicilling including the semisynthetic penicillins (e.g., methicillin) and most dther
lactams (excepthe newly described5generation cephalosporinseftaroline and
ceftobiprole)(Lakhundi & Zhang, 2018)The mecAhomologue is not the onlyec

gene abl elactam resistancé. ©ther flomologues inclngeC

Theccr gene complexompriseghe cassette chromosome recombinase (
genes and theusrounding open reading frames, several of which have unknown
functions(Lakhundi & Zhang, 2018)Theccr genes catalyse the accurate excision and
integration of the SCAec elementinto the staphylococcichromosome via two
attachment sites. Oradtachment site is on the SCC elemattSCQ, and the other is

on the bacterial chromosomat). The recombination of SGecenables strains to



exchange critical genetic information which assists the bacteria to adapt to
environmental stressors, in paular the pressure of antibiotic selection. There are
three distinctcr gene types its.aureuswith deoxyribonucleic acid (DNA) sequence
similarity of 050%: ccrA, ccrBandccrC. If DNA sequences have 50 to 85% identity,
they are termed novel allotypeSurrently seven allotypes facrA andccrB (ccrAl

to -7 andccrBlto -7) and two allotypes foccrC (ccrClandccrC2 are described
(Lakhundi & Zhang, 2018)Due to the different combinations of allotypes, nine
differentccr gene complex typdsave beeidentified 1 (A1B1), 2 (A2B2), 3 (A3B3),

4 (A4B4), 5 (C), 6 (A5B3), 7 (A1B6), 8 (A1B3), and 9 (C2).

The J regions are nonessential and may contain additional antimicrobial

resistancgyenes Based on the location within S@@c,they are classified as J1, J2,

and J3. The J1 region is found between the right chromosomal junction and upstream
to theccr gene and often includes several open reading frames and regulator genes
(Lakhundi & Zhang, 2018)The J2 region is located betwetdye ccr and mecgene
complexes and can also contain the transposon&tel. Similar to the J1 region,

J3 is found between the left chromosomal junctiod downstream of threcgene
complex and can also have plasreittoded antibiotic resistance gesesh ashe
tetracyclineresistance gene (e.getM is located in the plasmid vector pT181).
Variations within the J region DNA segment leads to classifying rB&€nto

subtypegLakhundi & Zhang, 2018)

The variations and combinationtbie mecandccr gene complexes kiagiven
rise to 13 SC@ectypes in MRSA (Figure 1.1jLakhundi & Zhang, 2018)The

SCQmectypesarefurther divided into subtypes based on variations in the J regions.



The nomenclature for S@@ecis presented as Roman numeral (g., I, II, ) ;
however, additional information on the typecaf and class omecis usually given.

For example, SC@eclV[2B] indicates the cassette contains a typer2and a class

B mec.
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Figure 1.1 lllustration of 13 SCCmectypes (I to XIII).

The size and location of the different elements within SCCmec are shown by scaled
representations, with mec gene complex shaded in green, the ccr gene comple i
purple shaded areas, and the surrounding J regions-@1 Chromosomal open reading
frames (ORFs) are indicated by yellow boxes and other ORFs, including transposons
and plasmids are indicated by red boxes (Lakhundi & Zhang, 2018)



1.3 Infections caused byS. aureus

S. aureuss regarded as the mgsthogeniof all staphylococcal bacteria as it can
cause mild to lifehreatening infectiongWeinberg, 2009) Skin and softtissues
infections (SSTIs) areommonS. aureusnfections but can drastically change in severity
if the pathogen enters the bloodstream (bacteradmroap et al., 2015)0ther infections
which can develop from the pathogen entering the bloodstream include endocarditis,
which can alsodevelop from contaminated injections or artificial heart valves, and
osteomyelitis. Som8. aureugan secrete toxirendare correlated to more severe forms
of staphylococcal diseasescluding toxic shock syndrome, toxic epidermal necrolysis,
necrotisigy  pneumonia and in newborns, staphylococcal scalded skin syndrome

(Oliveira, Borges, & Simdes, 2018; Tong et al., 2015; Weinberg, 2009)

1.3.1 Hospital versus Community Infections

The bacterium colonisen the nasal passageway in 30% of the populdtarkr,
Brégeon, Mége, Rolain, & Blin, 2018; Wertheim et al., 20@€ople who are colonised
with the bacteria often do not have any symptddwvever,theyare at a higher risk of
infection if they undergo surggrdialysis,or areadmitted to the intensive @unit(Sakr
et al., 2018; Weinberg, 20Q0%or noncarriers, patients admitted to hospital are still at a
high risk of being infected due to frequent penetration of the protective barriers via
syringes, catheters, medical devices, and prolonged usagetrakenous drips
(Weinberg, 2009)Despite infection control procedurés, aureugemains a significant
cause of hospitedcquired (nosocomial) infectiondakhundi & Zhang, 2018)In
Australia, the two major healthcaassociated clone typaseST233I1l [SA] and ST22
IV [2B], colloquially known as Au®/3 EMRSA and EMRSAL5, respectively(J.

Turnidge, Coombs, Daley, Nimmo, & Resistance, 20U SA infections are associated



with prolonged hospital stay and increased mort@liipcent et al., 209). A study orS.
aureusbacteraemia (SAB) iustralia and New Zealand showed 59.9% of cases were
hospitatonset infections (40.1%, communityiset) and 33.7% were related to medical
devices(J. D. Turnidge et al., 2009 the same study, the -8lay dl-cause mortality
rate amongst hospitainset infections was significantly highdégran communityonset
infections (23.9% vs 18.4%). D. Turnidge et al., 2009 a recent study conducted by
the Australian Group onAntimicrobial Resistance (AGAR), the uAtralian
Staphylococcus aureuBepsis Outcome Programme (ASSOP) repor@8% of SAB
cases in Australia were communityset infections and the @y allcause mortality of

14.1% versus 14.8% for hospHaset infectiongCoombs et al., 2021)

1.3.2 S. aureusBacteraemia

S. aureuss a leading cause of bacteraemia, and in Austigbiproximately 20%
of SAB is caused by MRSACoombs, Daley, Lee, & Pang, 2019; Tong et al., 2015
mortality rate of SAB ranges from 2.5% to 40% and varies with patient age, the primary
source of infection, antibiotic susceptibility, treatment type, and comorbif@msmbs
et al., 2019; McMullan et al., 2016; Tong et al., 2015; J. D. Turnidde €089) Males
are associated with a higher incidence rate of SAB than females, independent of age
(Coombs et al., 2019; McMullan et al., 2016; J. D. Turnidge et al., 2009; Vincent et al.,
2009) In Australia, the SAB incidence in children (<15 yearsBi8 per 100 000

population, of which 34.3% were in infants (<1 ygadEMullan et al., 2016)

1.4 Treatment of S. aureus

The treatment 0. aureuss usually determined by whether the infection is caused

by MRSA or MSSA(John, 2020; Tong et al., 2015)reatment options can also be



dependent on whether an antibiotic is approved for clinical use in the country a patient
resides,and the course of treatmeist decided by the doctoflLeibovici, Shraga, &
Andreassen, 1999; Therapeutic Goods Administration, 2@Ir&tibiotics available for
treating staphylococcal infections include, but not limited to cefazolin, cephalexin,
ciprofloxacin, clindamycindaptomycin (DAP)dicloxacillin, erythromycin, fosfomycin,
fusidic acid, gentamicin, rifampicin, teicoplanin, aetracycline(Bamberger & Boyd,

2005; Coombs et al., 2019; John, 202MRSA is usually resistant to multiple antibiotics

and as a result, infections can be difficult to tr@aing et al., 2015)Vancomycin is
considered t he g onfedions caseddbyMRE@eibbviretalk, er i o
1999; Rodvold & McConeghy, 2014n Australia, DAP is approved for clinical use in
treating SSTIs, bacteraemia, and riglited infective endocarditis caused by MSSA and
MRSA, and h 2019 was approved for traagi bacteraemia in paediatric patierds year

of age)(Therapeutic Goods Administration, 2019)

1.5 Antimicrobials and Resistance

Despite the many advances in medicine, bacterial infections prevail as one of the
bi ggest threats to a -guaetburéden todealthdare aybténts. a n
AMR is a natural phenomenon that develops due to selection pressures whichhtiate
acquisition of resistance genes or the development of smgleotide polymorphisms
(SNPs).A SNPis a nucleotide change in the DNA sequence and can resartamino
acid change. SNRbatfavour the survival of a bacterium can lead to its spretthe
community by clonal expansionAntimicrobial resistant bacteria can transfer their
resistance genes via different mechanisms to other bagiéolmes et al., 2016)
Consequently, AMR is a major healthcare issue worldwide witHitesantibioticanore

frequently used with increasing resistance. In 2015, the World Health Organisation
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launched a global action plan to tackle AMR and incluS8edureusas a high priority

pathogen fotheresearch and development of antibiotics.

In the USA six antimcrobials are approved by the Food and Drug Association
(FDA) for treating MRSA: vancomycin the glycopeptides telavancin; linezolid;
tigecycline; ceftaroline; and DARRodvold & McConeghy, 2014)Despite having six
alternative antibiotics from five diffen¢ drug classes for treating MRSA, each drug has
limitations which can often mean that they are not an appropriate choice of treatment.
SomeS. aureudsolates have developed resistance to some of these agents, rendering
them ineffective(Rodvold & McConedy, 2014) Some antibiotics are not suitable
because of their bacteriostatic action which is insufficient for highly invasive infections
such as bacteraemia or infective endocard@isbsequentlyDAP and vancomycin
which are highly effective bactericitlagents are the only two antibiotics approvés
the FDA for MRSA bacteraemia and rigbitded infective endocarditiéTong et al.,

2015) To preserve their effectiveness, vancomycin BAGP aretypically reserved for
severeinfections,and argeferred ¢ aslastline antibiotics (Gray & Wenzel, 2020; Jindal

et al., 2015) Despite the restricted use of DAP, there has been an increasing number of
publications in the medical literature thetve reported DAP nesusceptible (DAMS)

MRSA and MSSA

1.6 Daptomycin

DAP was discovered in the late 1980s as a fermentation prod&ttaptomyces
roseosporusand was approved for clinical use in 20@¥kbono et al., 1988; Gray &
Wenzel, 202Q)DAP (product trade name: Cubi8jyis a cyclic anionic lipopeptide which
is one of the few membrasaetive antimicrobials that can be administesystemically

(Debono et al.,, 1988; Tong et al.,, 2018)is used to treat grafpositive bacterial
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infections of the skin and underlying tissues and infections of the bloodstarh are
often life-threatening. DAP is not approved for use againgy infections(pneumonia)

as it is inhibited by pulmonary surfactgiterapeutic Goods Administration, 2019)

1.6.1 Structure of Daptomycin

The DAP molecule consists of thirteen amino acids, ten of which are arranged in
a ring held together by an ester bonetween the side chain of threoniheand
kynureninel3. The arrangement of these amino acidseifsrred to as the peptide core
(hydrophilic) (Figure 1.2)Debono et al., 1988; Moreira, Barnawi, Beriashvili, Palmer,
& Taylor, 2019) The peptide core conte four acidic residues and one basic residue
giving DAP a net molecular charge-&f at neutral pHJung, Rozek, Okon, & Hancock,
2004) The remaining exocyclic tripeptide is attached to threediraand carries the
decanoyl fatty acid tail at thE-terminus (tryptophaii ) , which contri bt
amphipathic naturéDebono et al., 1988; Tong et al., 2015he fatty acid tail provides
the antibioticds ability to interact wit
fatty acyl chains othe lipid bilayer Ther ef or e, the tail pl ays

activity (Muller et al., 2016)
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Figure 1.2 Structure of daptomycin.

(A) Chemical structure; ester bondcircled red) between threoninel (Thr-4) and
kynurenine-13 (Kyn13) (Taylor & Palmer, 2016). (B) Amino acid sequence. Dec:
decanoyl fatty acid tail, LTrp: tryptophan1, Thr-O: threonine-4, L-Kyn: kynurenine-
13 (Gray & Wenzel, 2020).

1.7 Mode of Action

Grampositive bacteria have a negatively charged cell wall as a defence mechanism
against harsh environments and cati@mtmicrobial peptides (CAMPsyhich are part
of the innate immune system in hum@mislanovic & Lohner, 2016)The surface charge
is moderated by negatively charged teichoic acids which can be in the form of lipoteichoic
acids that are anchored to cell membrane glycolipids or wall teichoic acids which are
coupled to peptidoglycaisilhavy, Kahne, & Walker, 2010) he cell membrane of gm
positive bacteria also contributes to the negative charge primarily due to phospholipids
such as phosphatidylglycerol and cardioli@@ayer, Schneider, & Sahl, 2013; Malanovic
& Lohner, 2016) S. aureuscan have up to 57% of its lipid content the fam of
phosphatidylglycerol, giving the bacteria a highly negative cell meml¢kéal@novic &

Lohner, 2016) However, the bacterium can change its cell membrane charge by
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increasing the presence of the positively charged-ysgkphatidylglycerol. As DARsi
an anionic (negatively charged) antimicrobial peptide, the DAP molecule is repelled

electrostatically and cannot pass through the cell memkdang et al., 2004)

Due to its negative <charge, DAPG6s ant
presene and bindingf calciumions(C&*),ul t i mat ely reducing DA
to -1 (Jung et al., 2004)Junget al (2004) demonstrated a DARInimum inhibitory
concentration (MICpf 64 mg/L in the absence of €as lowered to 2 mg/L, 1 mg/L and
0.64 mg/L when supplemented with €at concentrations of 0.34 mM, 2 mM, and 5
mM, respectively. Before inserting into the cell membrane bilayer, DAP undergoes a
conformational change mediated by ?CaThe structural change increases the
amphipathicity and hydphobic surface area. It has been proposed tifati@mers the
formation of DAP micelles which enhances the delivery of DAP to the cell due to an
increase in surface hydrophobicity (Figure 1(3ung, Powers, Straus, & Hancock, 2008;

Jung et al., 2004Scott, Baek, Jung, Hancock, & Straus, 200He C&*-DAP complex

has an increased affinity for phosphatidylglycerol and binding of the complex to
phosphatidylglycerol on the surface of the cell membrane induces oligomerisation which
can contain & subunits, assisting in membrane inseriidang et al., 2080 Muraih,
Pearson, Silverman, & Palmer, 2010ligomerisation has been predicted to create a

porelike structurethatinitiates ion leakage or disrupts the lipid membrane composition.
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Figure 1.3 A proposed mechanism of action of daptomycin

Daptomycin (DAP) forms a complex with calciumons (Ca*) upon binding which

Na*

leads to micelle formation. The insertion into the membrane is dependent on both the

complex and the presence of phosphatidylglycerol (P@fter insertion, DAP
oligomerises and translocates to the inner membrdeaflet aligning with the outer
structur e.

leaflet, creating apord i k e

The

to aid in lipid membrane extraction (Miller, Bayer, & Arig, 2016).

1.8 DAP Susceptibility Tests

por eds

func

Antimicrobial susceptibility tests (ASTsietermine the level of phenotypic

resistance of a pathogenic microorganism against an antimicrobial agent and are often

performed in the diagnostic microbiology laboratory. ASTs measure the lowest

concentration (mg/L & g / rofltHe antimicrobial requikkto inhibit microbial growth.

The results are often translated as resistant (R), intermediate (1), or susceptible (S)

depending on which guideline the laboratory uses to report re&tiitsical and
Laboratory Standards Institute, 2018; The European Ctsenion Antimicrobial

Susceptibility Testing, 2020¥he AST result providecrucial information to clinicians

by aiding in the detection of an appropriate treatment regime for individual patients.
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1.8.1 Daptomycin Susceptible and Resistant Breakpoints

Currenty, there are two major organisations that provide guidelines on ASTs: The
Clinical and LaboratoryStandards Institute (CLSI) and the European Committee on
Antimicrobial Susceptibility Testing (EUCAST).Their guidelines include the
breakpoints for antibiats according to each treatable pathogen tkatlinically
significant. CLSI and EUCAST are internationally recognised, and their guidelines are
used as standard operating procedures in most microbiology laboratories. Using the CLSI
guidelines, DAPisnat sual |y assigned the term>bresi
mg/L areconsidered an-susceptible (NSjClinical and Laboratory Standards Institute,
2018) In contrastEUCAST ha published DAPS andR breakpoints forS. aureusQL
mg/L and >1 mg/L, respectivel(The European Committee on Antimicrobial

Susceptibility Testing, 2020)

1.8.2 Susceptibility Test Methods for Daptomycin

The disc diffusion method, previously used for deteci#d® nonrrsusceptibility
(DNS), is no longer recommemrd or validated by CLSI and EUCAST due to the
inconsistent detection of DNS isola{€dinical and Laboratory Standards Institute, 2018;
Sader, Fritsche, & Jones, 2006; The European Committee on Antimicrobial Susceptibility
Testing, 202Q)FurthermoreDAP susceptibility testing cannot be performed by an agar
dilution method (Clinical and Laboratory Standards Institute, 2018; The European
Committee on Antimicrobial Susceptibility Testing, 20283 a rapid AST method, the
Epsilometer test (Etest) has beesed to evaluate DNSHowever, the Etest is not
validated by either CLSI or EUCAST. Theroth microdilution (BMD) methods
considered the gold standard for DAP susceptibility testing and has been validated by the
CLSI and EUCAST. The BMD involves inoculagj a known concentration of bacteria

into a liquid broth across a range of serially increasing concentrations of the antimicrobial
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(serial dilutions) (Clinical and Laboratory Standards Institute, 2018pr DAP
susceptibility testing, the broth growth madnust be supplemented with 50 mg/L of Ca

(Clinical and Laboratory Standards Institute, 2018)

A comparison study on AST methods, which included the Etest and BMD,
conducted on MRSA identified the Etest method had MICs of 0.5 to 1 serial dilution
higher than CLSI BMD MICqgSader, Rhomberg, & Jones, 200Q@pnversely, other
studies have reported undstimated DAP MICs determined by the Etest when compared
to the reference BMQJevitt et al., 2006; Kruzel et al., 201Another comparison study
whichi ncl uded the BD Phoeni xE system, an a
Phoeni xE met hlg dndetestimafe rMiGs ubg 1 tlegconcentration in

comparison to the CLSI BMD methdRiedel et al., 2014)

1.9 Mechanisms ofDNS

The natural development of AMR is exacerbated by antimicrobial intervention
henceDNS typically develops during theragyones tal., 2008; Sakoulas et al., 2014)
A history of antimicrobial peptides and glycopeptides therapy, other than DAP, has also
contributed to DNS(Ma et al., 2018) Several studies have identified a variety of
phenotypic changes in DARS organismdncluding S. aureusalong with variousSNPs
in different genes and/or upregulation of gefig@gedman, Alder, & Silverman, 2006; Ma
et al., 2018; Mehta et al., 201Pue to the multitude of various factors, including the use
of different models, it has provedaltenging to identify the primary mechanism of non

susceptibility, which may be a muliechanism response to DAP.
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1.9.1 LociInvolved in DNS

1.9.1.1 Multiple Peptide Resistance Factor

The multiple peptide resistantactor (MprF)protein is a phosphatidylglycerol
lysyltransferase and is consistently implicated in the development of elevated DAP MICs
(Christoph M. Ernst et al., 2009MprF is a bifunctional protein responsible for
neutralising membrane charge through the lysinptaf phosphatidylglycerol. The
hydrophilic Gterminal domain is made up of six transmembrane segments of MprF and
synthesizes the positively charged phospholipighosphatidylglycerol by incorporating
a lysine residue to phosphatidylglycerol using IMBINA (Christoph M. Ernst et al.,

2009)

As lysyl phosphatidylglycerol is produced in the inner leaflet of the cell
membrane, the surface charge cannot be altered until lgbglsphatidylglycerol is
translocated to the outer leaflet (Figure 1.4).Cqnsee nt | vy, t he transl o
is facilitated by the hydrophobic-términus of MprHChristoph M. Ernst et al., 2009)

The production oflysylp hosphati dyl gl ycer ol and o6fl i p)
bacteria to evade the host immunity dering surface charge. The change to a net
positive charge aids in repelling the innate immunity in the form of CAMPs, including
DAPO6s act i vCetconmplexj{ChiistophPM. Ernst et al., 20Q9)he increased

positive charge of the cell surface dimi shes the cell s affini
been proven via MprF knoabut mutants lacking lysyphosphatidylglycerol, which are
hypersusceptible to DAP and other CAMPs. DeletiompfF in bacteria incubated in

animal models also results in redusgdilence(Christoph M. Ernst et al., 20Q9)
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Figure 1.4 Model for multiple peptide resistance factor (MprF)}mediated bacterial
cationic antimicrobial peptide (CAMP) resistance.

Lysytphosphatidylglycerol (LysPG) is produced from lysinylating
phosphatidylglycerol (PG) via LytRNA by the synthase domain of MprF. L3RG will

only neutralise the outer surface of the cell membrane when translocated to the outer
leaflet of the membra e facilitated by t he(Chisgtoplans| o
M. Ernst et al., 2009)

SNPs located in themprF locus have often been reported to be responsible for
DNS developmen(Yang, Mishra, Rubio, & Bayer, 2013However, using cloning
techniques ithas been demonstrated SNPsriprF alone is not sufficient to elicit an
elevated MIQC. M. Ernst et al., 2018; Mehta et al., 2012; Peleg et al., 20Lations
are often found in the C and-tdrminal domains and are termed hotspots for SNPs to
appear.Resultant mutations commonly lead to a gakufunction of MprF, which
generally involves, but not exclusively limited to, increased tyslgbsphatidylglycerol
synthesis and increased translocase/flipping activity. An early shadyvaluated the
sequetial development of SNPs by a -2y serialpassage ofS. aureusidentified
mutations irmprFwere the first to appear which resulted in an elevated DAP MIC [T345I
i (T) original amino acid, (345) position, (I) amino acid substitutiGhgble 1.1)
(Friedman et al., 2006)Other mutations were found in the swomponent sensor kinase
loci, walK and the genes encoding the domains of RNA polymenasB andrpoC. Each
protein was altered by a single amino acid change. However, in ththpogpy clinical

isolates, mutations in thmprFlocus were different to those of the laboratsinains and
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one clinical isolate had a frameshift mutationnalK; no mutations were observed in
rpoB andrpoC (Table 1.1). The authors did not report the specific MIC valuedest
each mutation acquired and did not investigate whether the SNPs increased or decreased

the function of the gene products (MprF, WalK, RpoB and RpoC).

Table 1.1 Single nucleotide polymorphisms in daptomycin nonsusceptible
laboratory and posttherapy clinical isolateg(Friedman et al., 2006)

Strain and site Base change Amino acid change Locus Day of change
S. aureus

laboratory strains

MW2-CB1616

575764 TY C F632S rpoC 11
1366542 CYT P314L mprF 3
MW2-CB1617

25304 TY C S221P walK 19
573039 TY G 1953S rpoB 14
1366635 CYT T345I mprF 5
MW2-CB1618

26430 CYT R263C walkK 9
573435 CYT A1086V rpoB 13
576750 CY A Q961K rpoC 20
1366634 AY G T345A mprF 6
S. aureuglinical

isolates

Pair 1

1366486 CYT S295L mprF

Pair 2

1368078 CYT L826F mprF

Pair 3

1368078 CYT L826F mprF

26121 Inserted A Frameshift walK

In 2018 Ernstet al, investigated commonly reported SNPs found inrntpeF
locus associated with an elevated DAP MIC, including T345A, V351E, S295L, P314L,
S337L, 1420N, and L826FC. M. Ernst et al., 2018An increase in DAP MIC, using a
S. aureusnodel, was only assocet with T345A and V351E (MIC = 3 mg/L). T345A
and V351E were mapped to the junction between the flippase and synthase domain. But
the production and translocation of lysphosphatidylglycerol was not altered, which
may have been due to the use 8f gibtilis promotor (vedj ) for mprF expression which

displayed slightly reduced levels of lysyhosphatidylglycerol production compared to
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the wildtype(C. M. Ernst et al., 2018Because there was no significant increase indysyl
phosphatidylglycerol pituction, the surface charge was not altered by either mutation;
T345A, however was able to provide crosssistance with the structurally related

lipopeptide antibiotic, friulimicin B.

1.9.1.2 MprF SNPs as a Canutation to VraSR

Contrary to Ernset al (2018),a study on failed DAP treatesl aureuslinical
DAP-NSand DAP susceptible (DAB) strainpairsidentified L826F elevatéeDAP MIC.
However, the L826F SNP was not solely responsible for the-RB8PhenotypéMehta
et al., 2012) An additional four amino@d substitutions were identified. Isolates with
the SNPs L826F, S377L, and L341S had MICs of 4 mg/L and an isatate314Lhad
aMIC of 2 mg/L. The background of the isogeneic D8Rtrainpair was used to create
anmprF null mutant, which was further complemented with the MprF L826F mutation
The gene knockout was conducted for both isolates with the L826F mutation. The MIC
in the compemented strains was 3 mgAvhich demonstrated the mutation could not
fully restore t he Nkbigance ® my/lb.eThedncamgletenMi@C s t
restoration led to expression analyses. The results showed an increased expression level
of the two-component histidine kinase@aSR which is involved in cell wall metabolism
(Mehta et al., 2012VraSR was further investigated due toatscial role in sensing and
reacting to cell wall stress. The significance of upregulata8Rin the DARNS isohtes
was determined byraSRnull mutants which had MICs of 0.25 mg/L and reduced cell
wall thickness. Thickening of the cell wall has previously been shown to be sufficient but
not necessarily universal for the development of N& et al., 2018; Yang ei., 2010)
Conversely, overexpression gfaSRin the DARS isogenic straipairs resulted in
elevated MICs ranging from 2 to 6 mg/L. The inactivatiompfF also reduced cell wall

thickness in the DARNS isolates, and smtroduction of wildtype mprF had no effect
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on cell wall thickness, while complementation with L826F mutaigulF, did restore
i sol atesd6 cell wal I thickness. The rest
mutatedmprF, demonstrates the functional role of the SNP. It was coedltidat the
simultaneous presence of the mutateprF and increased expression wiaSRwas

required for an optimal DAIS phenotype.

1.9.1.3 Decreased availability of phosphatidylglycerol for DAP binding

A research group conducted a comparative assessment of geserfactors in
S. aureudDAP-NS isolates, both clinically and laboratetgrived(Peleg et al., 2012)
All clinically derived isolates had at least one SNP located withimihr€ open reading
frame anchovel mutations in two genes. Six SNPs were found imjbe- open reading
frame amongst the clinical isolates, while only one laboratory isolate had & &iiPF
(Figure 1.5). A novel SNP, T33N, was identified in the cardiolipin synthase gkshe (
Isol at es wi t h T3 3N hadg/lLi Gardiolgpia sseah anMhidC s 0
phospholipid found in the inner layer of the cell membrane and is sysgtidsdbm two
phosphatidylglyceromoleculegShort & White, 1972)If the cell is subjected to stes
such as inhibition of cell division or undesirable growth conditions, cardiolipin will
accumulate and is balanced by a losplodsphatidylglycero{Short & White, 1972)
Therefore, the author hypothssid t hat the mut ati omchargeul d
and would likely affecthe binding of DAP (Peleg et al., 20125ix unique mutations
have beerdentified inpgsAwhich caused an elevated MIC = 2 m@Releg et al., 2012)
pgsAis involved in the production @hosphatidylglycerolThe authorfypothesised that
the mutations inpgsA s ome how i mpaired t he geneods
phosphatidylglycerglwhich would alter the surface charge and decrease the availability

of phosphatidylglycerdior DAP binding.
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Figure 1.5 Summary of mutations found in S. aureusphospholipid biosynthesis
genesassociated withdaptomycin non-susceptibility.

Arrows point to the location of each mutation within in their respective gene. (A) The
six amino acid changes identified in mprF. (B) Four amino acid changes were
identified in cls2. (C) Four amino acid changes were observed in pgsA along with two
insertions (Peleg et al., 2012).

1.9.1.4 The dItABCD Operon

Several studies have identified @e&ABCD operon can have an influence on the
development of DN$Bayer, Mishra, Cheung, Rubio, & Yang, 2016; Mishra et al., 2014;
Muller et al., 2018; Sabat et al., 2018he dlt operon protein products catalyse the
attachment of positively charged-Blanine to the negatively charged phosphate backbone
of teichoic acids which are a major constituent of the cell wall in grasitive bacteria
(Kovacs et al., 2006; Muller et al., 2018)eichoic acids impact several proeEss
including autolysis, binding of cations, resistance to antimicrobials, and virulence
(Kovacs et al., 2006; Peschel et al., 1999)edItABCD operon plays a crucial role in

the defence of the bacterium against CAMPs by reducing the net negative ahifuge
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cell wall via the Dalanylation process. There is a consensus amongst several studies that
DAP-NS isolates have increased expression ofdib®BCD operon and an increased
surface charge which cannot be attributed to mutations imgt€ ORF (Bayeret al.,

2016; Mishra et al., 2014; Muller et al., 2018; Sabat et al., 2018; Yang et al., 306%)
investigators have observed the specific upregulatiatitAf the product of which (b
alanineD-alanyl carrier protein ligase) is involved in the tatgp process of
incorporating Balanine in wall teichoic acidBayer et al., 2016; Mishra et al., 2014;
Sabat et al., 20184 significant increase in the overall proportion of wall teichoic acids

in DAP-NS strains, as well as the proportion ofalanylatedwall teichoic acidswas
observed in a study, which inherently reflected an increased function ditthgene

(Mishra et al., 2014)

1.9.1.5 Impact of Mutated GraSR on Mode of Resistance

In relation to increased transcription in DA isolates, enhanced expeEsn of
themprF gene has been reported, fofd higher than its DAFS strainpairs(Mishra et
al., 2014) The finding raise the questionof whether the functionality of the two
component regulatory systemraSR influenced DNS development. GraSR posily
regulates the expression of tHBABCD operon andmprF in response to CAMPs to
reduce the net negat i(Mdlerethla20B8grhechypotiiesise c e
was tested with tw8. aureustrains which differed in the functionality of GraS and were
subjected to serial passages of increasing DAP concent(itidier et al., 2018)One
strain contained a native mutation gnaS resulting in the strain being tdald more
susceptible to DAPMIC = 0.039 mg/L)than the strain with the fully functiongraS
(MIC = 0.31mg/L)(Muller et al., 2018)After extensive serial passagirte two strains
reacheda DAP MIC of 31 mg/L. Although the two strains had cell wall thickening

comparative to theiwild-type strains, the two strains had different routes of resistant
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mechanismsTranscriptional analyses of the strain with the mutgta®had increased
expression in fatty acid biosynthesis and peptidoglycan biosynthesis, while the strain with
the fundional graS had increased expression ditA - D, mprF (increased lysyl
phosphatidylglycerg] fatty acid elongation genes and decreased expressipgséf.
Nextgeneration sequencing identified SNPglitB, dItD, vraG, spsB, fmtAndasp23.

The resultsrom this study demonstrate GraSR has an impact on the mode of resistance
rather than the level of resistance. It also shows how unique and diverse the development

of DNS can be and highlights the difficulty in understanding the mechanism behind DNS.

1.10Project Aims

In my project the genomes of 171 phenotypically DAP SSaureusphenotypically
classified as DARMNS will be examined using wholgenome sequencintn addition to
investigating genes that have previously been identified to have SNPs associated with
DNS, | hope toidentify new or undescribed SNPs by comparative analysis that may

confer to DNS.

Aim 1: Determine a correlation between the developménDNS in S. aureusand

sequence type by:
a) Performing DAP MICs by the BMD method.
b) Extracing and sequernig the genomic DNA of DARNS isolates

c) Uang a bioinformatics pipeline to determine the MLST profiles.

Aim 2: Investigate the association beemeDAP MIC and SNPs known to be associated

with DNS by:

a) Using the sequenced data of the extracted DNA
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b) Creaing a curated pipeline that includes each allele for each gep@3, asp23a, cls,
dspl, mprF, pgsA, rpoB, rpo@ndwalkK.
c) Examinng the peptide sequences of the alleles found in this collection of samples for

the known SNPs.

d) Assessing the presence of antimicrobial resistance genes in all isolates.

Aim 3: Assess the phylogenetic relationship of DBRnd DAPNS ST22S. aureudy:
a) Constructing a phylogenetic tree
b) Comparing the alleles and known mutations present in susceptible and NS.

c) Determine an association between the mutations and.MICs

| hypothesze that: (1)DNS s associated with particular sequence type, @)articular
SNP would correlate to a specific MIC value, @&tinct differences between susceptible
and nonrsusceptibleST22isolates, particularly with SNPs in the genes associated with

DNS, will be observed

The findhgs from this study will increase our knowledge of AP resistance
mechanisms irs. aureusparticularlyin S. aureussolated in Australia. Understanding
the various genetic changes will aid in the early detection of-N&F. aureusand the
interventon with alternate or combination therapies. It will also be crucial for the

potential development of new generations of the antibiotic.

26



CHAPTHEWO

METHOMLSOMATERI ALS

27



2. METHODS

2.1 Ethics Statement

Ethics approval was not required for this study as niemadentifiers or clinical

details were provided upon collection
2.2 Isolate Collection and Storage

S. aureussolates examined in this study wetgtainedrom: the Australian Group
for Antibacterial ResistanceAGAR) Australian Staphylococcal Sepsis Outcome
Program (ASSOPand the National Alert System for Criticahtimicrobial Resistances
(CARAlert). The Antimicrobial Resistance and Infectious Diseases (AMRID) research
laboratory at Murdoch University is the referedaboratory fothe ASSOP anWestern
Australian CARAlert DAP-NS isolates. All CARAlert isolates in this collectiomere
from Western Australia, while isolates from ASS@é&refrom across Australia. Isolates
which wereDAP-NS wereinitially reported byBD PhoeniE or VITEK®2 systems and
were initially confirmed with the EteStmethod (Figure2.1). Isolates collectedvere
stored in 2 mL of tryptic soy broth with5% glycerol (Remel, REF. RO65031) glass
vials at-80°C. A total of 171 isolates were includén the study and are listed in Table

2.1.
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Figure 2.1 Reported phenotypes of isolates used in this study.

Isolates were collected from the Australian Group on Antimicrobial Resistance
ASSOP and the National Alert System for Critical Antimicrobial Resistance
programs. The distribution of Staphylococcus aureus daptomycin nosusceptible
isolates over time, coloted by the minimum inhibitory concentration (MIC mg/L)
determined by Etest.

Table 2.1 List of 171 phenotypically daptomycin nonsusceptible S. aureus isolates
collected for the study of daptomycin norsuscepibility development.

The year of isolation for each sample and the minimum inhibitory concentration,
determined by the Etest is described for each isolate. Laboratory numbers (Lab No.) were
unique identifiers used for labelling purposes only. Surveill&rogram distinguishes

the group the isolate was collected by and the State in Australia from which they
originated from:Western Australia (WA); New South Wales (NSW); South Australia
(SA); Tasmania (TAS); Queensland (QLD); Victoria (VIC)

Isolate ID | Lab No. ?:g;?;:ﬁnce Year State (Er:]egs/b
Al 9118984P CARAlert 2016 WA 3
A2 38378767 CARAlert 2016 WA 2
A3 91553598 CARAlert 2016 WA 2
A4 9190168G CARAlert 2016 WA 1.5
A5 9195400M CARAlert 2016 WA 3
A6 2036574W CARAlert 2016 WA 2
A7 2036113H CARAlert 2016 WA 1.5
A8 9276446Y CARAlert 2016 WA 2
A9 8528243D CARAlert 2016 WA 1.5
A10 9321613E CARAlert 2016 WA 2
All 93474271 CARAlert 2016 WA 2
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Al2 8186751G CARAlert 2016 WA 3
Al3 9367391C CARAlert 2016 WA 2
Al4 9384092H CARAlert 2016 WA 15
Al5 9414696Q CARAlert 2016 WA 1.5
Al6 6354566Y CARAlert 2017 WA 2
Al7 49110088 CARAlert 2017 WA 2
Al8 2020058S CARAlert 2017 WA 2
Al9 9066695J CARAlert 2017 WA 2
A20 4148510M CARAlert 2017 WA 2
A21 60238964 CARAlert 2017 WA 2
A22 60217121 CARAlert 2017 WA 2
A23 9092912T CARAlert 2017 WA 2
A24 2022861H/2 CARAlert 2017 WA 2
A25 3147461B CARAlert 2017 WA 15
A26 3570884W CARAlert 2017 WA 2
A27 9130094D CARAlert 2017 WA 15
A28 202614772 CARAlert 2017 WA 15
A29 9171605U CARAlert 2017 WA 2
A30 9169686L CARAlert 2017 WA 2
A3l 8444411C CARAlert 2017 WA 2
A32 60587628 CARAlert 2017 WA 2
A33 3677189D CARAlert 2017 WA 15
A34 3413934L CARAlert 2017 WA 3
A35 4179496E/1 CARAlert 2017 WA 2
A36 4193193A CARAlert 2017 WA 3
A37 8485665E CARAlert 2017 WA 2
A39 8508980X CARAlert 2017 WA 3
A40 9356311G CARAlert 2017 WA 15
A4l 4211010G CARAlert 2017 WA 15
A42 4216768K CARAlert 2017 WA 2
A43 4366148F CARAlert 2017 WA 2
A44 8032694U CARAlert 2017 WA 2
A45 2049852F CARAlert 2017 WA 2
A46 3720863J CARAlert 2017 WA 2
A47 9450567U CARAlert 2018 WA 15
A48 3472184N CARAlert 2018 WA 15
A49 9493033D CARAlert 2018 WA 4
A50 2160492X CARAlert 2018 WA 3
A51 3580921U CARAlert 2018 WA 2
A52 9511015K CARAlert 2018 WA 15
A53 9513281W CARAlert 2018 WA 15
A54 9531407E CARAlert 2018 WA 2
AS55 9534457A CARAlert 2018 WA 3
A56 9536713H CARAlert 2018 WA 15
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AS57 1053830D CARAlert 2018 WA 2
A58 3136406Y CARAlert 2018 WA 15
A59 9588051R CARAlert 2018 WA 2
A60 9588157T CARAlert 2018 WA 2
A61 3810430C CARAlert 2018 WA 2
A62 9576135W CARAlert 2018 WA 2
A63 8435300Y CARAlert 2018 WA 3
A64 8120186D CARAlert 2018 WA 2
ABS 9078842C CARAlert 2018 WA 2
AG6 9080331S CARAlert 2018 WA 2
A67 9105781X CARAlert 2018 WA 2
A68 9112808T CARAlert 2018 WA 15
A69 9120603G CARAlert 2018 WA 2
A70 9141165A CARAlert 2018 WA 4
A71 9171150H CARAlert 2018 WA 2
A72 9189382R CARAlert 2018 WA 2
A73 9203852E CARAlert 2018 WA 15
A74 1279047K CARAlert 2018 WA 15
A75 3771056E CARAlert 2018 WA 15
A76 8517902L CARAlert 2018 WA 15
A77 9233936R CARAlert 2018 WA 2
A78 9249815Q CARAlert 2018 WA 3
A79 3776269Q CARAlert 2018 WA 2
A80 9261387A/2 CARAlert 2018 WA 15
A81 9260358K CARAlert 2018 WA 15
A82 3541275S CARAlert 2018 WA 2
A83 13459147 CARAlert 2018 WA 15
A84 9283813D CARAlert 2018 WA 15
A85 3802401J CARAlert 2019 WA 2
A86 3951429K CARAlert 2019 WA 2
A87 3084468A CARAlert 2019 WA 2
A88 3878154U CARAlert 2019 WA 3
A89 1035925Y CARAlert 2019 WA 15
A90 3309066J CARAlert 2019 WA 15
A91 3231175E CARAlert 2019 WA 4
A92 1056824U CARAlert 2019 WA 15
A93 9378551L CARAlert 2019 WA 15
A94 3084877N CARAlert 2019 WA 15
A95 9393328C CARAlert 2019 WA 3
A96 3240803C CARAlert 2019 WA 2
A97 8006240Y CARAlert 2019 WA 15
A98 8408483U CARAlert 2019 WA 2
A99 3246017J CARAlert 2019 WA 3
A100 4172281897 | ASSOP 2017 NSW |2
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Al101 M1785A ASSOP 2017 NSW |2
Al102 1825802933 | ASSOP 2018 SA 15
A103 MB17023611 | ASSOP 2017 NSW |2
Al104 4160701835 | ASSOP 2016 WA 2
A106 MB-14-213545| ASSOP 2014 NSW |3
Al107 9066679A ASSOP 2017 WA 2
A108 16N089049 ASSOP 2016 TAS 1.5
A109 772726209 ASSOP 2016 QLD 2
Al110 170750522 ASSOP 2018 NSW |15
Alll 18N035809_1 | ASSOP 2018 TAS 15
Al12 18N035809_2 | ASSOP 2018 TAS 2
All13 768541303 ASSOP 2016 QLD 15
All4 M276028 ASSOP 2016 VIC 2
Al16 170451232 ASSOP 2017 QLD 15
AllY 08328194 ASSOP 2018 VIC 2
Al18 MB16194194a | ASSOP 2016 NSW |2
Al19 48721990 ASSOP 2016 SA 15
A120 6142121519 | ASSOP 2014 WA 4
Al21 158728435 ASSOP 2017 NSW |2
Al22 9196389P ASSOP 2018 WA 2
Al123 139668601 ASSOP 2014 NSW |15
Al24 3231173R CARAlert 2019 WA 4
Al25 3235839F CARAlert 2019 WA 2
Al126 9436765C CARAlert 2019 WA 2
Al127 9436334R CARAlert 2019 WA 3
Al28 9503856S CARAlert 2019 WA 15
Al129 3828564k CARAlert 2019 WA 3
A130 9535212Q CARAlert 2019 WA 15
Al131 3253409J/2 CARAlert 2019 WA 2
Al32 3833264J CARAlert 2019 WA 15
A133 9539872B CARAlert 2019 WA 2
Al34 9028487X CARAlert 2019 WA 2
Al135 9039800U CARAlert 2019 WA 2
Al136 8483684R CARAlert 2019 WA 2
A137 9056982Y CARAlert 2019 WA 3
Al138 8491277N CARAlert 2019 WA 15
Al139 7705540 CARAlert 2019 WA 2
A140 8494752U CARAlert 2019 WA 2
Al141 4295987E CARAlert 2019 WA 3
Al42 3851987M CARAlert 2019 WA 2
Al143 8501905B CARAlert 2019 WA 15
Al44 9100853X CARAlert 2019 WA 2
Al45 9100569P CARAlert 2019 WA 2
Al46 9103798U CARAlert 2019 WA 15




Al148 3393943C CARAlert 2019 WA 2
Al49 8181972Y CARAlert 2019 WA 3
A150 9002755F CARAlert 2020 WA 2
Al51 9039871X CARAlert 2020 WA 3
A152 3316887F CARAlert 2019 WA 2
Al53 1087774V CARAlert 2020 WA 2
Al54 2040471152 | CARAlert 2020 WA 1.5
Al55 9115320S CARAlert 2020 WA 2
A156 9112564F CARAlert 2020 WA 2
Al57 3816088E CARAlert 2020 WA 15
A158 8404962P CARAlert 2020 WA 15
Al159 42219893 CARAlert 2020 WA 2
Al160 4247497Q CARAlert 2020 WA 15
Al61 A328000238 | CARAlert 2020 WA 2
Al162 9180716U CARAlert 2020 WA 2
Al63 3492842R CARAlert 2020 WA 2
Ale64 9228953R CARAlert 2020 WA 2
Al165 9229706S CARAlert 2020 WA 2
Al66 9240616S CARAlert 2020 WA 2
Al67 9243111D CARAlert 2020 WA 2
Al168 9246022Y CARAlert 2020 WA 2
Al169 9246484S CARAlert 2020 WA 2
Al70 9260800J CARAlert 2020 WA 2
Al71 4100298L CARAlert 2020 WA 2
Al72 42423919 CARAlert 2020 WA 2
Al73 9303062U CARAlert 2020 WA 2
Al74 9345457U CARAlert 2020 WA 2
Al75 9351082U CARAlert 2020 WA 3

2.3 Bacterial Cultures

Isolates were subcultured from tryptic soy broth with Xji$6erolstocks stored at
-80°C on blood agar (BA) plate$5% horse blood). Inside a class Il biosafepinet
( Ther mo

loopful of thefrozen sample which was streaked oat®A plate followed by incubation

at37°Cin ani

ncubator

S c at.&o. 51026646)& sterileCloop (1 pL) vasused to scrape a

( T h eat. Mo 5183¢562) fort1®4f hbuesE |
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2.4 Broth Microdilution

Prior to DAP susceptibilitytesting using the BMD method, isolategere
subcultured twice to ensure the viability and purity of the bacteria. The inoculum used for
BMD was taken from the second subculture that was less than 24 hours old. This study's
control strain is CLSI approveid American Type Culture Collection (ATCE 29213.

The ATCC® 29213 strain was also subcultured twice before AST. BMD was performed
by incubating isolates in a catiadjusted MuelleHinton broth (CAMHB)
supplemented with doubling dilutions of DAP. The MIC was recorded as the lowest
concentratiorof DAP that inhibited bacterial growth. The BMD method was conducted
according to the CLSI guidelines (MO7 & M1325) and involved drug preparation,

inoculation, and incubation.

2.4.1 Preparationof Daptomycin

The CLSI guidelines (M07) recommend an antimicaibbgent's stock solution is
prepared at concentrations of at least 16@0L or ten times higher than the highest
concentratiorn(Clinical and Laboratory Standards Institute, 20Mater is required as
bothsolvent and dilant for DAP in the CLSI standdii M100-S25.A concentration of
1280mg/L DAP was prepareds the weight of DAP provided (Sigr#sdrich, D2446
1MG) was too small to weigh, the volume of water required for the stock solution was

calculatedusing the following formula:

WQMWOI C 6i i B&0 QgPWwC

wéaoéQ A S AT S S G A T
0¢€¢ wQe oi@lo, Q¢ ¢
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The assay potency of DAP is batdbpendent and is included on the certificate
of analysis provided by the manufacturer. DAP was supplied as a pure powder (no water
content), its active fraction was 100%, and the purity was listed as 97%. Potency was

calcuated using the following formula:

0£0Q¢t Ddi TOD 6 600V HBOO Y EMDOO Q¥ & 0QE 0

The potency was determined to be 97% (8%fJL). 760uL of deionised water
was aliquoted to the vial containing 1 mg oAB using a calibrated pipette. The DAP
stock volume (76QuL) was aliquoted into seven sterile 1.5 mL microcentrifuge tubes

(100 pL each) and stored-&0°C.

2.4.2 Preparationof Broth

A stock sol ut i oHintenf(MHB B (c&ionajusted)l beoth
(Fisher Scientific, Cat. N®12322) was prepared by dissolving 2@f gowdered MH Il
in one litre ofde-ionisedwaterin a sterilel L Schott bottle. The solution was swirled
until the powder dissolved completely and was autoclaved (SystedSDX at a
maximum temperature of 121°C for ten minutes. After the broth was autoclaved and
cooled to room temperature, the pH of the CAMHB was adjusted to 7.3 using 10.2 M
hydrochloric acid. The lid was sealed tightly to prevent any contamination, and the bottle

was stoed at 4°C.

2.4.3 Preparation of Calcium Stock Solution

The CAMHB contains 2@5 mg/L of C&" but DAP susceptibility testing requires

50 mg/L of C&*. A 10850 mg/L C# stock solution was prepared in a sterile 15 mL
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centrifuge tube by dissolving 398 mg caluichloride dihydrate (Cael 2H,0) (Ajax
Finechem, Product ID:AJA12300G) in 10 mL of sterd deionisedwater. Under a
laminar flow hood Cat. Na 51029702), the solution wéidter sterilised using a 10 mL
Luer slipsyringe(Terum@, Cat. No. SS +10S9nd a 32 mm filter with a 0.2 um sugSor
membraneRall®, Cat. No.4652). The filtered solution was directly dispensed into a new

sterile 15 mL centrifuge tube.

The sterility of the water, broth and €atock was tested by creating a lawn with
a 1 pL loopful from each liquid onto BA plates followed by overnight incubation in

ambient air aB7°C.

To test if the concentration was sufficient for susceptibility testing, 25 pL of the
Ca* stock was added ta small test batch of the CAMHB (10 mL) in a sterile 15 mL
centrifuge tube. This was calculated using the formul€C,V>, where Gwas taken
from the highest possible concentration already in the MH 1l broth (25 mg/L) and<C
the C&" stock concenttion (10850 mg/L). Th&ATCC® 29213control strain was used to
ensure the MIC fell in the expected range of @l1hg/L as described by the CLSI

guidelines [M100]. The DAP MIC of the control strain was 1 mg/L (Section 2.4.4).

2.4.4 Preparation of 96well Platesfor BMD

Onetube of DAP stock solution (Section 2.4.1) was defrosted and diluted to a
concentration of 32 mg/L using sterile water. From the diluted agept, @@s aliquoted
into Column 1 of a 98vell roundbottom plate, followed by aliquoting 0. of the C&*
supplemented CAMHB into all wells starting from Column 12 using a rhkinnel
pipette (Figure 2.2). A doubling dilution scale was created by mixing the broth and

antimicrobial in Column 1 by pipetting the solution up and down and transferrip 90
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into the next column. Using a fresh pipette tip, the mixing process was repeated until
Column 10. A DAP concentration scale of 0.0625 mg/L to 16 mg/L was obtained. The
DAP concentration rang®,0625 to 32 mg/L, was selecteddnsureghe expected DAP

MIC range (0.12° 1 mg/L) for the control strain (ATCT29213) was ioluded for
reliability. Columns 11 and 12 were reserved for negative (sterility) and positive (growth)
controls, respectively. The negative control did not contain any bacteria, gnukttiee

control contained only the bacterium and®Gaupplemented CAMHB. To create the
inoculum, one to three colonies were selected using sterile cotton swabs and were
suspended into a sterile glass tube containing 5 mL of sterile water. The turkadity w
measured using a calibrated densitomeTére(mo Scientifi™, Cat. No.V3011) to
achieve turbidity equivalent to a 0.5 McFarland standard (Sensititre 0.5 McFarland
Standard, &t. No. E1041), which has an expected concentration-2# 116° colony
forming units (CFU)per mL. A 1 in 20 dilutions of lhe bacterib suspension was
performedin C&* supplemented CAMHBo yield a concentration of 5 10° CFU/mL.

From the diluteduspension, 1AL was aliquoted into each well (except negative control
well) so that one row contained the same isolate inoculum (Figure 2.2). Each well
contained approximately-2 x 1 CFU/mL of bacteriaFor every 39 isolates tested, the
control strain (ATCC 29213) was included. Each plate was covered with the lid and
incubated aB7°C for 16-20 hours The plates were imaged using a digital MIC viewing
system (Ther mo Sci eantthdMIQwas intefpeeted as the lowes? 0 2 1

concentration of DAP which prevented bacterial growth.
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Figure 2.2 Schematic diagram of a broth microdilution plate.

The strongest concentration of daptomycin beginning in column one (dark yellow)
contains 32 mg/L, and diluting concentrations by twold, going across the plate (left

to right); weakest concentration of daptomycin = 0.0625 mg/L. Each rowHA
contains inoculum from only one isolate type. Negative (green) and positive (red)
controls were reserved for columns eleven and twelve, respectively. Each batch of
isolates tested vgaconducted using a control strain (ATCC® 29213) to verify results.

2.5 Extraction of Genomic DNA

251 MagMAXE ES96press

The extraction of genomidNA was performed using the MagMAX Express
96 (Ther mo Sci 441802) Isaates wel@ asubculturdd @A plates
followed by overnight incubation 86°C + 2°C ambient aand fresh colonies were used
for the extraction process. Prior to proceeding, 40 mL of 100% ethanol was transferred
into WashSolution 2 and 5.4 mL of 10096opropanoWas transferreohto Wash Solution
1, from the mulis amp | e kit ( Th €at.m\Mp. 4432021 Wsing & i ¢ E,
multichannel pipette, 200QL of DNA Lysis Buffer was aliquoted into @6 deepwell
plate (Thermo Scientifi€ , Cat. N0.95040452). Each well was inoculated w0
colonies fronone isolate using a loopful (i) of colonies (sterildoop per isolate). The
plate was sealed using a microseal film and vortexed until no clumps were obgerved

160puL volumeof 100%isopropanol was added to each well and the platseassd and
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shaken at 900 rpm for t hrateNe.388880024)t TeesDNA T h e r
Bead Mix was prepared by mixing 1689u6 of DNA binding beads with 422.4L
nucleasdree water in a 15 mkcentrifugetube. ThepreparedDNA bead mix was added

to each well by aliquoting 2(L followed by sealing angdhaking at 900 rpm for three

minutes. Four plates were prepared for automated extraction (Table 2.2).

Table22 Platesandreaget s used for DNA extract-i on U
96.

Plate ID Reagent Volume (each well) Plate Type
Wash 1 Wash Solution 1 150puL Deep Well Plate
Wash 2 Wash Solution 2 150puL Deep Well Plate
Wash 3 Wash Solution 3 150uL Deep Well Plate
Elution DNA Elution Buffer 1 30puL Elution Plate

The4413021 DW_Bloogrogram was selectazh the equipmentnd all plates
(including sample pl ate) amdNotOT@2533wepe ¢ 0 mb
placed in the machine the appropriate order, and the program was started. After
approximately 25 minutes, the Elution plate was removed angd_38f DNA Elution
Buffer 2 was added to each well and the plate was returned to the machine. Atdhe end
the run, all plates were removed, and the Elution plate, now containing the DNA extracts,

was sealed and stored-a0°C.

2.5.2 Column Extraction

The Qiagen DNea$yBlood and Tissue Kit (QIAGEN, Cat. No. 69506) was used
for isolates which had a low yield ®NA from the MagMAXE extraction. Samples
were subcultured on BA plates followed by overnight incubati@bat + 2°C ambient
air and fresh colonies were used for the extraction process. In a sterile 1.5 mL

microcentrifuge tube, a loopful (IL) of colones was suspended in 18D of ATL buffer
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and centrifuged at 14000g for two minutes. The suspension was then incubated°& 37

for 30 minutes. After incubation, 28 of Proteinase K was added, followed by 200

of AL Buffer andthe contentsvere mixed thoroughly by vortexing for 30 seconds
Furtherincubation at 562 for 30 minutes was followed by adding (20 of RNase A and

was mixed by vortexing (30 seconds). The tube was incubated at room temperature for
two minutes and then vortexed again for 1&osels. A volume of 20QL cold ethanol
(100%) was then added followed by vortexing (30 seconds). The mixture was then
transferred to a DNeasy Mini spin column placed in a 2 mL collection tube which was
centrifuged at 14000 g for one minute. The flovthrough was discarded and the spin
column was placed in a new 2 mL collection tube. The wash step was performed by
adding 50QuL of Buffer AW1 followed by centrifuging at 140G0g for one minute. The
flow-through was discarded and the spin column was placadnew 2 mL collection

tube. Buffer AW2 was added (5Q0.) followed by centrifuging at 14008 g for 10
minutes to dry the DNeasy membrane. The spin column was placed in a sterile labelled
1.5 mL microcentrifuge tube and 2Q@Q of Buffer AE was added ontthe DNeasy
membrane. After incubating for one minute, the DNA was eluted by centrifuging at 14000
3 g for one minute. The spioolumn was discarded and the tube containing the-flow

through was stored in the fridge &4

2.6 Quantification of Genomic DNA

TheQuani TE 1X dsDNAi HS( A& e aymcCatNo.Q3828R)i f i c |
was used to quantify all extracted DNA samples. A standard curve was created with
known concentrations of dsDNA using the standards provided in the kit to calibrate the
machine. All standards were mixed by vortexing (3 seconds) to ensure the DNA was

evenly dstributed before aliquoting. A 10L volume of each standard was mixed with
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190uyL of QubitE reagent in separ atmxedby 5 mL
vortexing. After two minutesf incubation at room temperatutbe fluorescence @ach

standad wasmeasuredo n t h e 3QFlubrontetér(Fisher Scientific,Cat. No.

Q33216 usingthe high sensitivity doubistranded DNA setting. The samples were then
quantified using 3uL of extracted DNA and 197L o f QubitE reager
vortexed and incubatiefor two minutes at room temperature. The concentration of DNA

was measured in ngl and was recorded for each sample. When required, DNA dilutions
were performed using sterile water and quantification was performed using the same

technique.

2.7 Library Pre paration

2.7.1 Tagmentation

Samples were prepared using the Netetd Library Prep Kit (Ilumin&, Cat.
No. FC-131-1096. 5 pL of tagment DNA buffewas added to each well inS-well
pl at e ( Ther mat N8 N8020BGO)Afer vehieh, 2.5GL of 0.3-0.6 ng/uL
DNA was transferred to each well and was directly followed by addinguR.6f
amplicon tagment mix to each well. Using a multichannel pipette, the solution in each
well was mixed by pipetting up amldwn five times. The plate was sealed andrdeged
at 280g at 20C f or one minut e (afl Noe v5005213% cTlhee n t i
transposition reaction aagmented DNA wasompleted Ther mo ScatBmt i f i
A24811)using the TAG programbg°C for seven minutes with a hold temperature of

10°C).
2.7.2 Neutralisation

To neutralise the tagmentation reaction, |2L.50f neutralisation tagment buffer

was added and mixed into the solution via pipetting. The plate was sealed and centrifuged

41



at 280 rcf at 28C for one minute. The plate was then incubated at room temperature for

five minutes.

2.7.3 PCR Amplification

7.5uL of Nextera PCR master mix was added to each well. Equal volumes of 2.5
uL of index adapter 1 (i7) and 28 of index adapter 2 (i5) of Set A drC indexes
(Ilumina®, Cat No. FG131-2001; CatNo. FG131-2003)were added so that each DNA
sample had a unique combination of adapters. The unique combination of adapters used
all owed downstream identificatiomweré eac
added, the solution was mixed by pipetting, followed by sealing the plate and centrifuging
at 280g at 20°C for one minute. PCR was then performed with an initial denaturation
step at 72C for three minutes (x1) and 95 for 30 seconds (x1), follosd by 12 cycles
of PCR with a denaturation phase of@5or 10 seconds, with annealing af65or 30
seconds, and an extension phase 6C7r 30 seconds. A final extension at’@5for

five minutes was performed, and the final hold temperature was $&tC.

2.7.4 Library Clean Up

Before proceeding, AMPure XP beads were left to stand on the benchtop for 30
minutes to bring to room temperature. The beads were vortexed and inverted to mix. The
total volume of the PCR products (~2b) was transferred to @ean 96 deevell plate.

The AMPure beads were mixed by vortexing for 30 seconds before aliquotiigiite

each well. The contents were mixed by shaking at 1200 rpm for three minutes and then
incubated at room temperature for five minugser incubdion, the plate was placed on

a magnetic stand 4dtRNh AM16087) fSrawo enimuteisandiwvluld | C

the plate remained on the magnetic stand, the supernatant was revitheatidisturbing
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the beads. The beads were washed twice with|200f freshly prepared 80% (v/v)
ethanol with an incubation time of 30 seconds. The supernatant was discarded, and excess
ethanol was removed used a P20 pipette. The beads waergedifor 15 minutes, after

which 25puL of resuspension buffer was added to each well and mixed at 1200 rpm for
three minutes. The mixture was incubated for two minutes at room temperature. The plate
was then placed on the magnetic stand to sit for two minutqs. 28the eluted DNA

library was transferred to a new -9&ll plate. Each DNA library was quantified using

the method outlined in Section 2.7 and was store?(8€.

2.8 Pooling of DNA Libraries

All DNA libraries were combined to create a multiplexed library pool of DNA,
such that eaclibrary was of equal concentration. After combining the libraries, the
pooled DNA was quantified (Section 2.7). In a separate 1.5 mL microcentrifuge tube, the
pooled DNA was denatured by combining#0of 0.2 M sodium hydroxide with 20L
of the pooled DM and was incubated for five minutes. A 1 in 100 dilutions of the
denatured DNA was prepared by combiningplOof the pooled denatured DNA with

990pL of HT1. A final volume of 1.5 mL of 1.3 pM DNA was then prepared.

2.9 Sequencing

The Next SeqE 500 system was used to s
(Ilumina®, REF: 15057939) was thawed and 1.3 mldehatured poole®NA library
(1.3 pM) was | oaded into the deckanppat ed
cartridges wereemoved and replaced by the reagent cartritiy® output, 300 cycles)
buffer cartridge (illumin&, REF: 15057941), and the flow cell cartridge (illunfinREF:
20022409). The redagpe was set to paireghds and the program was started.
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2.10Bioinformatics

2.10.1 Raw-read Assembly

The sequencing output of each isolate included eight pamddiles (fastq.gz),
which contained fragmented sequences of DNA, 150 bp in length. Assembly of the raw
reads was performed using the SPAdes pipeline (version 3(Btjibelsk, Antipov,
Meleshko, Lapidus, & Korobeynikov, 202@rom the pipeline output, the file of interest,
Acontigs.fastao, was renamed so t hegt, its

120_61421215).

2.10.2 Sequence Typing

For highthroughput requireents, the mist pipelinenf{tps://github.com/tseemann/n)lst

was used to identify the STs of all the isolates. This software utilises components of the

PubMLST websitéhttps://pubmlst.org/which is based on the BIGSdb databgk#ley

& Maiden, 2010) Novel STs were submitted to the curators of PUbMLST. The CC of
each isolate was identified using the PUbMLST website. Then®C€g/pe for ST22

MRSA isolates was identified bgubmitting the contig files to the Center for Genomic

Epidemiology (version 1.1)(tps://cge.cbs.dtu.dk/services/SCCmecFind@amacho
et al., 2009; International Working Group on the Classion of Staphylococcal

Cassette Chromosome, 2009; Kondo et al., 2007)

2.10.3 Isolation of DaptomycinResistant Genes

Using the literature on DNS and the Comprehensive Antibiotic Resistance

Databasehttps://cardncmaster.ca/homgenine genes reported to be involved in DNS
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development were selected for analysis (Tab® @Alcock et al., 202Q) The mlst

pi peline

was

edi ted

addi

by ng a n

e w nsec

directions https://github.com/tseemann/njlsivhich included the allele sequences of the

nine genes. The allele sequences were retrieved from the PubMLST website

(https://pubmilst.org/specific toS. aureust s i ng a

ASAURO

code

uni

retrieve the allele sequences the following steps were used: Home > Organisms >

Staphylococcus aureus Typing > Find alleles: By locus. The locus of interest was

selected using the SAURbde, and the default option only alled/one allele to be

searched at 0]

e ti

me ; under t he

Spanner

multiple allele sequences to be searched. The allele numbers specific to thedoeus w

inserted and searctheThe contigs were run through the mist pipeline using the newly

created scheme. Alleles which could not be defined (e.g. 2Qr+®)vel alleles were

submitted to the curator.

mut at i

Table 2.3 Known genes and tleir mutations involved in daptomycin
nonsusceptibility development in S. aureus.
Genes which did not have any known
Gene Gene Code Known Amino Acid Mutations
asp23 SAUR2374 NA
asp23a SAUR2375 NA
cls SAUR2268 A23V, T33N,L52F, F60S
dspl SAUR0399 NA
mprF SAUR1401 F57S, G61V, S295L, P314L, S337L, L341S,
T345I, T345A, T345K, M347R, V351H418N,
420N, T472K, L826F
pgsA SAUR1288 V59N, A64V, K66R, S177F, +E77, +G76
rpoB SAURO0567 A621E, 1953S, A1085V
rpoC SAUR0568 F632S, Q961K
walK SAURO0021 L10F, S221P, R263C
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2.10.4 Identifying SNPs

Translation of the allele sequences and subsequent alignment were conducted
using MEGA version XKumar, Stecher, Li, Knyaz, & Tamura, 2018; Stecher, Tamura,
& Kumar, 2020) The peptide sequences were transferred to a Micfdsede! (V 16.45)
spreadsheetnd the peptide sequences were separated into individual amino acids using
the=MID($A1, COLUMNS($A$1:A%$1), 1¥ormula. The positions of amino acids were
numbered. First, known SNPs within each gene were searched and any mutation present

was highlightedAdditionally, any other mutations present were highlighted.

2.10.5 Identification of AMR genes

To identify AMR genes, contigs were run through the ABRicate pipeline

(https://github.com/tseemann/abridatABRIicate incorporates multiple databases to

identify AMR genes. The ResFinder database was used in thig&arkari et al., 2012)
The output includes a list of AMR genes and the DNA sequence similarity is represented
as a percentage. All results thvetre >80% were treated as a positive detection of the

AMR gene; anything below this value was not considered as a positive detection.

2.10.6 Phylogenetic Tree

Annotation of ST22 DAFS and DAPNS contigs was performed using the Prokka
software(Seemann, 2014 ore genome alignment was achieved using R{Rage et
al., 2015) Using the core genome alignment, a phylogenetic tree was constructed in
MEGA version X using the Neighbor Joining algorithm with 200 bootstrapping values

(Kumar et al., 2018; Stecher et,&020)
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3. RESULTS

3.1 Distribution of MIC

BMD, the gold standard technique for DAP susceptibility testing, was performed
to determine DAP MIC and coprSiThenDARMIE st u
results of the 171 isolates were 2 mg/L, 4 mg/L, 8 mg/L or 16 mg/L (Figure 3.2). The
MIC results onfirmed all isolates were phenotypically DA according to CLSI and
EUCAST breakpoints, NS: >1 mg/L, susceptiliig: mg/L. The most frequent MIC (8
mg/L) was observed in 54.4% (n = 93) of isolates, and 38% (n = 65) of isolates had an

MIC of 4 mg/L. Only4.7% (n = 8) of isolates had an MIC of 2 mg/L, and 2.9% (n = 5)

had an MIC of 16 mg/L.

32 mg/L

16 mg/L
0.125 mg/L
0.0625 mg/L

8 mg/L
4 mg/L
2 mg/L
1mg/L
0.5 mg/L
0.25 mg/L

Sample 1
Sample 2
Sample 3 |
Sample 4 |
Sample 5 i
Sample 6
Sample 7

Sample 8

Figure 3.1 Daptomycin susceptibility testing ofS. aureusby the broth microdilution
method.

Starting from the left, wells havan increasing concentration of daptomycin (32 mg/L)

to decreasing concentrations (to the right) by doublidgutions ending with a fnal
concentration of 0.0625 mg/L. Green circlesah the last well of bacterial growtho

the left of these wells were taken as the minimum inhibitory concentration. Blueleg
indicate air bubbles. The last two columns are reserved for negative and positive

(growth) controls for each sample. Distingrowth is marked by dots in the centre of
the wells.

48



100
90
80
70
60
50
40
30
20
10

No. of isolates

2 4 8 16
MIC (mg/L)

Figure 3.2 Distribution of the daptomycin minimum inhibitory concentration [MIC
(mg/L)] in 171S. aureusisolates.

3.1.1 Distribution of MIC by Year

The MICsobserved were compared to the year of isolation of the isolates to assess
the trend in DNS emergence. From 2016 to 2018, the number of isolates with an MIC of
2 mg/L decreased from five to two to one (Figure 3.3). From 2020, there has been a
proportionaldecrease in the number of isolates with an MIC = 4 mg/L compared to the
total number of isolates within each year. However, an increase in the number of isolates
with an MIC of 8 mg/L was observed from 2016 to 2019. Furthermore, isolates with the
highest DAP MIC (16 mg/L) observed in this study emerged in 2018 and the number of
such isolates increased by three isolates in 2019. In 2020, no isolates with an MIC of 16
mg/L was observed, but the 2020 collection was not complete at the time of this study.

The last sample collected in this study was isolated in early September (2020).
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Figure 3.3 Distribution of the number of daptomycin non-susceptibleS. aureus
isolates by year, showing the daptomycin minimum inHuitory concentration (mg/L).

3.2 Multilocus Sequence Typing

3.2.1 Prevalence and Distribution of Sequence Types

To determine the genetic diversity of the DMNS isolates, the STs were

determined. In total, 47 unique STs were identified, 14 of which had not begoughg

described (ST6036, ST6501, ST6617, ST6618, ST6619, ST6620, ST6621, ST6622,
ST6623, ST6625, ST6626, ST6643, ST6644, ST6645). The predominant STs were ST22
(16.4%, n = 28/171) and ST5 (10.5%, n = 18/171) (Figure 3.4). The prevalence of STs
was furthe investigated to determine if a particular ST was more predominant by year

(Figure 3.4). Except in 2019, ST22 was the most predominant ST. In 2019 ST15 was the

most predominant ST. No correlation between ST and the development of DNS was

observed.
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Figure 3.4 Multilocus sequence typing results of 171 daptomycin nesusceptibleS.
aureusisolated in Australia.

(A) Forty-severunique sequence types (ST) were identified, two STs were predominant
in the collection; ST5 ad ST22. (B) Distribution of the 47 sequence types by the
corresponding years of isolation.
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3.2.2 Distribution of Sequence Type by Clonal Complex

As there was no coriaion between DNS and ST, the STs were further analysed
by grouping isolates into clonal complexes (CCs) to determine if a correlation could be
drawn between DNS and CC. In total, nine CCs were identified, however, 15.8% (n = 27)
of isolates distributeddiween 11 STs, had not been assigned a CC (Figure 3.5). The most
commonly represented clonal complexes were CC5 (22.8%, n = 39), CC22 (18.1%, n =

31), and CC1 (14.6%, n = 25) isolates.

4 a0

clonal complex (MLST)
B ccs [39]
[T]ccaz[31]
[lcc1[25)
[]ces[12)
Bl ccas 1)
[Tlce1s110]
B cco7 [8]
[T]ccao|s)
Bicce3 3]

.l.

Figure 3.5 Schematic diagram showing daptomycin nonsusceptible S. aureus
isolated in Australia organised into clonal complexes (CC).

Each circle represents an ST, and each colour represents a CC. The distance between
each circle is directly proportional to the number of tifent MLST loci. Circles which
are not coloured are sequence types which have not been assigned to a clonal complex.
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3.2.3 Distribution of Clonal Complexes by MIC

The MICs were compared by each CC to determine if a particular CC was
predisposed to having a higr MIC value to answer aim one of this study (Figure 3.6).
CC15 had the most isolates with an MIC of 16 mg/L, but also had isolates with MICs of
02 mahich suggests CC15 is not necessarily predisposed to having a higher MIC
value. CC30 appeared to Associated with lower MIC values {24 mg/L), while CC8
and CC45 only had isolates with MIC4 mg/L. However, these CCs (CC8, CC45, and
CC30) had a smaller sample size in comparison to CC1, CC5, and CC22, which had MICs
of 4 and 8 mg/L. These results ioated that DNS is not restricted to one CC, and thus,

DNS is unlikely to be a result of the expansion of a single clone in this collection.

25 02 mg/L
20 @4 mg/L
o8 mg/L
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o 15 @16 mg/L
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Clonal Complex

Figure 3.6 Distribution of clonal complexes (CC) of daptomycin norsusceptibleS.
aureusisolates.

Clonal complexes are grouped by the daptomycin minimum inhibitory concentration
(mg/L). Sequence types which did not bel o
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3.3 Identification of Antimicrobial Resistance Genes

Using the assembled contigs, all genomes were screened for the presence of 28
different antimicrobial resistance genes to determine whether DNS was associated with
crossresistance to another antimicrobiajeat. The AMR genes examined confer
resistance to 12 classes of antibiotics: aminoglycosides;ldmtans, bleomycin,
fosfomycin, fusidic acid, lincosamides, macrolides, mupirocin, phenicol, streptothricin,

tetracyclines, and trimethoprim (Table 3.1).

All genomes possessed thf§38)gene which encodes a tetracycline efflux pump.
blaZz (70.8%, n = 121/171JpsB(45.6%, n = 78/171mecA(33.3%, n = 57/171ermC
(18.15%, n =31/171), andlaPC1(11.1%, 19/171) were the most frequent AMR genes
to appearn the isolates (Figure 3.7All isolates which had thelaPC1,an alternative
allele for blaz, were predominantly found in isolates without a defined (6€.9%,
11/19), and had a DAP MIC ofi416 mg/L. In total, there were 40 isolates (23.4%) which
did not contain eitheblaZ or blaPC1,15% (n = 6/40) of which were MRSA and half of
these belonged to ST22. The DAP MIC for isolates witlai or blaPClranged from
2 10 16 mg/L. The DAP MIC for isolates with theecAgene (MRSA) ranged fromi28
mg/L, while isolates withoumecA(MSSA) had an MIC range of 216 mg/L (Table
3.2). Aside from the presence of tte(38)gene, ten isolates (Al, A6, A17, A22, A49,
A58, A88, A99, A131, and A151) did not possess any other AMR gene that was examined
and had an MT range of 2 to 8 mg/L. Despite all isolates havingtétg8)gene, there
was no association withesistanceo other antibiotics and DNS development in this

population of isolates.
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Table 3.1 Summary of antimicrobial resistant genes found in 171 daptomycin nen
susceptibleS. aureusstrains.
Showing: the product of the gene, the class and subclass of antibiotic the gene confers
resistance to.

Classof
Gene Product Name Antibiotic Subclass
ant(4')- | AminoglycosideO-
la nucleotidyltransferase Aminoglycoside Kanamycin
ant(9) | Aminoglycoside
la nucleotidyltransferase Aminoglycoside | Spectinomycin
aph(2") | Aminoglycoside © Amikacin/Gentamicin/
-lh phosphotransferase Aminoglycoside Kanamycin/Tobramycin
aph(3')- | Aminoglycoside ©
lla phosphotransferase Aminoglycoside | Amikacin/Kanamycin
Penicillin-hydrolyzing class A beta
blaz lactamase Betalactam Betalactam
Blaz family penicillin-hydrolyzing
blaPC1 | class A betdactamase Betalactam Betalactam
PBP2a family betdactamresistant
mecA peptidoglycan transpeptidase Betalactam Methicillin
bleO Bleomycin binding protein Bleomycin Bleomycin
FosB family fosfomycimresistance
fosB bacillithiol transferase Fosfomycin Fosfomycin
Fusidic acid resistance EB-binding
fusC protein Fusidic acid Fusidic acid
Inu(A) Lincosamide nucleotidyltransferase| Lincosamide Lincosamide
23S rRNA(adenine(2058N(6))-
ermA methyltransferase Macrolide Macrolide
23S rRNA (adenine(2058(6))-
ermB methyltransferase Macrolide Macrolide
23S rRNA (adenine(2058(6))-
ermC methyltransferase Macrolide Macrolide
23S rRNA(adenine(2058N(6))-
ermT methyltransferase Macrolide Macrolide
ABC-F type ribosomal protection
msr(A) | protein Macrolide Macrolide
Mph(C) family macrolide 2'
mph(C) | phosphotransferase Macrolide Macrolide
Mupirocinresistanisoleucine-tRNA
mupA ligase Mupirocin Mupirocin
Type A8 chloramphenicol ©
catA8 acetyltransferase Phenicol Chloramphenicol
Type A7 chloramphenicol ©
catA7 acetyltransferase Phenicol Chloramphenicol
sat4 StreptothricinN-acetyltransferase Streptothricin Streptothricin
tet(38) | Tetracycline efflux MFS transporter| Tetracycline Tetracycline
tet(K) Tetracycline efflux MES transporter | Tetracycline Tetracycline
tet(L) Tetracycline efflux MES transporter | Tetracycline Tetracycline
Tetracycline resistance ribosomal
tet(M) protection protein Tetracycline Tetracycline
Trimethoprimresistant dihydrofolate
dfrC reductase Trimethoprim Trimethoprim
Trimethoprimresistant dihydrofolate
dfrG reductase Trimethoprim Trimethoprim
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Figure 3.7 Distribution of 28 antimicrobial resistance genes in 171 daptomycin nen
susceptibleS. aureusgenomes.

Table 3.2 Summary of results for S. aureusisolated in Australia from 2014, 2016

2020.

Showing year ofsolate collection; daptomycin susceptibility testing was determined by
broth microdilution (DAP MIC); Multilocus sequence typing including clonal complex
(NA = not assigned) and sequence type; and methicillin susceptibility status as either
resistant (MRSPor susceptble (MSSA).

Isolate Lab No. Year of DAP Clonal | Sequenceg Methicillin
ID Collection | MIC | Complex| Type | Susceptibility
(mg/L) Status
Al 9118984P 2016 8 CC1 ST188 MSSA
A2 38378767 2016 8 CC22 ST6623 | MRSA
A3 9155359B 2016 4 CC22 ST22 MRSA
A4 9190168G 2016 4 CC15 ST15 MSSA
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A5 9195400M 2016 4 CC5 ST5 MSSA
A6 2036574W 2016 4 CC45 ST45 MSSA
A7 2036113H 2016 2 CC1 ST1 MRSA
A8 9276446Y 2016 4 CC15 ST15 MSSA
A9 8528243D 2016 2 CC15 ST6626 | MSSA
Al10 9321613E 2016 2 CC5 ST5 MSSA
All 9347427L 2016 2 NA ST672 MSSA
Al2 8186751G 2016 4 CC1 ST6643 | MRSA
Al3 9367391C 2016 4 CC1 ST872 MRSA
Al4 9384092H 2016 2 CC22 ST22 MRSA
Al5 9414696Q 2016 4 CC30 ST30 MSSA
Al6 6354566Y 2017 4 NA ST88 MSSA
Al7 49110088 2017 4 NA ST88 MSSA
Al8 2020058S 2017 4 CC1 ST1 MSSA
Al9 9066695J 2017 4 CC5 ST835 MRSA
A20 4148510M 2017 4 CC22 ST22 MRSA
A21 60238964 2017 4 CC1 ST188 MSSA
A22 60217121 2017 4 CC1 ST188 MSSA
A23 9092912T 2017 4 CC5 ST5 MRSA
A24 2022861H/2 | 2017 4 CC30 ST30 MSSA
A25 3147461B 2017 4 CC8 ST8 MSSA
A26 3570884W 2017 2 CC30 ST30 MSSA
A27 9130094D 2017 2 NA ST78 MSSA
A28 202614772 2017 4 CC22 ST22 MRSA
A29 9171605U 2017 8 CC22 ST22 MRSA
A30 9169686L 2017 4 CC8 ST8 MRSA
A3l 8444411C 2017 4 CC1 ST1 MRSA
A32 60587628 2017 4 CC5 ST6036 | MSSA
A33 3677189D 2017 4 CC5 ST835 MRSA
A34 3413934L 2017 4 NA ST88 MSSA
A35 4179496E/1 | 2017 4 CC5 ST6 MSSA
A36 4193193A 2017 8 CC22 ST22 MRSA
A37 8485665E 2017 4 CC22 ST22 MRSA
A39 8508980X 2017 4 CC22 ST22 MRSA
A40 9356311G 2017 4 CC8 ST8 MSSA
A4l 4211010G 2017 8 CC22 ST22 MRSA
A42 4216768K 2017 8 NA ST88 MSSA
A43 4366148F 2017 4 CC5 ST5 MRSA
Ad4 8032694U 2017 8 CC45 ST45 MSSA
A45 2049852F 2017 8 CC1 ST6501 | MSSA
A46 3720863J 2017 8 CC8 ST8 MSSA
A47 9450567U 2018 8 CC22 ST22 MRSA
A48 3472184N 2018 8 CC5 ST5 MSSA
A49 9493033D 2018 4 CCo7 ST953 MSSA
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