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ABSTRACT  

Daptomycin (DAP) is used as a last-line antibiotic to treat S. aureus infections. 

However, there has been an increase in the number of publications reporting DAP non-

susceptibility (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 SNPs in nine different genes (asp23, asp23a, cls, dsp1, 

mprF, pgsA, rpoB, rpoC, and walK) were investigated in 171 DAP non-susceptible 

(DAP-NS) S. aureus genomes to establish whether these SNPs were correlated to a 

particular DAP MIC value. The genetic diversity of S. aureus isolates 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 (DAP-S) and DAP-NS isolates were 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 observed in a genetically diverse population (47 sequence types), 

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/I, 

V351E, I420N, and L826F) in the mprF locus. These SNPs, however, were not 

associated with one particular DAP MIC value. A cross-resistant relationship was not 

identified in this study. Distinct differences between DAP-S and DAP-NS ST22 

isolates was observed. DAP-NS isolates had a more genetically diverse mprF gene 

compared to DAP-S isolates. All DAP-S isolates did not contain any of the previously 



iv 
 

reported SNPs in any of the genes, including mprF, supporting the role of these SNPs 

in DNS.  

 

This study has indicated DNS is highly variable regarding the acquisition of 

SNPs in genes previously 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. INTRODUCTION  

1.1 History  

Staphylococcus was first isolated from pus in a knee joint abscess in 1880 by 

Scottish surgeon Alexander Ogston (Orenstein, 2006). Concerned with the high rate 

of post-operative mortality, Ogston stained a smear of the pus and examined it under 

a microscope and observed: ñétufts and chains of round organisms in great numbers, 

which stood out clear and distinct among the pus cells and debriséò. He hypothesised 

the micrococci were the causative agent for the abscess, which he tested by injecting 

guinea pigs and mice with pus from abscesses (Orenstein, 2006). He observed abscess 

formation followed by early signs of septicaemia. In 1884 a German surgeon, Anton 

J. Rosenbach, isolated two strains of Staphylococcus and named them by the distinct 

pigmentation of their colonies. Staphylococcus aureus was named from the Latin word 

aurum for gold, and Staphylococcus albus (now called S. epidermidis), from the Latin 

word albus for white (Licitra, 2013).  

 

1.2 Staphylococcus aureus  

S. aureus is a commensal and opportunistic pathogen in humans. Globally, S. 

aureus is a predominant contributor to bacteria-related morbidity and mortality in the 

community and in hospitals (Tong, Davis, Eichenberger, Holland, & Fowler, 2015). 

While the precise number of S. aureus infections fluctuates between countries, an 

international study conducted by Vincent et al. reported S. aureus was the most 

prominent gram-positive organism infecting intensive care patients, accounting for 

20% of all gram-positive infections (Vincent et al., 2009). Due to antimicrobial 
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resistance (AMR), S. aureus infections, especially those due to methicillin-resistant S. 

aureus (MRSA), can be challenging to treat (Jindal, Pandya, & Khan, 2015; Lakhundi 

& Zhang, 2018).  

 

1.2.1 Microbiological Features of S. aureus  

S. aureus is a gram-positive coccus, approximately 1 µm in diameter and grows 

in grape-like structures or clusters (Foster, 1996). The organism is a facultative 

anaerobe and can grow at a temperature range between 15°to 45°C. The bacterium can 

be cultured on most nutrient agars, including blood agar, tryptic soy agar, or heart 

infusion agar and forms yellow colonies (Missiakas & Schneewind, 2013). Mannitol 

salt agar (7.5% sodium chloride) is used as a selective medium for differentiating 

staphylococci from other bacterial organisms and distinguishes S. aureus due to the 

fermentation of mannitol detected by the phenol red indicator (turns yellow) 

(Missiakas & Schneewind, 2013). As a member of the genus Staphylococcus, the 

bacterium is considered non-motile. However, a recent study has shown under certain 

conditions, S. aureus can be actively motile (Pollitt, Crusz, & Diggle, 2015). 

Staphylococci have catalase activity which distinguishes them from streptococci, and 

a differentiating characteristic of S. aureus from most other staphylococci (except S. 

intermediusis) is its ability to coagulase blood (Foster, 1996).  

 

1.2.2 Multilocus Sequence Typing 

Multilocus sequence typing (MLST) is a molecular typing method used to 

understand the epidemiology and genetic diversity of a species, mainly bacterial 

species (Lakhundi & Zhang, 2018). The MLST scheme for S. aureus is based on the 
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sequence variations within internal fragments of seven housekeeping genes: arcC 

(carbamate kinase, 456 bp), aroE (shikimate dehydrogenase, 456 bp), glpF (glycerol 

kinase, 465 bp), gmk (guanylate kinase, 417 bp), pta (phosphate acetyltransferase, 474 

bp), tpi (triosephosphate isomerase, 402 bp), and yqiL (acetyl coenzyme A 

acetyltransferase, 516 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 profile, known 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, S. aureus infections had an incredibly high 

mortality rate, which was drastically reduced by the introduction and use of penicillin 

(Tong et al., 2015). However, penicillin resistance emerged within two years of its 

introduction and was replaced by its semisynthetic counterpart, methicillin (Lakhundi 

& Zhang, 2018). Within a few years, the first MRSA was identified in the United 

Kingdom, causing an epidemic that led to the emergence of novel lineages. Since then, 

MRSA has been found globally and has become a clinically significant pathogen 

(Lakhundi & Zhang, 2018). In most countries, S. aureus is classified as MRSA or 

methicillin-sensitive S. aureus (MSSA).  
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1.2.4 Classification of the SCCmec Element 

MRSA harbours mec genes which are carried on a mobile genetic element 

called the staphylococcal chromosome cassette (SCCmec) (Lakhundi & Zhang, 2018). 

The SCCmec element is 21-60 kb in length and is highly diverse in its structural 

organisation, which has led to its classification into types and subtypes (Lakhundi & 

Zhang, 2018). The SCCmec element consists of three structural/genetic elements: the 

mec gene complex, the ccr gene complex, and the joining regions (J regions).  

 

The mec gene complex consists of the mec gene (mecA or mecC), its regulatory 

elements (mecR1 and mecI) and the associated insertion sequences (Lakhundi & 

Zhang, 2018). The mec gene complex is classified into five different classes, classes 

A to E, and is based on the differences in the insertion sequences (IS431, IS1272, 

IS1182) and the regulatory elements. The mecA gene, which encodes an altered 

penicillin-binding protein (PBP2a or PBP2́), is associated with a decreased affinity to 

penicillins, including the semisynthetic penicillins (e.g., methicillin) and most other ɓ-

lactams (except the newly described 5th generation cephalosporins, ceftaroline and 

ceftobiprole) (Lakhundi & Zhang, 2018). The mecA homologue is not the only mec 

gene able to confer ɓ-lactam resistance. Other homologues include mecC. 

 

The ccr gene complex comprises the cassette chromosome recombinase (ccr) 

genes and the surrounding open reading frames, several of which have unknown 

functions (Lakhundi & Zhang, 2018). The ccr genes catalyse the accurate excision and 

integration of the SCCmec element into the staphylococci chromosome via two 

attachment sites. One attachment site is on the SCC element (attSCC), and the other is 

on the bacterial chromosome (attB). The recombination of SCCmec enables strains to 
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exchange critical genetic information which assists the bacteria to adapt to 

environmental stressors, in particular the pressure of antibiotic selection. There are 

three distinct ccr gene types in S. aureus with deoxyribonucleic acid (DNA) sequence 

similarity of Ò50%: ccrA, ccrB and ccrC. If DNA sequences have 50 to 85% identity, 

they are termed novel allotypes. Currently seven allotypes for ccrA and ccrB (ccrA1 

to -7 and ccrB1 to -7) and two allotypes for ccrC (ccrC1 and ccrC2) are described 

(Lakhundi & Zhang, 2018). Due to the different combinations of allotypes, nine 

different ccr gene complex types have been identified: 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 

resistance genes. Based on the location within SCCmec, they are classified as J1, J2, 

and J3. The J1 region is found between the right chromosomal junction and upstream 

to the ccr gene and often includes several open reading frames and regulator genes 

(Lakhundi & Zhang, 2018). The J2 region is located between the ccr and mec gene 

complexes and can also contain the transposon gene Tn554. Similar to the J1 region, 

J3 is found between the left chromosomal junction and downstream of the mec gene 

complex and can also have plasmid-encoded antibiotic resistance genes such as the 

tetracycline resistance gene (e.g., tetM is located in the plasmid vector pT181). 

Variations within the J region DNA segment leads to classifying SCCmec into 

subtypes (Lakhundi & Zhang, 2018).  

 

The variations and combination of the mec and ccr gene complexes have given 

rise to 13 SCCmec types in MRSA (Figure 1.1) (Lakhundi & Zhang, 2018). The 

SCCmec types are further divided into subtypes based on variations in the J regions. 
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The nomenclature for SCCmec is presented as a Roman numeral (e.g., I, II, III) ; 

however, additional information on the type of ccr and class of mec is usually given. 

For example, SCCmec IV[2B] indicates the cassette contains a type 2 ccr and a class 

B mec.  
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Figure 1.1 Illustration of 13 SCCmec types (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 complex in the 

purple shaded areas, and the surrounding J regions (J1-3). 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). 
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1.3 Infections caused by S. aureus 

S. aureus is regarded as the most pathogenic of all staphylococcal bacteria as it can 

cause mild to life-threatening infections (Weinberg, 2009). Skin and soft tissues 

infections (SSTIs) are common S. aureus infections but can drastically change in severity 

if the pathogen enters the bloodstream (bacteraemia) (Tong et al., 2015). Other infections 

which can develop from the pathogen entering the bloodstream include endocarditis, 

which can also develop from contaminated injections or artificial heart valves, and 

osteomyelitis. Some S. aureus can secrete toxins and are correlated to more severe forms 

of staphylococcal diseases, including toxic shock syndrome, toxic epidermal necrolysis, 

necrotising pneumonia, and in newborns, staphylococcal scalded skin syndrome 

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

 

1.3.1 Hospital versus Community Infections 

The bacterium colonises in the nasal passageway in 30% of the population (Sakr, 

Brégeon, Mège, Rolain, & Blin, 2018; Wertheim et al., 2005). People who are colonised 

with the bacteria often do not have any symptoms. However, they are at a higher risk of 

infection if they undergo surgery, dialysis, or are admitted to the intensive care unit (Sakr 

et al., 2018; Weinberg, 2009). For non-carriers, 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 usage of intravenous drips 

(Weinberg, 2009). Despite infection control procedures, S. aureus remains a significant 

cause of hospital-acquired (nosocomial) infections (Lakhundi & Zhang, 2018). In 

Australia, the two major healthcare-associated clone types are ST239-III [3A] and ST22-

IV [2B], colloquially known as Aus-2/3 EMRSA and EMRSA-15, respectively (J. 

Turnidge, Coombs, Daley, Nimmo, & Resistance, 2016). MRSA infections are associated 
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with prolonged hospital stay and increased mortality (Vincent et al., 2009). A study on S. 

aureus bacteraemia (SAB) in Australia and New Zealand showed 59.9% of cases were 

hospital-onset infections (40.1%, community-onset) and 33.7% were related to medical 

devices (J. D. Turnidge et al., 2009). In the same study, the 30-day all -cause mortality 

rate amongst hospital-onset infections was significantly higher than community-onset 

infections (23.9% vs 18.4%) (J. D. Turnidge et al., 2009). In a recent study conducted by 

the Australian Group on Antimicrobial Resistance (AGAR), the Australian 

Staphylococcus aureus Sepsis Outcome Programme (ASSOP) reported 79.8% of SAB 

cases in Australia were community-onset infections and the 30-day all-cause mortality of 

14.1% versus 14.8% for hospital-onset infections (Coombs et al., 2021). 

 

1.3.2 S. aureus Bacteraemia  

S. aureus is a leading cause of bacteraemia, and in Australia, approximately 20% 

of SAB is caused by MRSA (Coombs, Daley, Lee, & Pang, 2019; Tong et al., 2015). The 

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 comorbidities (Coombs 

et al., 2019; McMullan et al., 2016; Tong et al., 2015; J. D. Turnidge et al., 2009). 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 years) is 8.3 per 100 000 

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

 

1.4 Treatment of S. aureus 

The treatment of S. aureus is usually determined by whether the infection is caused 

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



 10 

dependent on whether an antibiotic is approved for clinical use in the country a patient 

resides, and the course of treatment is decided by the doctor (Leibovici, Shraga, & 

Andreassen, 1999; Therapeutic Goods Administration, 2019). Antibiotics available for 

treating staphylococcal infections include, but not limited to cefazolin, cephalexin, 

ciprofloxacin, clindamycin, daptomycin (DAP), dicloxacillin, erythromycin, fosfomycin, 

fusidic acid, gentamicin, rifampicin, teicoplanin, and tetracycline (Bamberger & Boyd, 

2005; Coombs et al., 2019; John, 2020). MRSA is usually resistant to multiple antibiotics 

and as a result, infections can be difficult to treat (Tong et al., 2015). Vancomycin is 

considered the ñgold standardò for serious infections caused by MRSA (Leibovici et al., 

1999; Rodvold & McConeghy, 2014). In Australia, DAP is approved for clinical use in 

treating SSTIs, bacteraemia, and right-sided infective endocarditis caused by MSSA and 

MRSA, and in 2019 was approved for treating bacteraemia in paediatric patients (Ó1 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 

biggest threats to a patientôs health and are a large-scale burden to healthcare systems. 

AMR is a natural phenomenon that develops due to selection pressures which initiate the 

acquisition of resistance genes or the development of single nucleotide polymorphisms 

(SNPs). A SNP is a nucleotide change in the DNA sequence and can result in an amino 

acid change. SNPs that favour the survival of a bacterium can lead to its spread into the 

community by clonal expansion. Antimicrobial resistant bacteria can transfer their 

resistance genes via different mechanisms to other bacteria (Holmes et al., 2016). 

Consequently, AMR is a major healthcare issue worldwide with last-line antibiotics more 

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

pathogen for the research and development of antibiotics.  

 

In the USA, six antimicrobials are approved by the Food and Drug Association 

(FDA) for treating MRSA: vancomycin the glycopeptides telavancin; linezolid; 

tigecycline; ceftaroline; and DAP (Rodvold & McConeghy, 2014). Despite having six 

alternative antibiotics from five different drug classes for treating MRSA, each drug has 

limitations which can often mean that they are not an appropriate choice of treatment. 

Some S. aureus isolates have developed resistance to some of these agents, rendering 

them ineffective (Rodvold & McConeghy, 2014). Some antibiotics are not suitable 

because of their bacteriostatic action which is insufficient for highly invasive infections 

such as bacteraemia or infective endocarditis. Subsequently, DAP and vancomycin, 

which are highly effective bactericidal agents, are the only two antibiotics approved by 

the FDA for MRSA bacteraemia and right-sided infective endocarditis (Tong et al., 

2015). To preserve their effectiveness, vancomycin and DAP are typically reserved for 

severe infections, and are referred to as last-line 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 that have reported DAP non-susceptible (DAP-NS) 

MRSA and MSSA.  

 

1.6 Daptomycin 

DAP was discovered in the late 1980s as a fermentation product in Streptomyces 

roseosporus and was approved for clinical use in 2003 (Debono et al., 1988; Gray & 

Wenzel, 2020). DAP (product trade name: Cubicin®) is a cyclic anionic lipopeptide which 

is one of the few membrane-active antimicrobials that can be administered systemically 

(Debono et al., 1988; Tong et al., 2015). It is used to treat gram-positive bacterial 
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infections of the skin and underlying tissues and infections of the bloodstream, which are 

often life-threatening. DAP is not approved for use against lung infections (pneumonia) 

as it is inhibited by pulmonary surfactant (Therapeutic 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 bond between the side chain of threonine-4 and 

kynurenine-13. The arrangement of these amino acids is referred to as the peptide core 

(hydrophilic) (Figure 1.2) (Debono et al., 1988; Moreira, Barnawi, Beriashvili, Palmer, 

& Taylor, 2019). The peptide core contains four acidic residues and one basic residue 

giving DAP a net molecular charge of -3 at neutral pH (Jung, Rozek, Okon, & Hancock, 

2004). The remaining exocyclic tripeptide is attached to threonine-4 and carries the 

decanoyl fatty acid tail at the N-terminus (tryptophan-1), which contributes to DAPôs 

amphipathic nature (Debono et al., 1988; Tong et al., 2015). The fatty acid tail provides 

the antibioticôs ability to interact with the target cell membrane via insertion between the 

fatty acyl chains of the lipid bilayer. Therefore, the tail plays a crucial role in DAPôs 

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

(A) Chemical structure; ester bond (circled red) between threonine-4 (Thr-4) and 

kynurenine-13 (Kyn-13) (Taylor & Palmer, 2016). (B) Amino acid sequence. Dec: 

decanoyl fatty acid tail, L-Trp: tryptophan-1, Thr-O: threonine-4, L-Kyn: kynurenine-

13 (Gray & Wenzel, 2020). 

 

1.7 Mode of Action 

Gram-positive bacteria have a negatively charged cell wall as a defence mechanism 

against harsh environments and cationic antimicrobial peptides (CAMPs) which are part 

of the innate immune system in humans (Malanovic & 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 peptidoglycan (Silhavy, Kahne, & Walker, 2010). The cell membrane of gram-

positive bacteria also contributes to the negative charge primarily due to phospholipids 

such as phosphatidylglycerol and cardiolipin (Bayer, Schneider, & Sahl, 2013; Malanovic 

& Lohner, 2016). S. aureus can have up to 57% of its lipid content in the form of 

phosphatidylglycerol, giving the bacteria a highly negative cell membrane (Malanovic & 

Lohner, 2016). However, the bacterium can change its cell membrane charge by 
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increasing the presence of the positively charged lysyl-phosphatidylglycerol. As DAP is 

an anionic (negatively charged) antimicrobial peptide, the DAP molecule is repelled 

electrostatically and cannot pass through the cell membrane (Jung et al., 2004).  

 

Due to its negative charge, DAPôs antimicrobial activity strictly relies on the 

presence and binding of calcium ions (Ca2+), ultimately reducing DAPôs negative charge 

to -1 (Jung et al., 2004). Jung et al. (2004) demonstrated a DAP minimum inhibitory 

concentration (MIC) of 64 mg/L in the absence of Ca2+ is lowered to 2 mg/L, 1 mg/L and 

0.64 mg/L when supplemented with Ca2+ 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 Ca2+. The structural change increases the 

amphipathicity and hydrophobic surface area. It has been proposed that Ca2+ triggers the 

formation of DAP micelles which enhances the delivery of DAP to the cell due to an 

increase in surface hydrophobicity (Figure 1.3.) (Jung, Powers, Straus, & Hancock, 2008; 

Jung et al., 2004; Scott, Baek, Jung, Hancock, & Straus, 2007). The Ca2+-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 6-7 subunits, assisting in membrane insertion (Jung et al., 2004; Muraih, 

Pearson, Silverman, & Palmer, 2011). Oligomerisation has been predicted to create a 

pore-like structure that initiates 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 calcium ions (Ca2+) upon binding which 

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

complex and the presence of phosphatidylglycerol (PG). After insertion, DAP 

oligomerises and translocates to the inner membrane-leaflet aligning with the outer 

leaflet, creating a pore-like structure. The poreôs function is to facilitate ion leakage or 

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

 

1.8 DAP Susceptibility Tests 

Antimicrobial susceptibility tests (ASTs) determine 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 or ɛg/mL) of the antimicrobial required to inhibit microbial growth. 

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

depending on which guideline the laboratory uses to report results (Clinical and 

Laboratory Standards Institute, 2018; The European Committee on Antimicrobial 

Susceptibility Testing, 2020). The AST result provides crucial 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 

Currently, there are two major organisations that provide guidelines on ASTs: The 

Clinical and Laboratory Standards Institute (CLSI) and the European Committee on 

Antimicrobial Susceptibility Testing (EUCAST). Their guidelines include the 

breakpoints for antibiotics according to each treatable pathogen that is clinically 

significant. CLSI and EUCAST are internationally recognised, and their guidelines are 

used as standard operating procedures in most microbiology laboratories. Using the CLSI 

guidelines, DAP is not usually assigned the term óresistantô. Organisms with a MIC of >1 

mg/L are considered non-susceptible (NS) (Clinical and Laboratory Standards Institute, 

2018). In contrast, EUCAST has published DAP S and R breakpoints for S. aureus, Ò1 

mg/L and >1 mg/L, respectively (The European Committee on Antimicrobial 

Susceptibility Testing, 2020). 

 

1.8.2 Susceptibility Test Methods for Daptomycin 

The disc diffusion method, previously used for detecting DAP non-susceptibility 

(DNS), is no longer recommended or validated by CLSI and EUCAST due to the 

inconsistent detection of DNS isolates (Clinical and Laboratory Standards Institute, 2018; 

Sader, Fritsche, & Jones, 2006; The European Committee on Antimicrobial Susceptibility 

Testing, 2020). Furthermore, DAP susceptibility testing cannot be performed by an agar 

dilution method (Clinical and Laboratory Standards Institute, 2018; The European 

Committee on Antimicrobial Susceptibility Testing, 2020). As a rapid AST method, the 

Epsilometer test (Etest) has been used to evaluate DNS. However, the Etest is not 

validated by either CLSI or EUCAST. The broth microdilution (BMD) method is 

considered the gold standard for DAP susceptibility testing and has been validated by the 

CLSI and EUCAST. The BMD involves inoculating 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, 2018). For DAP 

susceptibility testing, the broth growth media must be supplemented with 50 mg/L of Ca2+ 

(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 MICs (Sader, Rhomberg, & Jones, 2009). Conversely, other 

studies have reported underestimated DAP MICs determined by the Etest when compared 

to the reference BMD (Jevitt et al., 2006; Kruzel et al., 2011). Another comparison study, 

which included the BD PhoenixÊ system, an automated AST system, reported the BD 

PhoenixÊ method to frequently underestimate MICs by 1 log2 concentration in 

comparison to the CLSI BMD method (Riedel et al., 2014).  

 

1.9 Mechanisms of DNS  

The natural development of AMR is exacerbated by antimicrobial intervention; 

hence DNS typically develops during therapy (Jones et al., 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 DAP-NS organisms, including S. aureus, along with various SNPs 

in different genes and/or upregulation of genes (Friedman, Alder, & Silverman, 2006; Ma 

et al., 2018; Mehta et al., 2012). Due to the multitude of various factors, including the use 

of different models, it has proved challenging to identify the primary mechanism of non-

susceptibility, which may be a multi-mechanism response to DAP.  
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1.9.1 Loci Involved in DNS 

1.9.1.1 Multiple Peptide Resistance Factor 

The multiple peptide resistance factor (MprF) protein is a phosphatidylglycerol 

lysyltransferase and is consistently implicated in the development of elevated DAP MICs 

(Christoph M. Ernst et al., 2009). MprF is a bifunctional protein responsible for 

neutralising membrane charge through the lysinylation of phosphatidylglycerol. The 

hydrophilic C-terminal domain is made up of six transmembrane segments of MprF and 

synthesizes the positively charged phospholipid L- phosphatidylglycerol by incorporating 

a lysine residue to phosphatidylglycerol using lysyl-tRNA (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 lysyl- phosphatidylglycerol is 

translocated to the outer leaflet (Figure 1.4). Consequently, the translocation or óflippingô 

is facilitated by the hydrophobic N-terminus of MprF (Christoph M. Ernst et al., 2009). 

The production of lysyl- phosphatidylglycerol and óflippaseô activity from MprF enables 

bacteria to evade the host immunity by altering surface charge. The change to a net 

positive charge aids in repelling the innate immunity in the form of CAMPs, including 

DAPôs active form (DAP-Ca2+ complex) (Christoph M. Ernst et al., 2009). The increased 

positive charge of the cell surface diminishes the cellôs affinity for CAMPs, which has 

been proven via MprF knock-out mutants lacking lysyl- phosphatidylglycerol, which are 

hypersusceptible to DAP and other CAMPs. Deletion of mprF in bacteria incubated in 

animal models also results in reduced virulence (Christoph M. Ernst et al., 2009).  
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Figure 1.4 Model for multiple peptide resistance factor (MprF)-mediated bacterial 

cationic antimicrobial peptide (CAMP) resistance.  

Lysyl-phosphatidylglycerol (Lys-PG) is produced from lysinylating 

phosphatidylglycerol (PG) via Lys-tRNA by the synthase domain of MprF. Lys-PG will 

only neutralise the outer surface of the cell membrane when translocated to the outer 

leaflet of the membrane, facilitated by the ótranslocaseô domain of MprF (Christoph 

M. Ernst et al., 2009). 

 

SNPs located in the mprF locus have often been reported to be responsible for 

DNS development (Yang, Mishra, Rubio, & Bayer, 2013). However, using cloning 

techniques it has been demonstrated SNPs in mprF alone is not sufficient to elicit an 

elevated MIC (C. M. Ernst et al., 2018; Mehta et al., 2012; Peleg et al., 2012). Mutations 

are often found in the C and N-terminal domains and are termed hotspots for SNPs to 

appear. Resultant mutations commonly lead to a gain-in-function of MprF, which 

generally involves, but not exclusively limited to, increased lysyl- phosphatidylglycerol 

synthesis and increased translocase/flipping activity. An early study that evaluated the 

sequential development of SNPs by a 20-day serial-passage of S. aureus identified 

mutations in mprF were the first to appear which resulted in an elevated DAP MIC [T345I 

ï (T) original amino acid, (345) position, (I) amino acid substitution] (Table 1.1) 

(Friedman et al., 2006). Other mutations were found in the two-component sensor kinase 

loci, walK and the genes encoding the domains of RNA polymerase, rpoB and rpoC. Each 

protein was altered by a single amino acid change. However, in the post-therapy clinical 

isolates, mutations in the mprF locus were different to those of the laboratory strains, and 
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one clinical isolate had a frameshift mutation in walK; no mutations were observed in 

rpoB and rpoC (Table 1.1). The authors did not report the specific MIC value between 

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 non-susceptible 

laboratory and posttherapy clinical isolates (Friedman et al., 2006). 

Strain and site Base change Amino acid change Locus Day of change 

S. aureus 

laboratory strains  

    

MW2-CB1616     
575764 TŸC F632S rpoC 11 
1366542 CŸT P314L mprF 3 

MW2-CB1617     
25304 TŸC S221P walK 19 
573039 TŸG I953S rpoB 14 
1366635 CŸT T345I mprF 5 

MW2-CB1618     
26430 CŸT R263C walK 9 
573435 CŸT A1086V rpoB 13 
576750 CŸA Q961K rpoC 20 
1366634 AŸG T345A mprF 6 

     

S. aureus clinical 

isolates 

    

Pair 1     
1366486 CŸT S295L mprF  

Pair 2     
1368078 CŸT L826F mprF  

Pair 3     
1368078 CŸT L826F mprF  
26121 Inserted A Frameshift walK  

  

In 2018 Ernst et al., investigated commonly reported SNPs found in the mprF 

locus associated with an elevated DAP MIC, including T345A, V351E, S295L, P314L, 

S337L, I420N, and L826F (C. M. Ernst et al., 2018). An increase in DAP MIC, using a 

S. aureus model, was only associated 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 lysyl- phosphatidylglycerol was not altered, which 

may have been due to the use of a B. subtilis promotor (vegII ) for mprF expression which 

displayed slightly reduced levels of lysyl- phosphatidylglycerol production compared to 
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the wild-type (C. M. Ernst et al., 2018). Because there was no significant increase in lysyl- 

phosphatidylglycerol production, the surface charge was not altered by either mutation; 

T345A, however, was able to provide cross-resistance with the structurally related 

lipopeptide antibiotic, friulimicin B.  

 

1.9.1.2 MprF SNPs as a Co-mutation to VraSR 

Contrary to Ernst et al. (2018), a study on failed DAP treated S. aureus clinical 

DAP-NS and DAP susceptible (DAP-S) strain-pairs identified L826F elevated DAP MIC. 

However, the L826F SNP was not solely responsible for the DAP-NS phenotype (Mehta 

et al., 2012). An additional four amino acid substitutions were identified. Isolates with 

the SNPs L826F, S377L, and L341S had MICs of 4 mg/L and an isolate with P314L had 

a MIC of 2 mg/L. The background of the isogeneic DAP-S strain-pair was used to create 

an mprF 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 complemented strains was 3 mg/L, which demonstrated the mutation could not 

fully restore the MIC to the original strainôs resistance (4 mg/L). The incomplete MIC 

restoration led to expression analyses. The results showed an increased expression level 

of the two-component histidine kinase vraSR, which is involved in cell wall metabolism 

(Mehta et al., 2012). VraSR was further investigated due to its crucial role in sensing and 

reacting to cell wall stress. The significance of upregulated vraSR in the DAP-NS isolates 

was determined by vraSR-null 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 DNS (Ma et al., 2018; Yang et al., 2010). 

Conversely, overexpression of vraSR in the DAP-S isogenic strain-pairs resulted in 

elevated MICs ranging from 2 to 6 mg/L. The inactivation of mprF also reduced cell wall 

thickness in the DAP-NS isolates, and re-introduction of wild-type mprF had no effect 
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on cell wall thickness, while complementation with L826F mutated mprF, did restore 

isolatesô cell wall thickness. The restoration of cell wall thickness using the L826F 

mutated mprF, demonstrates the functional role of the SNP. It was concluded that the 

simultaneous presence of the mutated mprF and increased expression of vraSR was 

required for an optimal DAP-NS phenotype.  

 

1.9.1.3 Decreased availability of phosphatidylglycerol for DAP binding 

A research group conducted a comparative assessment of genome-wide factors in 

S. aureus DAP-NS isolates, both clinically and laboratory-derived (Peleg et al., 2012). 

All clinically derived isolates had at least one SNP located within the mprF open reading 

frame and novel mutations in two genes. Six SNPs were found in the mprF open reading 

frame amongst the clinical isolates, while only one laboratory isolate had a SNP in mprF 

(Figure 1.5). A novel SNP, T33N, was identified in the cardiolipin synthase gene (cls). 

Isolates with T33N had increased MICs of Ó2 mg/L. Cardiolipin is an anionic 

phospholipid found in the inner layer of the cell membrane and is synthesised from two 

phosphatidylglycerol molecules (Short & White, 1972). If the cell is subjected to stress, 

such as inhibition of cell division or undesirable growth conditions, cardiolipin will 

accumulate and is balanced by a loss of phosphatidylglycerol (Short & White, 1972). 

Therefore, the author hypothesised that the mutation would alter the cellôs surface charge 

and would likely affect the binding of DAP (Peleg et al., 2012). Six unique mutations 

have been identified in pgsA, which caused an elevated MIC = 2 mg/L (Peleg et al., 2012). 

pgsA is involved in the production of phosphatidylglycerol. The authors hypothesised that 

the mutations in pgsA somehow impaired the geneôs function to produce 

phosphatidylglycerol, which would alter the surface charge and decrease the availability 

of phosphatidylglycerol for DAP binding.  
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Figure 1.5 Summary of mutations found in S. aureus phospholipid biosynthesis 

genes associated with daptomycin 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 dltABCD Operon 

Several studies have identified the dltABCD operon can have an influence on the 

development of DNS (Bayer, Mishra, Cheung, Rubio, & Yang, 2016; Mishra et al., 2014; 

Muller et al., 2018; Sabat et al., 2018). The dlt operon protein products catalyse the 

attachment of positively charged D-alanine to the negatively charged phosphate backbone 

of teichoic acids which are a major constituent of the cell wall in gram-positive bacteria 

(Kovács et al., 2006; Muller et al., 2018). Teichoic acids impact several processes, 

including autolysis, binding of cations, resistance to antimicrobials, and virulence 

(Kovács et al., 2006; Peschel et al., 1999). The dltABCD operon plays a crucial role in 

the defence of the bacterium against CAMPs by reducing the net negative charge of the 
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cell wall via the D-alanylation process. There is a consensus amongst several studies that 

DAP-NS isolates have increased expression of the dltABCD operon and an increased 

surface charge which cannot be attributed to mutations in the mprF ORF (Bayer et al., 

2016; Mishra et al., 2014; Muller et al., 2018; Sabat et al., 2018; Yang et al., 2009). Some 

investigators have observed the specific upregulation of dltA, the product of which (D-

alanine-D-alanyl carrier protein ligase) is involved in the two-step process of 

incorporating D-alanine in wall teichoic acids (Bayer et al., 2016; Mishra et al., 2014; 

Sabat et al., 2018). A significant increase in the overall proportion of wall teichoic acids 

in DAP-NS strains, as well as the proportion of D-alanylated wall teichoic acids, was 

observed in a study, which inherently reflected an increased function in the dltA gene 

(Mishra et al., 2014). 

 

1.9.1.5 Impact of Mutated GraSR on Mode of Resistance 

In relation to increased transcription in DAP-NS isolates, enhanced expression of 

the mprF gene has been reported, ~ 4-fold higher than its DAP-S strain-pairs (Mishra et 

al., 2014). The finding raises the question of whether the functionality of the two-

component regulatory system, graSR, influenced DNS development. GraSR positively 

regulates the expression of the dltABCD operon and mprF in response to CAMPs to 

reduce the net negative charge of the cellôs surface (Muller et al., 2018). The hypothesis 

was tested with two S. aureus strains which differed in the functionality of GraS and were 

subjected to serial passages of increasing DAP concentration (Muller et al., 2018). One 

strain contained a native mutation in graS resulting in the strain being ten-fold more 

susceptible to DAP (MIC = 0.039 mg/L) than the strain with the fully functional graS 

(MIC = 0.31mg/L) (Muller et al., 2018). After extensive serial passaging, the two strains 

reached a DAP MIC of 31 mg/L. Although the two strains had cell wall thickening 

comparative to their wild-type strains, the two strains had different routes of resistant 
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mechanisms. Transcriptional analyses of the strain with the mutated graS had increased 

expression in fatty acid biosynthesis and peptidoglycan biosynthesis, while the strain with 

the functional graS had increased expression of dltA - D, mprF (increased lysyl-

phosphatidylglycerol), fatty acid elongation genes and decreased expression of pgsA. 

Next-generation sequencing identified SNPs in dltB, dltD, vraG, spsB, fmtA and asp23. 

The results from 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.  

 

1.10 Project Aims 

In my project, the genomes of 171 phenotypically DAP NS S. aureus phenotypically 

classified as DAP-NS will be examined using whole-genome sequencing. In addition to 

investigating genes that have previously been identified to have SNPs associated with 

DNS, I hope to identify new or undescribed SNPs by comparative analysis that may 

confer to DNS.  

 

Aim 1: Determine a correlation between the development of DNS in S. aureus and 

sequence type by: 

a) Performing DAP MICs by the BMD method. 

b) Extracting and sequencing the genomic DNA of DAP-NS isolates. 

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

 

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

with DNS by: 

a) Using the sequenced data of the extracted DNA. 
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b) Creating a curated pipeline that includes each allele for each gene: asp23, asp23a, cls, 

dsp1, mprF, pgsA, rpoB, rpoC, and walK. 

c) Examining 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 DAP-S and DAP-NS ST22 S. aureus by:  

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. 

 

I hypothesize that: (1) DNS is associated with a particular sequence type, (2) a particular 

SNP would correlate to a specific MIC value, (3) distinct differences between susceptible 

and non-susceptible ST22 isolates, particularly with SNPs in the genes associated with 

DNS, will be observed. 

 

The findings from this study will increase our knowledge of the DAP resistance 

mechanisms in S. aureus, particularly in S. aureus isolated in Australia. Understanding 

the various genetic changes will aid in the early detection of DAP-NS S. aureus and the 

intervention with alternate or combination therapies. It will also be crucial for the 

potential development of new generations of the antibiotic. 
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CHAPTER TWO 

METHODS AND MATERIALS 
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2. METHODS 

2.1 Ethics Statement 

Ethics approval was not required for this study as no patient identifiers, or clinical 

details were provided upon collection. 

2.2 Isolate Collection and Storage 

S. aureus isolates examined in this study were obtained from: the Australian Group 

for Antibacterial Resistance (AGAR) Australian Staphylococcal Sepsis Outcome 

Program (ASSOP) and the National Alert System for Critical Antimicrobial Resistances 

(CARAlert). The Antimicrobial Resistance and Infectious Diseases (AMRID) research 

laboratory at Murdoch University is the reference laboratory for the ASSOP and Western 

Australian CARAlert DAP-NS isolates. All CARAlert isolates in this collection were 

from Western Australia, while isolates from ASSOP were from across Australia. Isolates 

which were DAP-NS were initially reported by BD PhoenixÊ or VITEK®2 systems and 

were initially confirmed with the Etest® method (Figure 2.1). Isolates collected were 

stored in 2 mL of tryptic soy broth with 15% glycerol (Remel, REF. R065031) in glass 

vials at -80°C. A total of 171 isolates were included in 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 non-susceptible 

isolates over time, coloured by the minimum inhibitory concentration (MIC mg/L) 

determined by Etest. 

 

Table 2.1 List of 171 phenotypically daptomycin non-susceptible S. aureus isolates 

collected for the study of daptomycin non-susceptibility 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. Surveillance Program 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. 
Surveillance 

Program 
Year State 

Etest 

(mg/L) 

A1 9118984P CARAlert 2016 WA 3 

A2 3837876Z CARAlert 2016 WA 2 

A3 9155359B 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 

A11 9347427L CARAlert 2016 WA 2 
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A12 8186751G CARAlert 2016 WA 3 

A13 9367391C CARAlert 2016 WA 2 

A14 9384092H CARAlert 2016 WA 1.5 

A15 9414696Q CARAlert 2016 WA 1.5 

A16 6354566Y CARAlert 2017 WA 2 

A17 49110088 CARAlert 2017 WA 2 

A18 2020058S CARAlert 2017 WA 2 

A19 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 1.5 

A26 3570884W CARAlert 2017 WA 2 

A27 9130094D CARAlert 2017 WA 1.5 

A28 2026147Z CARAlert 2017 WA 1.5 

A29 9171605U CARAlert 2017 WA 2 

A30 9169686L CARAlert 2017 WA 2 

A31 8444411C CARAlert 2017 WA 2 

A32 60587628 CARAlert 2017 WA 2 

A33 3677189D CARAlert 2017 WA 1.5 

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 1.5 

A41 4211010G CARAlert 2017 WA 1.5 

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 1.5 

A48 3472184N CARAlert 2018 WA 1.5 

A49 9493033D CARAlert 2018 WA 4 

A50 2160492X CARAlert 2018 WA 3 

A51 3580921U CARAlert 2018 WA 2 

A52 9511015K CARAlert 2018 WA 1.5 

A53 9513281W CARAlert 2018 WA 1.5 

A54 9531407E CARAlert 2018 WA 2 

A55 9534457A CARAlert 2018 WA 3 

A56 9536713H CARAlert 2018 WA 1.5 
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A57 1053830D CARAlert 2018 WA 2 

A58 3136406Y CARAlert 2018 WA 1.5 

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 

A65 9078842C CARAlert 2018 WA 2 

A66 9080331S CARAlert 2018 WA 2 

A67 9105781X CARAlert 2018 WA 2 

A68 9112808T CARAlert 2018 WA 1.5 

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 1.5 

A74 1279047K CARAlert 2018 WA 1.5 

A75 3771056E CARAlert 2018 WA 1.5 

A76 8517902L CARAlert 2018 WA 1.5 

A77 9233936R CARAlert 2018 WA 2 

A78 9249815Q CARAlert 2018 WA 3 

A79 3776269Q CARAlert 2018 WA 2 

A80 9261387A/2 CARAlert 2018 WA 1.5 

A81 9260358K CARAlert 2018 WA 1.5 

A82 3541275S CARAlert 2018 WA 2 

A83 1345914Z CARAlert 2018 WA 1.5 

A84 9283813D CARAlert 2018 WA 1.5 

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 1.5 

A90 3309066J CARAlert 2019 WA 1.5 

A91 3231175E CARAlert 2019 WA 4 

A92 1056824U CARAlert 2019 WA 1.5 

A93 9378551L CARAlert 2019 WA 1.5 

A94 3084877N CARAlert 2019 WA 1.5 

A95 9393328C CARAlert 2019 WA 3 

A96 3240803C CARAlert 2019 WA 2 

A97 8006240Y CARAlert 2019 WA 1.5 

A98 8408483U CARAlert 2019 WA 2 

A99 3246017J CARAlert 2019 WA 3 

A100 4172281897 ASSOP 2017 NSW 2 
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A101 M1785A ASSOP 2017 NSW 2 

A102 1825802933 ASSOP 2018 SA 1.5 

A103 MB17023611 ASSOP 2017 NSW 2 

A104 4160701835 ASSOP 2016 WA 2 

A106 MB-14-213545 ASSOP 2014 NSW 3 

A107 9066679A ASSOP 2017 WA 2 

A108 16N089049 ASSOP 2016 TAS 1.5 

A109 772726209 ASSOP 2016 QLD 2 

A110 170750522 ASSOP 2018 NSW 1.5 

A111 18N035809_1 ASSOP 2018 TAS 1.5 

A112 18N035809_2 ASSOP 2018 TAS 2 

A113 768541303 ASSOP 2016 QLD 1.5 

A114 M276028 ASSOP 2016 VIC 2 

A116 170451232 ASSOP 2017 QLD 1.5 

A117 0832-8194 ASSOP 2018 VIC 2 

A118 MB16194194a ASSOP 2016 NSW 2 

A119 48721990 ASSOP 2016 SA 1.5 

A120 6142121519 ASSOP 2014 WA 4 

A121 158728435 ASSOP 2017 NSW 2 

A122 9196389P ASSOP 2018 WA 2 

A123 139668601 ASSOP 2014 NSW 1.5 

A124 3231173R CARAlert 2019 WA 4 

A125 3235839F CARAlert 2019 WA 2 

A126 9436765C CARAlert 2019 WA 2 

A127 9436334R CARAlert 2019 WA 3 

A128 9503856S CARAlert 2019 WA 1.5 

A129 3828564k CARAlert 2019 WA 3 

A130 9535212Q CARAlert 2019 WA 1.5 

A131 3253409J/2 CARAlert 2019 WA 2 

A132 3833264J CARAlert 2019 WA 1.5 

A133 9539872B CARAlert 2019 WA 2 

A134 9028487X CARAlert 2019 WA 2 

A135 9039800U CARAlert 2019 WA 2 

A136 8483684R CARAlert 2019 WA 2 

A137 9056982Y CARAlert 2019 WA 3 

A138 8491277N CARAlert 2019 WA 1.5 

A139 7705540 CARAlert 2019 WA 2 

A140 8494752U CARAlert 2019 WA 2 

A141 4295987E CARAlert 2019 WA 3 

A142 3851987M CARAlert 2019 WA 2 

A143 8501905B CARAlert 2019 WA 1.5 

A144 9100853X CARAlert 2019 WA 2 

A145 9100569P CARAlert 2019 WA 2 

A146 9103798U CARAlert 2019 WA 1.5 
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A148 3393943C CARAlert 2019 WA 2 

A149 8181972Y CARAlert 2019 WA 3 

A150 9002755F CARAlert 2020 WA 2 

A151 9039871X CARAlert 2020 WA 3 

A152 3316887F CARAlert 2019 WA 2 

A153 1087774U CARAlert 2020 WA 2 

A154 20-40471152 CARAlert 2020 WA 1.5 

A155 9115320S CARAlert 2020 WA 2 

A156 9112564F CARAlert 2020 WA 2 

A157 3816088E CARAlert 2020 WA 1.5 

A158 8404962P CARAlert 2020 WA 1.5 

A159 42219893 CARAlert 2020 WA 2 

A160 4247497Q CARAlert 2020 WA 1.5 

A161 A328000238 CARAlert 2020 WA 2 

A162 9180716U CARAlert 2020 WA 2 

A163 3492842R CARAlert 2020 WA 2 

A164 9228953R CARAlert 2020 WA 2 

A165 9229706S CARAlert 2020 WA 2 

A166 9240616S CARAlert 2020 WA 2 

A167 9243111D CARAlert 2020 WA 2 

A168 9246022Y CARAlert 2020 WA 2 

A169 9246484S CARAlert 2020 WA 2 

A170 9260800J CARAlert 2020 WA 2 

A171 4100298L CARAlert 2020 WA 2 

A172 42423919 CARAlert 2020 WA 2 

A173 9303062U CARAlert 2020 WA 2 

A174 9345457U CARAlert 2020 WA 2 

A175 9351082U CARAlert 2020 WA 3 

 

2.3 Bacterial Cultures 

Isolates were subcultured from tryptic soy broth with 15% glycerol stocks stored at 

-80°C on blood agar (BA) plates (5% horse blood). Inside a class II biosafety cabinet 

(Thermo ScientificÊ, Cat. No. 51026640), a sterile loop (1 µL) was used to scrape a 

loopful of the frozen sample which was streaked onto a BA plate followed by incubation 

at 37°C in an incubator (Thermo ScientificÊ, Cat. No. 51031562) for 18-24 hours.  
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2.4 Broth Microdilution   

Prior to DAP susceptibility testing using the BMD method, isolates were 

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 approved ï American Type Culture Collection (ATCC®) 29213. 

The ATCC® 29213 strain was also subcultured twice before AST. BMD was performed 

by incubating isolates in a cation-adjusted Mueller-Hinton broth (CAMHB) 

supplemented with doubling dilutions of DAP. The MIC was recorded as the lowest 

concentration of DAP that inhibited bacterial growth. The BMD method was conducted 

according to the CLSI guidelines (M07 & M100-S25) and involved drug preparation, 

inoculation, and incubation. 

 

2.4.1 Preparation of Daptomycin 

The CLSI guidelines (M07) recommend an antimicrobial agent's stock solution is 

prepared at concentrations of at least 1000 mg/L or ten times higher than the highest 

concentration (Clinical and Laboratory Standards Institute, 2018). Water is required as 

both solvent and diluent for DAP in the CLSI standard ï M100-S25. A concentration of 

1280 mg/L DAP was prepared. As the weight of DAP provided (Sigma-Aldrich, D2446-

1MG) was too small to weigh, the volume of water required for the stock solution was 

calculated using the following formula: 

 

ὠέὰόάὩ Í,
ὡὩὭὫὬὸ ÍÇ ὃίίὥώ ὖέὸὩὲὧώ ʈÇÍÇϳ

ὅέὲὧὩὲὸὶὥὸὭέὲ ʈÇÍ,ϳ
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The assay potency of DAP is batch-dependent 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 

calculated using the following formula:  

 

ὖέὸὩὲὧώὖόὶὭὸώ ὌὖὒὅὃὧὸὭὺὩ ὊὶὥὧὸὭέὲ ρ ὡὥὸὩὶ ὅέὲὸὩὲὸ 

 

The potency was determined to be 97% (970 mg/L). 760 µL of deionised water 

was aliquoted to the vial containing 1 mg of DAP using a calibrated pipette. The DAP 

stock volume (760 µL) was aliquoted into seven sterile 1.5 mL microcentrifuge tubes 

(100 µL each) and stored at -20°C.  

 

2.4.2 Preparation of Broth 

A stock solution of BBLÊ Mueller-Hinton (MH) II (cation-adjusted) broth 

(Fisher Scientific, Cat. No. 212322) was prepared by dissolving 22 g of powdered MH II 

in one litre of de-ionised water in a sterile 1 L Schott bottle. The solution was swirled 

until the powder dissolved completely and was autoclaved (Systec DX-150) 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 stored at 4°C.  

  

2.4.3 Preparation of Calcium Stock Solution 

The CAMHB contains 20-25 mg/L of Ca2+ but DAP susceptibility testing requires 

50 mg/L of Ca2+. A 10850 mg/L Ca2+ stock solution was prepared in a sterile 15 mL 
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centrifuge tube by dissolving 398 mg calcium chloride dihydrate (CaCl2 · 2H2O) (Ajax 

Finechem, Product ID:AJA127-500G) in 10 mL of sterile deionised water. Under a 

laminar flow hood (Cat. No. 51029702), the solution was filter sterilised using a 10 mL 

Luer slip syringe (Terumo®, Cat. No. SS +10S) and a 32 mm filter with a 0.2 µm supor® 

membrane (Pall®, Cat. No. 4652). The filtered solution was directly dispensed into a new 

sterile 15 mL centrifuge tube.  

 

The sterility of the water, broth and Ca2+ stock was tested by creating a lawn with 

a 1 µL loopful from each liquid onto BA plates followed by overnight incubation in 

ambient air at 37°C.  

 

To test if the concentration was sufficient for susceptibility testing, 25 µL of the 

Ca2+ stock was added to a small test batch of the CAMHB (10 mL) in a sterile 15 mL 

centrifuge tube. This was calculated using the formula C1V1=C2V2, where C1 was taken 

from the highest possible concentration already in the MH II broth (25 mg/L) and C2 was 

the Ca2+ stock concentration (10850 mg/L). The ATCC® 29213 control strain was used to 

ensure the MIC fell in the expected range of 0.12-1 mg/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 96-well Plates for BMD 

One tube 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 agent, 90 µL was aliquoted 

into Column 1 of a 96-well round-bottom plate, followed by aliquoting 90 µL of the Ca2+ 

supplemented CAMHB into all wells starting from Column 12 using a multi-channel 

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 transferring 90 µL 
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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 range, 0.0625 to 32 mg/L, was selected to ensure the expected DAP 

MIC range (0.12 ï 1 mg/L) for the control strain (ATCC® 29213) was included for 

reliability. Columns 11 and 12 were reserved for negative (sterility) and positive (growth) 

controls, respectively. The negative control did not contain any bacteria, and the positive 

control contained only the bacterium and Ca2+ supplemented 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 turbidity was 

measured using a calibrated densitometer (Thermo ScientificTM, Cat. No. V3011) to 

achieve turbidity equivalent to a 0.5 McFarland standard (Sensititre 0.5 McFarland 

Standard, Cat. No. E1041), which has an expected concentration of 1-2 ³ 108 colony-

forming units (CFU) per mL. A 1 in 20 dilutions of the bacterial suspension was 

performed in Ca2+ supplemented CAMHB to yield a concentration of 5 ³ 106 CFU/mL. 

From the diluted suspension, 10 µL 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 2-8 x 105 CFU/mL of bacteria. For every 39 isolates tested, the 

control strain (ATCC® 29213) was included. Each plate was covered with the lid and 

incubated at 37°C for 16-20 hours. The plates were imaged using a digital MIC viewing 

system (Thermo ScientificÊ, Cat No. V2021), and the MIC was interpreted as the lowest 

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 two-fold, going across the plate (left 

to right); weakest concentration of daptomycin = 0.0625 mg/L. Each row (A-H) 

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 was conducted using a control strain (ATCC® 29213) to verify results. 

 

2.5 Extraction of Genomic DNA 

2.5.1 MagMAXÊ Express-96 

The extraction of genomic DNA was performed using the MagMAXÊ Express-

96 (Thermo ScientificÊ, Cat. No. 4413021). Isolates were subcultured on BA plates 

followed by overnight incubation at 35°C ± 2°C ambient air and fresh colonies were used 

for the extraction process. Prior to proceeding, 40 mL of 100% ethanol was transferred 

into Wash Solution 2 and 5.4 mL of 100% isopropanol was transferred into Wash Solution 

1, from the multi-sample kit (Thermo ScientificÊ, Cat. No. 4413021). Using a 

multichannel pipette, 200 µL of DNA Lysis Buffer was aliquoted into a 96 deep-well 

plate (Thermo ScientificÊ, Cat. No. 95040452). Each well was inoculated with 5-10 

colonies from one isolate using a loopful (1 µL) of colonies (sterile loop per isolate). The 

plate was sealed using a microseal film and vortexed until no clumps were observed. A 

160 µL volume of 100% isopropanol was added to each well and the plate was sealed and 
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shaken at 900 rpm for three minutes (Thermo ScientificÊ, Cat. No. 88880024). The DNA 

Bead Mix was prepared by mixing 1689.6 µL of DNA binding beads with 422.4 µL 

nuclease-free water in a 15 mL centrifuge tube. The prepared DNA bead mix was added 

to each well by aliquoting 20 µL followed by sealing and shaking at 900 rpm for three 

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

 

Table 2.2 Plates and reagents used for DNA extraction using MagMaxÊ Express-

96. 

Plate ID Reagent Volume (each well) Plate Type 

Wash 1 Wash Solution 1 150 µL Deep Well Plate 

Wash 2 Wash Solution 2 150 µL Deep Well Plate 

Wash 3 Wash Solution 3 150 µL Deep Well Plate 

Elution DNA Elution Buffer 1 30 µL Elution Plate 

 

The 4413021_DW_Blood program was selected on the equipment, and all plates 

(including sample plate) and the tip comb (Thermo ScientificÊ, Cat. No. 97002534) were 

placed in the machine in the appropriate order, and the program was started. After 

approximately 25 minutes, the Elution plate was removed and 30 µL of DNA Elution 

Buffer 2 was added to each well and the plate was returned to the machine. At the end of 

the run, all plates were removed, and the Elution plate, now containing the DNA extracts, 

was sealed and stored at -20°C.  

 

2.5.2 Column Extraction  

The Qiagen DNeasy® Blood and Tissue Kit (QIAGEN, Cat. No. 69506) was used 

for isolates which had a low yield of DNA from the MagMAXÊ extraction. Samples 

were subcultured on BA plates followed by overnight incubation at 35°C ± 2°C ambient 

air and fresh colonies were used for the extraction process. In a sterile 1.5 mL 

microcentrifuge tube, a loopful (1 µL) of colonies was suspended in 180 µL of ATL buffer 
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and centrifuged at 14000 ³ g for two minutes. The suspension was then incubated at 37°C 

for 30 minutes. After incubation, 25 µL of Proteinase K was added, followed by 200 µL 

of AL Buffer and the contents were mixed thoroughly by vortexing for 30 seconds. 

Further incubation at 56°C for 30 minutes was followed by adding 20 µL 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 15 seconds. A volume of 200 µL 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 ³ g for one minute. The flow-through was discarded and the spin 

column was placed in a new 2 mL collection tube. The wash step was performed by 

adding 500 µL of Buffer AW1 followed by centrifuging at 14000 ³ g for one minute. The 

flow-through was discarded and the spin column was placed in a new 2 mL collection 

tube. Buffer AW2 was added (500 µL) followed by centrifuging at 14000 ³ g for 10 

minutes to dry the DNeasy membrane. The spin column was placed in a sterile labelled 

1.5 mL microcentrifuge tube and 200 µL of Buffer AE was added onto the DNeasy 

membrane. After incubating for one minute, the DNA was eluted by centrifuging at 14000 

³ g for one minute. The spin-column was discarded and the tube containing the flow-

through was stored in the fridge at 4°C.  

 

2.6 Quantification of Genomic DNA 

The Quant-iTÊ 1X dsDNA HS Assay kit (Thermo ScientificÊ, Cat. No. Q33232) 

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 distributed before aliquoting. A 10 µL volume of each standard was mixed with 
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190 µL of QubitÊ reagent in separate 0.5 mL microcentrifuge tubes and were mixed by 

vortexing. After two minutes of incubation at room temperature, the fluorescence of each 

standard was measured on the QubitÊ 3 Fluorometer (Fisher Scientific, Cat. No. 

Q33216) using the high sensitivity double-stranded DNA setting. The samples were then 

quantified using 3 µL of extracted DNA and 197 µL of QubitÊ reagent and were 

vortexed and incubated for two minutes at room temperature. The concentration of DNA 

was measured in ng/µL 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 Nextera® XT Library Prep Kit (Illumina®, Cat. 

No. FC-131-1096). 5 µL of tagment DNA buffer was added to each well in a 96-well 

plate (Thermo ScientificÊ, Cat. No. N8010560). After which, 2.5 µL of 0.3-0.6 ng/µL 

DNA was transferred to each well and was directly followed by adding 2.5 µL of 

amplicon tagment mix to each well. Using a multichannel pipette, the solution in each 

well was mixed by pipetting up and down five times. The plate was sealed and centrifuged 

at 280 g at 20°C for one minute (Thermo ScientificÊ, Cat. No. 75007213). The 

transposition reaction of tagmented DNA was completed (Thermo ScientificÊ, Cat. No. 

A24811) using the TAG program (55°C for seven minutes with a hold temperature of 

10°C).  

2.7.2 Neutralisation 

To neutralise the tagmentation reaction, 2.5 µL of neutralisation tagment buffer 

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



 42 

at 280 rcf at 20°C for one minute. The plate was then incubated at room temperature for 

five minutes. 

 

2.7.3 PCR Amplification 

7.5 µL of Nextera PCR master mix was added to each well. Equal volumes of 2.5 

µL of index adapter 1 (i7) and 2.5 µL of index adapter 2 (i5) of Set A and C indexes 

(Illumina®, Cat. No. FC-131-2001; Cat. No. FC-131-2003) were added so that each DNA 

sample had a unique combination of adapters. The unique combination of adapters used 

allowed downstream identification of each sampleôs genome. After the adapters were 

added, the solution was mixed by pipetting, followed by sealing the plate and centrifuging 

at 280 g at 20°C for one minute. PCR was then performed with an initial denaturation 

step at 72°C for three minutes (x1) and 95°C for 30 seconds (x1), followed by 12 cycles 

of PCR with a denaturation phase of 95°C for 10 seconds, with annealing at 55°C for 30 

seconds, and an extension phase of 72°C for 30 seconds. A final extension at 75°C for 

five minutes was performed, and the final hold temperature was set to 10°C.  

 

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 (~25 µL) was transferred to a clean 96 deep-well plate. 

The AMPure beads were mixed by vortexing for 30 seconds before aliquoting 15 µL into 

each well. The contents were mixed by shaking at 1200 rpm for three minutes and then 

incubated at room temperature for five minutes. After incubation, the plate was placed on 

a magnetic stand (Thermo ScientificÊ, Cat. No. AM10027) for two minutes, and while 

the plate remained on the magnetic stand, the supernatant was removed without disturbing 
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the beads. The beads were washed twice with 200 µL of 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 were air-dried for 15 minutes, after 

which 25 µL 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 minutes. 23 µL of the eluted DNA 

library was transferred to a new 96-well plate. Each DNA library was quantified using 

the method outlined in Section 2.7 and was stored at -20°C. 

 

2.8 Pooling of DNA Libraries 

All DNA libraries were combined to create a multiplexed library pool of DNA, 

such that each library 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 20 µL of 0.2 M sodium hydroxide with 20 µL 

of the pooled DNA and was incubated for five minutes. A 1 in 100 dilutions of the 

denatured DNA was prepared by combining 10 µL of the pooled denatured DNA with 

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

 

2.9 Sequencing 

The NextSeqÊ 500 system was used to sequence isolates. The reagent cartridge 

(Illumina®, REF: 15057939) was thawed and 1.3 mL of denatured pooled DNA library 

(1.3 pM) was loaded into the designated sample slot. The machineôs self-cleaning 

cartridges were removed and replaced by the reagent cartridge (MID output, 300 cycles), 

buffer cartridge (illumina®, REF: 15057941), and the flow cell cartridge (illumina®, REF: 

20022409). The read type was set to paired-ends and the program was started.  
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2.10 Bioinformatics 

2.10.1 Raw-read Assembly  

The sequencing output of each isolate included eight paired-end files (fastq.gz), 

which contained fragmented sequences of DNA, 150 bp in length. Assembly of the raw-

reads was performed using the SPAdes pipeline (version 3.14.1) (Prjibelski, Antipov, 

Meleshko, Lapidus, & Korobeynikov, 2020). From the pipeline output, the file of interest, 

ñcontigs.fastaò, was renamed so that its file name contained the isolateôs identifier (e.g., 

120_61421215).  

 

2.10.2 Sequence Typing 

For high-throughput requirements, the mlst pipeline (https://github.com/tseemann/mlst) 

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

PubMLST website (https://pubmlst.org/) which is based on the BIGSdb database (Jolley 

& Maiden, 2010). Novel STs were submitted to the curators of PubMLST. The CC of 

each isolate was identified using the PubMLST website. The SCCmec type for ST22 

MRSA isolates was identified by submitting the contig files to the Center for Genomic 

Epidemiology (version 1.1) (https://cge.cbs.dtu.dk/services/SCCmecFinder/) (Camacho 

et al., 2009; International Working Group on the Classification of Staphylococcal 

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

 

2.10.3 Isolation of Daptomycin-Resistant Genes 

Using the literature on DNS and the Comprehensive Antibiotic Resistance 

Database (https://card.mcmaster.ca/home), nine genes reported to be involved in DNS 

https://github.com/tseemann/mlst
https://pubmlst.org/
https://cge.cbs.dtu.dk/services/SCCmecFinder/
https://card.mcmaster.ca/home
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development were selected for analysis (Table 2.3) (Alcock et al., 2020). The mlst 

pipeline was edited by adding a new ñschemeò by following the software creatorôs 

directions (https://github.com/tseemann/mlst), which included the allele sequences of the 

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

(https://pubmlst.org/) specific to S. aureus using a ñSAURò code unique to each gene. To 

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 SAUR code, and the default option only allowed one allele to be 

searched at one time; under the spanner icon ñ+ Allele id list boxò was selected to allow 

multiple allele sequences to be searched. The allele numbers specific to the locus were 

inserted and searched. The contigs were run through the mlst pipeline using the newly 

created scheme. Alleles which could not be defined (e.g. 2?, ~2) or novel alleles were 

submitted to the curator.  

 

Table 2.3 Known genes and their mutations involved in daptomycin-

nonsusceptibility development in S. aureus.  

Genes which did not have any known mutations are denoted ñNAò. 

Gene Gene Code Known Amino Acid Mutations 

asp23 SAUR2374 NA 

asp23a SAUR2375 NA 

cls SAUR2268 A23V, T33N, L52F, F60S 

dsp1 SAUR0399 NA 

mprF SAUR1401 F57S, G61V, S295L, P314L, S337L, L341S, 

T345I, T345A, T345K, M347R, V351E, I418N, 

I420N, T472K, L826F 

pgsA SAUR1288 V59N, A64V, K66R, S177F, +E77, +G76 

rpoB SAUR0567 A621E, I953S, A1085V 

rpoC SAUR0568 F632S, Q961K 

walK SAUR0021 L10F, S221P, R263C 

 

https://github.com/tseemann/mlst
https://pubmlst.org/
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2.10.4 Identifying SNPs  

Translation of the allele sequences and subsequent alignment were conducted 

using MEGA version X (Kumar, Stecher, Li, Knyaz, & Tamura, 2018; Stecher, Tamura, 

& Kumar, 2020). The peptide sequences were transferred to a Microsoft® Excel (V 16.45) 

spreadsheet and the peptide sequences were separated into individual amino acids using 

the =MID($A1, COLUMNS($A$1:A$1), 1) formula. The positions of amino acids were 

numbered. First, known SNPs within each gene were searched and any mutation present 

was highlighted. Additionally, 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/abricate). ABRicate incorporates multiple databases to 

identify AMR genes. The ResFinder database was used in this study (Zankari et al., 2012). 

The output includes a list of AMR genes and the DNA sequence similarity is represented 

as a percentage. All results that were >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 DAP-S and DAP-NS contigs was performed using the Prokka 

software (Seemann, 2014). Core genome alignment was achieved using Roary (Page 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 al., 2020).  

 

 

https://github.com/tseemann/abricate
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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 confirm the studyôs isolates were DAP-NS. The DAP MIC 

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 confirmed all isolates were phenotypically DAP-NS according to CLSI and 

EUCAST breakpoints, NS: >1 mg/L, susceptible: Ò1 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. Only 4.7% (n = 8) of isolates had an MIC of 2 mg/L, and 2.9% (n = 5) 

had an MIC of 16 mg/L.  

 

Figure 3.1 Daptomycin susceptibility testing of S. aureus by the broth microdilution 

method.  

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

to decreasing concentrations (to the right) by doubling dilutions ending with a final 

concentration of 0.0625 mg/L. Green circles show the last well of bacterial growth; to 

the left of these wells were taken as the minimum inhibitory concentration. Blue circles 

indicate air bubbles. The last two columns are reserved for negative and positive 

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

the wells. 
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Figure 3.2 Distribution of the daptomycin minimum inhibitory concentration [MIC 

(mg/L)] in 171 S. aureus isolates. 

 

3.1.1 Distribution of MIC by Year 

The MICs observed 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 

proportional decrease 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-susceptible S. aureus 

isolates by year, showing the daptomycin minimum inhibitory concentration (mg/L). 

 

3.2 Multilocus Sequence Typing 

3.2.1 Prevalence and Distribution of Sequence Types 

To determine the genetic diversity of the DAP-NS isolates, the STs were 

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

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 further 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 non-susceptible S. 

aureus isolated in Australia.  

(A) Forty-seven unique sequence types (ST) were identified, two STs were predominant 

in the collection; ST5 and 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 correlation 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 distributed between 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.  

 

Figure 3.5 Schematic diagram showing daptomycin non-susceptible 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 different 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 higher 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 

Ó2 mg/L, which suggests CC15 is not necessarily predisposed to having a higher MIC 

value. CC30 appeared to be associated with lower MIC values (2 ï 4 mg/L), while CC8 

and CC45 only had isolates with MICs Ó4 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 indicated 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.  

 

Figure 3.6 Distribution of clonal complexes (CC) of daptomycin non-susceptible S. 

aureus isolates.  

Clonal complexes are grouped by the daptomycin minimum inhibitory concentration 

(mg/L). Sequence types which did not belong to a CC have been termed ñNot Assignedò. 
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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 

cross-resistance to another antimicrobial agent. The AMR genes examined confer 

resistance to 12 classes of antibiotics: aminoglycosides, beta-lactams, bleomycin, 

fosfomycin, fusidic acid, lincosamides, macrolides, mupirocin, phenicol, streptothricin, 

tetracyclines, and trimethoprim (Table 3.1).  

 

All genomes possessed the tet(38) gene which encodes a tetracycline efflux pump. 

blaZ (70.8%, n = 121/171), fosB (45.6%, n = 78/171), mecA (33.3%, n = 57/171), ermC 

(18.15%, n =31/171), and blaPC1 (11.1%, 19/171) were the most frequent AMR genes 

to appear in the isolates (Figure 3.7). All isolates which had the blaPC1, an alternative 

allele for blaZ, were predominantly found in isolates without a defined CC (57.9%, 

11/19), and had a DAP MIC of 4 ï 16 mg/L. In total, there were 40 isolates (23.4%) which 

did not contain either blaZ or blaPC1, 15% (n = 6/40) of which were MRSA and half of 

these belonged to ST22. The DAP MIC for isolates without blaZ or blaPC1 ranged from 

2 to 16 mg/L. The DAP MIC for isolates with the mecA gene (MRSA) ranged from 2 ï 8 

mg/L, while isolates without mecA (MSSA) had an MIC range of 2 ï 16 mg/L (Table 

3.2). Aside from the presence of the tet(38) gene, ten isolates (A1, A6, A17, A22, A49, 

A58, A88, A99, A131, and A151) did not possess any other AMR gene that was examined 

and had an MIC range of 2 to 8 mg/L. Despite all isolates having the tet(38) gene, there 

was no association with resistance to 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 non-

susceptible S. aureus strains.  

Showing: the product of the gene, the class and subclass of antibiotic the gene confers 

resistance to. 

Gene Product Name 
Class of 

Antibiotic  
Subclass 

ant(4')-

Ia 

Aminoglycoside O-

nucleotidyltransferase Aminoglycoside Kanamycin 

ant(9)-

Ia 

Aminoglycoside 

nucleotidyltransferase Aminoglycoside Spectinomycin 

aph(2'')

-Ih 

Aminoglycoside O-

phosphotransferase Aminoglycoside 

Amikacin/Gentamicin/

Kanamycin/Tobramycin 

aph(3')-

IIIa  

Aminoglycoside O-

phosphotransferase Aminoglycoside Amikacin/Kanamycin 

blaZ 

Penicillin-hydrolyzing class A beta-

lactamase Beta-lactam Beta-lactam 

blaPC1 

BlaZ family penicillin-hydrolyzing 

class A beta-lactamase Beta-lactam Beta-lactam 

mecA 

PBP2a family beta-lactam-resistant 

peptidoglycan transpeptidase Beta-lactam Methicillin 

bleO Bleomycin binding protein Bleomycin Bleomycin 

fosB 

FosB family fosfomycin resistance 

bacillithiol transferase Fosfomycin Fosfomycin 

fusC 

Fusidic acid resistance EF-G-binding 

protein Fusidic acid Fusidic acid 

lnu(A) Lincosamide nucleotidyltransferase Lincosamide Lincosamide 

ermA 

23S rRNA (adenine(2058)-N(6))-

methyltransferase Macrolide Macrolide 

ermB 

23S rRNA (adenine(2058)-N(6))-

methyltransferase Macrolide Macrolide 

ermC 

23S rRNA (adenine(2058)-N(6))-

methyltransferase Macrolide Macrolide 

ermT 

23S rRNA (adenine(2058)-N(6))-

methyltransferase Macrolide Macrolide 

msr(A) 

ABC-F type ribosomal protection 

protein Macrolide Macrolide 

mph(C) 

Mph(C) family macrolide 2'-

phosphotransferase Macrolide Macrolide 

mupA 

Mupirocin-resistant isoleucine--tRNA 

ligase Mupirocin Mupirocin 

catA8 

Type A-8 chloramphenicol O-

acetyltransferase Phenicol Chloramphenicol 

catA7 

Type A-7 chloramphenicol O-

acetyltransferase Phenicol Chloramphenicol 

sat4 Streptothricin N-acetyltransferase Streptothricin Streptothricin 

tet(38) Tetracycline efflux MFS transporter Tetracycline Tetracycline 

tet(K) Tetracycline efflux MFS transporter Tetracycline Tetracycline 

tet(L) Tetracycline efflux MFS transporter Tetracycline Tetracycline 

tet(M) 

Tetracycline resistance ribosomal 

protection protein Tetracycline Tetracycline 

dfrC 

Trimethoprim-resistant dihydrofolate 

reductase Trimethoprim Trimethoprim 

dfrG 

Trimethoprim-resistant dihydrofolate 

reductase Trimethoprim Trimethoprim 



 56 

dfrK 

Trimethoprim-resistant dihydrofolate 

reductase Trimethoprim Trimethoprim 

 

 

 

Figure 3.7 Distribution of 28 antimicrobial resistance genes in 171 daptomycin non-

susceptible S. aureus genomes. 

 

Table 3.2 Summary of results for S. aureus isolated in Australia from 2014, 2016-

2020.  

Showing year of isolate 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 (MRSA) or susceptible (MSSA). 

Isolate 

ID 

Lab No. Year of 

Collection 

DAP 

MIC 

(mg/L) 

Clonal 

Complex 

Sequence 

Type 

Methicillin 

Susceptibility 

Status 

A1 9118984P 2016 8 CC1 ST188 MSSA 

A2 3837876Z 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 

A10 9321613E 2016 2 CC5 ST5 MSSA 

A11 9347427L 2016 2 NA ST672 MSSA 

A12 8186751G 2016 4 CC1 ST6643 MRSA 

A13 9367391C 2016 4 CC1 ST872 MRSA 

A14 9384092H 2016 2 CC22 ST22 MRSA 

A15 9414696Q 2016 4 CC30 ST30 MSSA 

A16 6354566Y 2017 4 NA ST88 MSSA 

A17 49110088 2017 4 NA ST88 MSSA 

A18 2020058S 2017 4 CC1 ST1 MSSA 

A19 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 2026147Z 2017 4 CC22 ST22 MRSA 

A29 9171605U 2017 8 CC22 ST22 MRSA 

A30 9169686L 2017 4 CC8 ST8 MRSA 

A31 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 

A41 4211010G 2017 8 CC22 ST22 MRSA 

A42 4216768K 2017 8 NA ST88 MSSA 

A43 4366148F 2017 4 CC5 ST5 MRSA 

A44 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 CC97 ST953 MSSA 






















































