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1. ABSTRACT

Staphylococcus aureus is an important pathogen
involved in infections in both the community and hospital
setting. Strains that are resistant to multiple classes of
antibiotics, particularly methicillin-resistant strains (MRSA),
are prevalent in nosocomial infections and are associated with
high morbidity and mortality rates. Such antibiotic-resistant
strains limit the therapeutic options and place a burden on the
health care system. In the hospital setting, horizontal gene
transfer plays an important role in disseminating antibiotic
resistant determinants among S. aureus. However, resistance to
all known classes of antibiotics have been attributed to genes
found within the S. aureus chromosome or to due to mutation
as a result of selection pressure. Spontaneous mutations, in
particular, are pivotal in the emergence of novel resistances.
Consequently, newer drugs with better activity and/or
antibacterial agents with novel targets need to be developed to
combat and control the further spread of antibiotic resistance.
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2. INTRODUCTION

Staphylococcus — aureus is a  ubiquitous
commensal and frequent pathogen of humans and animals,
causing various types of pyogenic infections. S. aureus has
a propensity to develop resistance to new and different
classes of antibiotics especially after the implementation of
these antibiotics in clinical practice (Table 1) (1-2).
Antibiotic resistance can arise in S. aureus (Table 2) from
horizontal gene transfer and spontaneous mutation.
Although horizontal gene transfer plays an important role
in antibiotic resistance, chromosomally-encoded genes and
mutations that affect their expression and function are
important in conferring resistance to a wide variety of
antibiotics  particularly towards novel antibiotics.
Modifications within the antibiotic target or binding site,
due to missense mutations, are commonly associated with
the development of antibiotic resistance due to antibiotic
repulsion or steric hindrance.
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Table 1. Seminal events in the emergence of antimicrobial resistance in Staphylococcus aureus

Date Event Country

1936 Sulphonamides introduced into clinical use Germany

1940s Penicillin used in humans UK, USA, Australia

1943 Penicillinase detected in S. aureus UK

1949 Tetracycline released USA

1950 Aminoglycosides released USA

1950s Penicillin resistance common in hospital strains of S. aureus UK, USA

1952 Macrolides released USA

1956 Vancomycin resistance occurs in vitro on serial passage France

1957 Methicillin released UK

1961 MRSA first reported UK

1960s Increasing reports of MRSA, multiple hospital outbreaks UK, USA, Australia

1962 Streptogramins and quinolones released USA

1966 First MRSA isolated in Australia Australia

1969 Gentamicin resistance detected UK

1970s Penicillin resistance common in community S. aureus USA

1976 Outbreak of gentamicin-resistant MRSA Australia, UK

Late 1970s Multiple MRSA outbreaks throughout the world Worldwide

1981 Extensive outbreaks of gentamicin-resistant MRSA Ireland, USA, Australia

1980s MRSA becomes endemic in hospitals Australia, USA

1990s MRSA endemic in most hospitals throughout the world Worldwide

1990s Community-acquired MRSA emerges USA, New Zealand, Australia

1990s Emergence of epidemic MRSA (“EMRSA”) strains UK

1990s Emergence of gentamicin-susceptible MRSA strains France

1992 MRSA strains found with teicoplanin MICs 8-16 mg L' France

1992 In vitro transfer of vanA gene complex from VRE to S. aureus. UK

1996 VISA (S. aureus Mu50) first described Japan

1997 hVISA (S. aureus Mu3) first described Japan

1998 VISA strains found elsewhere USA

1999 Q-D released USA

Early 2000s Q-D resistance demonstrated in isolates from retrospective large multi-center studies Worldwide

2000 Linezolid released USA

2001 Linezolid resistance detected USA

2001 hVISA strains isolated in Melbourne Australia

2002 MRSA strains with high level vancomycin resistance (VRSA) where vanA gene complex from | USA
vancomycin-resistant enterococcus entered S. aureus via Tnl/546

2003 Daptomycin released USA

2005 Daptomycin resistance observed in VISA isolate from an endocarditis patient USA

2005 Tigecycline released USA

Table 2. Antibiotic resistance mechanisms of chromosomally-encoded genes and mutations in S. aureus

Mechanism of resistance Genes
Antibiotic Target Drug Decreased . Origin® Cellular mechanism
> . . . . responsible
modification | inactivation | acc lation
Cell Wall Active Drugs
Beta-lactams
Penicillin Y blaZIR Acquired/ | Inducible production of penicillinase
intrinsic
Antistaphylococcal | Y SCCmec Acquired Inducible production of modified PBP (PBP2a)
beta-lactams (mecAIR)
(e.g., methicillin)
Glycopeptides
Vancomycin Y vanA Acquired | Production of altered peptidoglycan terminal
(high-level) precursor D-Ala-D-Lac  with low affinity for
vancomycin
Vancomycin Y cell wall | Intrinsic Thickened cell wall causing “affinity trapping” of
(intermediate) biosynthesis vancomycin
genes
Lipoglycopeptides Y cell wall | Intrinsic Alteration of cell surface charge, thickened cell wall
biosynthesis
genes
Nucleic Acid Synthesis Inhibitors
Quinolones Y griA, gyrA Intrinsic Topoisomerase IV and DNA gyrase mutations
causing decreased affinity to quinolones
Y norA Intrinsic Mutations causing overexpression of NorA efflux
pump
Coumarins Y 2B Intrinsic GyrB mutations causing decreased affinity to
novobiocin
Sulfamethoxazole Y dpsA Intrinsic DHPS mutations causing decreased affinity to
sulfamethoxazole
Y sulA Intrinsic Increased PABA production
Trimethoprim Y dfir Intrinsic DHFR mutations causing decreased affinity to
trimethoprim
Rifampicin Y rpoB Intrinsic RNA polymerase beta-subunit mutations causing
decreased affinity to rifampicin
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Protein Synthesis Inhibitors

Macrolides, Y ermA, ermC Acquired Inducible ribosome methylation

Lincosamides, Y ermB Acquired | Constitutive ribosome methylation

Streptogramins Y Rrl Intrinsic Ribosomal mutations causing decreased affinity to
MLS

Y rplV, rplD Intrinsic Mutations causing structural changes of ribosomal

proteins that line the peptide exit tunnel

Oxazolidinones Y rrl Intrinsic Ribosomal mutations causing decreased affinity to
oxazolidinones

Aminoglycosides aac, aad, aph Acquired | Modification of aminoglycosides

Tetracyclines Y tetA(M) Acquired | Inducible production of proteins that protect the
ribosomal tetracycline-binding site from tetracyclines

tetA(K), Acquired | Expression of efflux pumps
tetA(L)

Glycylcyclines Y mepAR Intrinisic Mutations in mepR causing derepressed expression of
MepA efflux pump

Mupirocin Y ileS Intrinsic IleS mutations in causing decreased affinity to
mupirocin

Fusidic acid Y SusA Intrinsic EF-G mutations causing decreased affinity to fusidic
acid

Adapted with permission from (161), *Acquired genes are present on mobile genetic elements which have integrated into the

chromosome.
3. RESISTANCE TO CELL WALL ACTIVE AGENTS

Antibiotic classes such as the beta-lactams (i.e.,
penicillins, cephalosporins, monobactams, carbapenems)
and the glycopeptides prevent the biosynthesis of
peptidoglycan, a crucial component of the bacterial cell
wall. In S. aureus, peptidoglycan biosynthesis relies on the
activity of four penicillin-binding proteins (PBP1-4) which
are enzymes that have dual transglycosylase and
transpeptidase (TPase) activities and are involved in
peptidoglycan synthesis and cross-linking, respectively (3).
The instability of the weakened cell wall caused by beta-
lactams and glycopeptides binding to the TPase domain of
PBPs or the target site of PBPs, respectively, results in
bacterial cell death during cell division.

3.1. Beta-lactams

S. aureus can be resistant to beta-lactams via one
of two general mechanisms: production of beta-lactamases,
enzymes which hydrolyze the beta-lactam ring; and/or
production of altered PBPs. Beta-lactamases are inducible
in the majority of S. aureus strains (4) and are encoded by
the blaZIR operon. blaZ, which codes for the beta-
lactamase, is regulated by genes include blal, blaR1, and
blaR2 (5-6). blaZIR1 are typically found on large plasmids,
but blaR2 is always chromosomal (4, 7). blaZ can also be
found on the chromosome (e.g., S. aureus NCTC9789) (8)
and can be translocated, along with other chromosomal loci
by transposons (9-10).

To combat staphylococcal beta-lactamases,
methicillin, a penicillin with a side chain modification
resistant to beta-lactamase activity, was developed.
However, two years after the introduction of methicillin,
the first methicillin-resistant S. aureus (MRSA) isolate was
reported (11). MRSA typically possess a 30-50 kb
staphylococcal cassette chromosome mec (SCCmec) that
has integrated into the chromosome (12). Within SCCmec
is the mec operon which contains the mecA gene required
to confer methicillin resistance (13). mecA encodes
PBP2A, an alternative PBP with a lower affinity for beta-
lactams compared to the wild-type PBPs (i.e., PBP1-4)
(14). As a result, the S. aureus strain becomes resistant to
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all beta-lactam antibiotics except the new anti-MRSA
cephalosporins (15-16). Interestingly, mecA could be
derived from a fusion product of the upstream region of
blaZ with a wild-type PBP gene (17).

Also within the mec operon are the regulatory
mecl and mecR1 genes which exhibit strong suppression of
mecA in the absence of beta-lactams making methicillin
resistance an inducible phenotype (18-19). Similarities in
molecular organization, function and regulation between
mecIR1 and blalR1 allows mecA expression to be
controlled by both sets of regulatory genes whereby
mutations affecting beta-lactamase induction also effect
methicillin resistance (20-21). Thus, the absence of blal
and blaR1 (22), insertional inactivation of mecl and mecR1
(18, 23) or point mutations/deletions inactivating mecl
contribute to PBP2A being constitutively expressed at high
levels (24). The interactions between mecl, mecR1, blal,
and blaR1 on the expression of methicillin resistance are
complex, particularly the cascade from the detection of
extracellular beta-lactam to the production of PBP2A, and
remain to be elucidated in staphylococci (22).

Isolates obtained prior to 1970 mostly have
deletions of the penicillin-binding domain of mecR1 and
the complete downstream mecl (24-25). Strains isolated
since 1980 usually have intact regulatory genes but
demonstrate polymorphisms in mecl and mutations in the
mecA promoter (26). mecIR1 may also be truncated or
absent due to the insertion of insertion sequences (e.g.,
IS7182, 1S26, 1S431) (27). Further deletions,
rearrangements, and recombination events commonly occur
between mecA and IS431 (14), a common staphylococcal
insertion sequence associated with various resistance
determinants. Such mutations likely reflect the selective
pressure of beta-lactams for mutants lacking strong
repressor activity, so that the amount of PBP2A produced
will confer a survival advantage.

Some S. aureus strains have raised methicillin
MICs but do not possess mecA. Point mutations in the
penicillin-binding domains of PBP1, 2 or 4 decreases their
affinity for beta-lactams resulting in raised methicillin
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MICs (28). Alternatively, a variety of point mutations in
PBP2 and 4 (29-30) can result in altered PBPs that bind
penicillin more slowly and release penicillin more rapidly
compared to wild-type PBPs (31). Over expression of
PBPs, especially PBP4, may also cause a minor rise in
methicillin MIC (32).

3.2. Glycopeptides

Glycopeptides form complexes with the peptidyl-
D-Ala-D-Ala terminus of peptidoglycan precursors at the
outer surface of the cell membrane, leading to inhibition of
transglycosylation and transpeptidation steps in cell wall
synthesis (33). The main clinical glycopeptides include
teicoplanin and vancomycin, which is regarded as “drug of
choice” to treat infections with MRSA (14).

3.2.1. Vancomycin

High-level vancomycin-resistant S. aureus
(VRSA; MIC >32 g L") is extremely rare (34-35) and is
caused by the acquisition of a plasmid-borne transposon
(Tnl546) from vancomycin-resistant enterococci (VRE)
which has the ability to integrate into the staphylococcal
chromosome (36). Within Tn/546 is the vanA gene which
encodes a peptidoglycan precursor with alternative C-terminal
residues (D-Ala-D-Lac) to which vancomycin cannot bind
37).

Vancomycin-intermediate S. aureus (VISA; MIC 4-
8 mg L) is more common and can be characterized by the
absence of van genes, slower growth, pleomorphic colonial
morphologies, thickened cell walls on electron microscopy,
reduced susceptibility to lysostaphin, decreased autolysis and
have alterations in cell wall metabolism (38-39). There is also
a subset of VISA in which only a subpopulation of bacterial
cells exhibits the resistance and is termed heterogeneous VISA
(hVISA) (40).

VISA strains were shown to have an altered
peptidoglycan precursor terminus (D-Alanyl-D-Ala instead of
D-Ala-D-Ala) which vancomycin is able to bind to but does
not inhibit transglycosylation and transpeptidation. The
combination of bound vancomycin and the thicker cell wall
prevents vancomycin from penetrating deeper into the cell wall
and thus raising the vancomycin MIC of the strain. This
phenomenon is referred to as the “affinity trapping” hypothesis
(40-41). Acquisition of the VISA phenotype appears to be a
multistep process involving multiple pathways. Many of these
gene mutations described to date, associated with the VISA
phenotype, are involved with cell wall synthesis, involving at
least the vraSR and walKR operons (38, 42). However, not all
hVISA/VISA strains demonstrate these mutations. A
comparative genomic whole genome sequencing study of the
prototype hVISA and VISA isolates Mu3 and Mu50,
respectively, identified missense mutations in the graR locus
of Mu50 (43). Introduction of the mutant graR into Mu3 and
in a VSSA strain conferred a VISA phenotype only in Mu3
suggesting that additional mutations are required for a VISA

phenotype.

3.2.2. Teicoplanin
While
associated  with

resistance is
resistance,

vancomycin
teicoplanin

typically
teicoplanin
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resistance is not always accompanied by vancomycin
resistance. The mechanism of teicoplanin resistance may be
multi-factorial especially in VISA strains. However,
mutations involving genes encoding the anti-sigma factor
RsbW and transcription factor SigB were found involved in
decreased teicoplanin susceptibility (44).

3.2.3. Lipopeptides

Daptomycin, a lipopeptide drug derived from
glycopeptides, penetrates the cell wall leading to
depolarisation and cell death (45). Reduced susceptibility to
daptomycin (MIC >1 mg L") can be generated by exposure
to either vancomycin or daptomycin. A possible
explanation for this observation is the selection of a
thickened cell wall, as in hVISA/VISA isolates, which acts
as a diffusion barrier for daptomycin. However, not all
hVISA/VISA isolates are resistant to daptomycin and not
all daptomycin-resistant MRSA isolates have thickened cell
walls (46).

Genetic studies, mainly on laboratory generated
isolates, have found genetic inconsistencies between non-
susceptible isolates (47) suggesting that daptomycin
resistance may be the result of multiple mechanisms as
opposed to a single mutation. However, a recent study
found a missense mutation at codon 621 (A621E) in the
rpoB gene of laboratory strain S. aureus 10*3d1 conferring
heterogeneous  cross-resistance to vancomycin and
daptomycin (48). Mutations in rpoB, which encodes the
beta-subunit of RNA polymerase, are often associated with
rifampicin resistance (see below) but no rifampicin
resistance phenotype was observed in this strain (48). The
A621E mutation was also associated with cell wall
thickening and decreased cell surface charge (a daptomycin
resistance mechanism) often observed in hVISA strains
(48). Although, microarray analysis of 10*3d1, compared
to its vancomycin/daptomycin-sensitive parent strain and
isogenic strains containing the wild-type allele, showed
numerous transcriptional changes in genes involved with
cell wall metabolism (48), further studies are required to
ascertain the role of this 7poB mutation in relation to
heterogeneous vancomycin/daptomycin cross-resistance.

4. RESISTANCE TO NUCLEIC ACID SYNTHESIS
INHIBITORS

4.1. Quinolones

A large number of quinolones exist, putatively
divided into first-generation (e.g., nalidixic acid, oxolinic
acid), second-generation (e.g., norfloxacin, ciprofloxacin),
third-generation (e.g., levofloxacin, sparfloxacin) and
fourth-generation (e.g., moxifloxacin, gatifloxacin) agents
with improved activity/spectrum in each successive
generation (49-50). Surveys of resistance over time have
shown resistance to quinolones has increased since the
introduction of second generation quinolones into clinical
use (51-52) with 60-90% of MRSA worldwide currently
being resistant to commonly used quinolones (e.g.,
ciprofloxacin, levofloxacin) (35, 53-54).

Quinolones inhibit the action of the type II
topoisomerases (e.g., DNA gyrase and topoisomerase V),
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enzymes involved in DNA replication and segregation, by
binding to and stabilising enzyme-DNA complexes and
promoting the cleavage of DNA resulting in cell death (55-
56). DNA gyrase has A and B subunits, encoded by gyrA
and gyrB respectively (57). Topoisomerase IV is also
composed of A and B subunits, encoded by gr/A and griB,
and exhibit homology to GyrA and GyrB respectively (58).
All quinolones are active against both DNA gyrase and
topoisomerase IV, but differ in their relative activities against
these enzymes. While most quinolones primarily target
topoisomerase IV in S. aureus, nalidixic acid preferentially
targets DNA gyrase (55).

Quinolone-resistant mutants are readily selected in
the laboratory (56). Serial passaging results in the
accumulation of multiple mutations and high-level resistance
(59). Missense mutations observed in both gr/A and gyrA
occur within the quinolone resistance determining region of the
two genes which encompasses codons 67-140 (60). Most low-
level quinolone resistance in S. aureus is associated with a
mutation at codons 80 (S80Y) or 84 (E84K) of gr/A (61-62). A
pharmacokinetic study suggested that strains with gr/A
mutations are more prone to acquire secondary mutations and
develop high-level quinolone resistance (63). Thus mutations
in grlA are often seen prior to additional mutations in gyrA
(62).

Mutations in gr/B and gyrB are rare and play a
minimal role in quinolone resistance (64-65). However, one
study observed a novel mutation (G>A) 13 bp downstream
of a putative ribosomal binding site of gr/B in a clinical
strain grown in vitro in the presence of premafloxacin, a
quinolone in veterinary use (66). This mutation was
associated with low-level quinolone resistance due to
decreased gr/B and grl/A expression as both genes are in an
operon under the control of the griB promoter (66). A loss
of fitness was observed when the G>A mutation was
introduced in the quinolone-sensitive parent strain but not
in the in vitro-derived mutants probably due to compensatory
increases in gyrAB and fopB (encoding topoisomerase III)
expression observed in these mutants (66).

Quinolone resistance can also independently
emerge by the overexpression of efflux pump genes
norA, norB or norC. NorA is the most studied efflux
pump in S. aureus and exports hydrophilic quinolones
(e.g., norfloxacin, ciprofloxacin) and lipophilic,
monocationic substances (e.g., antiseptics and ethidium
bromide) (67). Overexpression of norA can augment the
level of hydrophilic quinolone resistance in strains that
already possess mutations in gr/ or gyr genes (67-68).
Increased norA expression levels can be associated with
singe nucleotide mutations in and around the -10
promoter motif, particularly at a position 89 bp
upstream of the transcriptional start codon (T-89G) (67,
69). The T-89G mutation is predicted to increase mRNA
stability by generating an additional hairpin structure in
the norA leader mRNA (70). Furthermore, insertions
downstream of the -10 promoter motif can also have
upregulatory effects (71). Interestingly, the ability of
antiseptics to select for norA promoter mutations
suggests that norA overexpression is a response to
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chemical factors in the environment rather than quinolone
selection by itself (69).

4.2. Coumarins

Coumarins (e.g., novobiocin) competitively
inhibit the ATP hydrolytic activity of GyrB (72). Mutations
in gyrB, resulting in amino acid substitutions (e.g., 1102S
and R144I) in the ATP-binding site have been associated
with high-level coumarin resistance (65). While mutations
in the coumarin-binding region of topoisomerase IV (e.g.,
S80F) do not effect novobiocin resistance (73), mutations
in the A subunit (A116P/E) or B subunit (N470D) confer
coumarin hypersensitivity and increased quinolone
resistance levels by altering the catalytic activity of the
enzyme (65, 74-75).

4.3. Folate Synthesis Inhibitors

Purine and thymine synthesis relies on the
production of tetrahydrofolate, the physiologically active
form of folic acid (76). Dihydropteroate synthase (DHPS)
utilises p-aminobenzoic acid (PABA) to form precursors
involved in the synthesis of dihydrofolate (77). Dihydrofolate
is subsequently converted to tetrahydrofolate by dihydrofolate
reductase (DHFR) (78-79). Sulfamethoxazole (a PABA
structural analogue) and trimethoprim are antibiotics that bind
to and inhibit the activity of DHPS and DHFR, respectively,
thus preventing tetrahydrofolate synthesis and ultimately
preventing DNA synthesis leading to cell death (78). Due to
the synergistic activity of both of these antibiotics, they are
usually administered in combination as a drug called
cotrimoxazole. However, despite the efficacy of
cotrimoxazole, resistance rates in MRSA vary from 16-66%
worldwide (53-54).

Sulphonamide resistance was reported in S. aureus
soon after the introduction of these agents. A study of clinical
isolates has shown that sulfamethoxazole resistance in S.
aureus is complex and is associated with a variety of missense
mutations in dpsA which encodes DHPS (77). Despite
crystallographic studies of DHPS, no amino acid changes have
been determined to be the underlying resistance mutation (77).
In some instances, strains expressing the chromosomal gene
sulA have been shown to overproduce PABA and therefore
outcompete sulfamethoxazole allowing DHPS activity to
continue (33, 80-81).

Trimethoprim resistance in S. aureus is due to
mutations in dfirA which encodes DHFR (82). Low-level (MIC
16 mg L") trimethoprim resistance is occasionally due to
overproduction of DHFR (83). However, a single mutation in
DHEFR (F98Y) is the primary mechanism for conferring low-
level trimethoprim resistance due to a conformational change
in the trimethoprim binding pocket resulting in inefficient
trimethoprim binding (84). Additional mutations in the
promoter region and within the protein (e.g., H30N, H149R)
can confer intermediate-high levels of resistance (79, 85).

4.4. Rifamycins

Rifampicin, the most commonly used rifamycin,
is a bactericidal drug with typically very low MICs (<0.05
mg L") (14) and has resistance rates varying between 5-
45% in MRSA worldwide (54). Rifampicin prevents the
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initiation of transcription by interacting with the RNA
polymerase beta-subunit, encoded by the rpoB gene (33).
Rifampicin resistance is the result of decreased rifampicin
affinity for RNA polymerase beta-subunit due to mutations
in two regions; cluster I (AA 471-495) and/or cluster II
(AA 515-530) (86-88). The most common mutations occur
in cluster I (e.g., H481N) and confer low level rifampicin
resistance (MIC 2-4 mg L) (89-90). High level resistance
(MIC >128 mg L) generally requires additional mutations
(e.g., L466S, G468K, A477T, I527L, S529L) but other
rifampicin resistance mechanisms may exist as studies
described in clinical and in vitro-derived rifampicin-
resistant S. aureus possessing only a single mutation in
cluster I (88, 90-91).

5. RESISTANCE TO PROTEIN
INHIBITORS

SYNTHESIS

In bacteria, proteins are translated in the 70S
ribosome which consists of two subunits; 50S and 30S. The
50S subunit further consists of the 23S RNA subunit
(encoded by rrl), the 5SS RNA subunit (encoded by rrf) and
other small proteins (e.g., L22). The 30S subunit consists of
the 16S RNA subunit as well as small proteins. Antibiotics
such as the macrolides, lincosamides, streptogramins and
oxazolidinones all inhibit protein synthesis by strongly
interacting with domain V of the 23S RNA subunit while
aminoglycosides and fusidic acid, a steroidal antibiotic,
target the 30S subunit.

5.1. Macrolides, lincosamides & streptogramins

Macrolides, lincosamides and streptogramin
(MLS) antibiotics are bacteriostatic agents that inhibit
protein synthesis (33). Macrolides, comprised of 14- (M4;
e.g., erythromycin), 15- (M;s; e.g., azithromycin) or 16-
(Myg; e.g, spiramycin) membered ring structures, act by
preventing 50S subunit assembly, preventing the peptidyl
transferase reaction or obstructing the polypeptide exit
tunnel of the 50S subunit causing premature release of
peptidyl-tRNA  during  elongation  (92-93).  The
lincosamides (L; e.g. clindamycin) and the streptogramins
(consisting of components A (Su; e.g., dalfopristin) and B
(Sp; e.g., quinupristin) which act synergistically) are
structurally distinct antibiotic groups compared to the
macrolides but share similar modes of action and target
sites with the macrolides (94). While erythromycin
resistance rates are particularly high among MRSA strains
worldwide (75-95%) (54), quinupristin-dalfopristin (Q-D)
remains effective with very low levels of resistance seen in
large surveys (95-97).

The adenine residue A2058 (Escherichia coli
numbering) within the target site of the 23S RNA subunit
(domain V) plays an important role MLSg resistance (98).
In staphylococci, methylases, encoded by genes (e.g.,
ermA-C) present in mobile genetic elements are able to
integrate into the chromosome (99-100). These enzymes
methylate A2058 causing a conformational change of the
rRNA preventing MLSg binding (98). S, however, is not
affected by the A2058 epimutation (94). Although ermA
and ermC confer inducible resistance to M, ;s in the
presence of M, 5 only (94), M4sLSg exposure can select
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for strains having mutations (e.g., deletions, tandem
duplications, point mutations and disruption by 1S256) in
the regulatory units of the methylase genes converting an
ErmA or ErmC-producing strain from being inducibly-
resistant to constitutively resistant as seen in ErmB-
producing strains (99, 101). In contrast to inducible strains,
constitutively resistant strains express additional resistances
(i.e., Mi4.16LSp).

Nucleotide  substitutions at A2058 (e.g,
A2058G/T) in rrl genes also confer resistance to MLSg.
However, resistance is difficult to develop in this method as
there are 5-6 rrl alleles present in the staphylococcal
genome (102); thus the effects of one mutated 77/ gene can
be overcome by the remaining wild-type 77/ alleles.
Interestingly, S, resistance was observed in a clinical
isolate with the A2058G mutation and a concurrent deletion
in the rplV gene which encodes the L22 protein (103). The
L22 protein lines a portion of the peptide exit tunnel of the
50S ribosomal subunit near the MLSg target site. Although
amino acid duplications within L22 have also been
associated with varying levels of MLSgy resistance,
deletions in L22 can also widen the peptide exit tunnel
allowing protein synthesis to remain active (104-105). rp/V
mutants have also been shown to contain an insert from
part of the rp/B gene which is approximately 790 bp
upstream of the insertion site (106). A non-reciprocal
recombination event is believed to have transferred a
section of 7p/B to rplV between homologous sequences in
both genes (106). It is proposed that these insertions may
reduce antibiotic binding due to 50S surface property
alterations or structural perturbations of the 23S subunit
(104). However, the rp/B-rp/V mutation imparted a fitness
cost as the doubling times of mutants, in nutrient-rich
media, were 3-4 times slower than the sensitive parent
strain (106).

Amino acid changes in the L4 protein (e.g.,
G69A and T70P), encoded by rp/D, have also been
associated with MLSg resistance in two S. aureus isolates
independently isolated from different cystic fibrosis
patients (107). It is predicted that MLSp resistance is
caused by structural changes in the peptide exit tunnel as
the mutations in L4 are present between two o-helices
which are important in binding to the 23S RNA subunit
(107). Interestingly, higher level resistance, including S,
was observed in one of these strains which possessed an
additional R168S mutation in L4 (107).

5.2. Oxazolidinones

The oxazolidinones (e.g., linezolid, eprezolid)
have bacteriostatic activity and are the only fully synthetic
class of antibiotics in clinical use. Oxazolidinones bind to
the 23S RNA subunit and prevents the peptidyl transfer
reaction causing a premature release of aminoacyl-tRNA
(108).

Although linezolid resistance is rare (35), point
mutations in the 77/ alleles (within the domain V region) are
the predominant mechanism for linezolid resistance. There
appears to be a positive correlation between the level of
linezolid resistance and the number of mutated rr/ alleles.
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In a clinical report, a linezolid-susceptible MRSA (MIC 8
mg L), with a G2576T mutation in 2/6 r#l alleles, became
linezolid-resistant (MIC 32 mg L) after the mutation
developed in a further 3 alleles (109). The G2576T also
confers cross resistance to Q-D and chloramphenicol,
another type of protein synthesis inhibitor (110).

The presence of identical mutations in each 77/
gene suggests that recA-dependent recombination is
involved in gene conversion of wild-type alleles (111). An
in vitro study showed that recA-deficient S. aureus mutants
developed different mutations in the 77/ alleles and required
longer linezolid exposure to develop resistance (111).
Although mutations such as G2576T can be stable even
after 15 passages in antibiotic-free media (112) they may
impart a biological cost to the bacterium and may explain
the reversion of mutated 77/ alleles to wild-type alleles
observed in some strains (113). Provided a bacterium has at
least one wild-type rr/ allele, recA can also be involved
with the reversion of mutated 77/ alleles to wild-type alleles
after prolonged linezolid-free periods and thus confer
linezolid susceptibility (113).

5.3. Aminoglycosides

Aminoglycosides (e.g., gentamicin, netilmicin,
and tobramycin) inhibit protein synthesis by binding to the
30S ribosomal subunit and inhibiting protein synthesis
(114). However, these aminoglycosides are not useful
clinically as single agents due to the excessive toxicity if
therapeutic levels are achieved, and due to the propensity
for resistance to readily emerge (115). The major
mechanism  of  resistance in  staphylococci is
aminoglycoside modification by cellular enzymes
(aminoglycoside acetyltransferases (aac),
adenyltransferases (aad), and phosphotransferases (aph))
that reduce their ribosomal binding affinity (116).

Most aminoglycoside modifying enzyme genes
are located on mobile genetic elements. pCL4, a 35.5 kb
highly conjugative plasmid conferring resistance to
multiple  aminoglycosides  (gentamicin, tobramycin,
kanamycin, amikacin, astromicin, and arbekacin), contains
an aacAlaphD gene complex that is able to integrate into
the chromosome at multiple sites (117). Other notable
mobile elements carrying aminoglycoside modifying
enzymes that integrate into the chromosome include
Tn5405 with aphA3 and aadE (118) and SCCmec with
aadD conferring tobramycin resistance to a large
proportion of MRSA strains (119-120).

5.4. Tetracycline antibiotics

Tetracyclines are bacteriostatic agents that inhibit
protein synthesis by binding to the peptidyltransferase
center (PTC) within the 70S ribosome and causing
premature aminoacyl-tRNA release (121). The tetracyclines
encompass a commonly used group of antibiotics which
include tetracycline, doxycycline and minocycline.
Resistance to the tetracyclines can result from ribosomal
protection whereby inducible chromosomally-encoded
proteins (e.g., TetA(M)) interact with the tetracycline target
site preventing tetracycline binding while allowing protein
synthesis to continue (122). Alternatively, the TetA(K) or
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TetA(L) efflux pumps, encoded by genes found in both the
chromosome and on plasmids, confer inducible resistance
to the tetracyclines but not semisynthetic analogues such as
minocycline (33, 123-124) to which >98% of MRSA
strains are susceptible to, worldwide (35).

Tigecycline, the first and only glycylcycline in
clinical use, is a tetracycline-derivative having a
minocycline backbone. Tigecycline resistance is rare due to
the presence of a glyclamido side chain that allows evasion
of conventional tetracycline resistance mechanisms (i.e.,
efflux and ribosomal protection) providing increased
binding and activity over the tetracyclines (125). However,
tigecycline is a substrate of MepA, a multidrug and toxin
efflux pump encoded by mepA (126). An in vitro study
found mutations (e.g., single nucleotide mutation or
deletion) resulting in the formation of a premature stop
codon in mepR, which represses mepA expression, in S.
aureus strains Mu3 and N315 after passaging in media
containing increasing concentrations of tigecycline for 16
days (126). Although mepA was overexpressed in these
strains, only low-level tigecycline resistance was observed
suggesting other mechanisms must be involved to confer
high-level resistance (126).

5.5. Pseudominic Acid

Mupirocin (pseudomonic acid A) is effective for
the topical treatment of S. aureus infections (14).
Mupirocin inhibits protein synthesis by acting as an
isoleucine analogue binding to isoleucyl-tRNA synthetase,
IleS (127). tRNA synthetases catalyse the formation of
aminoacyl-tRNA whereby amino acids are charged to their
respective tRNA for peptide formation in ribosomes.

High-level mupirocin resistance has emerged in
strains possessing a plasmid-encoded mupA gene which
codes for a novel IleS which is not affected my mupirocin
(128). Low-level mupirocin resistance (MIC 8-64 mg L),
however, is associated with single amino acid changes
(e.g., V588F, G593V or V631F) in lleS from both clinical
strains and in vitro-derived mutants (129-130). These
mutations occur near the binding pocket (Rossman fold) of
IleS and cause steric hindrance and conformational changes
preventing mupirocin  binding. Extended mupirocin
resistance was observed in in vitro derived mutants with a
combination of these mutations but came at a fitness cost
compared to single mutants in both in vivo and in vitro
models (129). Although double mutants may revert to a
mupirocin-susceptible phenotype, revertants still retain the
double mutations but acquire other intra- and extra-genic
mutations which affect the conformation of IleS allowing
mupirocin to remain active (129). As topical concentrations
(20,000 mg L") of mupirocin are well above the MICs of
strains with low-level resistance, clinical failure is not
common (14).

5.6. Steroids

Fusidic acid is a steroid-based antibiotic with
high activity against S. aureus including MRSA strains
(131). Fusidic acid prevents the release of elongation factor
G (EF-G) which binds to the ribosome and catalyzes
translocation during protein synthesis (132). Resistance to
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fusidic acid may be chromosomally or plasmid encoded.
Chromosomal resistance is associated with missense
mutations in fusA, which encodes EF-G, that results in a
decreased affinity for fusidic acid (133). While numerous
EF-G mutations have been associated with low-
intermediate fusidic acid resistance (134-135), mutations
within domain III (e.g., H457Y or L461K) confer high-
level resistance (136-137). Other EF-G mutations have
been observed, especially in clinical strains, but are
believed to be compensatory mutations (e.g., S416F) as in
vitro mutants with single mutations (e.g., L461K) have
reduced  fitness  (134-135).  Naturally  resistant
subpopulations exist at rates of 10°107 and are rapidly
selected by exposure to fusidic acid alone (138). However,
such mutants grow more slowly than wild-type strains,
exhibit a reduced virulence and revert to susceptibility on
removal of fusidic acid (139).

6. SMALL COLONY VARIANTS OF S. AUREUS

Small colony variants (SCVs) of S. aureus appear
as small, pale or colourless, slow-growing colonies on agar
plates, often resembling (and can be mistaken for)
coagulase-negative staphylococcal species (140). They are
important intracellular pathogens (141), particularly in
biofilms (142), which is likely to explain why certain
staphylococcal infections such as infected bioprostheses are
refractory to standard antibiotic treatment (e.g., beta-
lactams, vancomycin) which do not have intracellular
activity (143-144). Most SCVs have defective electron
transport chains resulting in the inability to take up cationic
antibiotics (145). The SCV phenotype is inducible by
exposure to antibiotics such as beta-lactams (146),
gentamicin (147), quinolones (148) and cotrimoxazole
(145).

7. CONCLUSION & FUTURE PERSPECTIVE

Staphylococcal infections, particularly those
caused by MRSA strains are important as they are
typically resistant to an additional 3-6 antibiotics, all
belonging to different classes (54). Although antibiotic
resistance can emerge by horizontal gene transfer and
the spread of resistant clones, the independent
acquisition of different mutations in chromosomally-
encoded genes, arising from a single strain, plays an
important role in developing resistance particularly to
novel antibiotics (68). New cephalosporins in clinical
trials such as ceftobiprole and ceftaroline have good
inhibitory activities towards PBP2A in MRSA strains
(149-151). However, an in vitro study has already
generated ceftobiprole-resistant mutants in a laboratory
strain of S. aureus (COLnex) cloned with a plasmid
bearing the mecA gene only (independent of SCCmec)
(152). Spontaneous mutations in mecA that developed
after prolonged exposure to ceftobiprole were shown to
be responsible for ceftobiprole resistance (MIC 128 mg
L"). Additionally, transformation of plasmids with the
mecA mutant alleles into the same plasmid-naive
COLnex parent strain conferred an equivalent level of
resistance (152).
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Other novel antibiotics include the semisynthetic
glycolipopeptides (e.g., oritavancin, telavancin) which
combine the activities of the glycopeptide and lipopeptide
antibiotics. In addition to cell wall depolarisation, the lipid
side chains of glycolipopeptides allow the drug to
concentrate in the cell membrane allowing easier access to
their target site (peptidyl-D-Ala-D-Ala terminus of
peptidoglycan precursors) (153). Furthermore, both oritavancin
and telavancin demonstrate activity against VRSA (154-155).
Telavancin has now been approved for use in the United States
for the treatment of complicated skin and skin structure
infections (156).

Advances in molecular biology provide an
opportunity to develop novel strategies in combating
antibiotic-resistant ~ bacteria. ~ Antisense  agents  are
oligonucleotides which can target the expression of particular
genes such as those responsible for antibiotic resistance. This
principle has successfully been used to restore vancomycin
susceptibility in a VanA-producing Enterococcus faecalis
isolate (157). However, there are issues in delivering antisense
oligonucleotides into the bacterial cell. Research into modified
nucleic acids and attachment to cell-permeabilizing peptides
has improved the stability and uptake into the cytoplasm of the
antisense agents (158).

Whole genome sequencing approaches may also
yield novel targets. Recently, toxin-antitoxin (TA) systems,
usually found on plasmids as a maintenance mechanism, have
been described on the chromosomes of clinically-relevant
genera including the enterococci, lactobacilli and staphylococci
(159-160). The role of such chromosomally-encoded TA
systems remains to be elucidated; however, if they are required
for chromosomal maintenance within dividing cells, they may
prove to be an important target for new antibacterial agents.

8. ACKNOWLEGEMENTS

The authors would like to acknowledge Mrs
Dusica Maric for typographical assistance with parts of the
manuscript and Dr Slade Jensen for general advice and
specific advice about nomenclature.

9. REFERENCES

1. J. J. Plorde and J. C. Sherris: Staphylococcal resistance
to antibiotics: Origin, measurement, and epidemiology. Ann
NY Acad Sci 236, 413-434 (1974)

2. D. C. Shanson: Antibiotic-resistant Staphylococcus
aureus. J Hosp Infect 2, 11-36 (1981)

3. J. M. Ghuysen: Molecular structures of penicillin-
binding proteins and beta-lactamases. Trends Microbiol 2,
372-380 (1994)

4. P. D. Gregory, R. A. Lewis, S. P. Curnock and K. G.
Dyke: Studies of the repressor (Blal) of beta-lactamase
synthesis in Staphylococcus aureus. Mol Microbiol 24,
1025-1037 (1997)



Antibiotic resistance in Staphylococcus aureus

5. M. H. Richmond: A second regulatory region involved in
penicillinase synthesis in Staphylococcus aureus. J Mol
Biol 26, 357-360 (1967)

6. S. Cohen and H. M. Sweeney: Constitutive penicillinase
formation in Staphylococcus aureus owing to a mutation
unlinked to the penicillinase plasmid. J Bacteriol 95, 1368-
1374 (1968)

7. K. Dyke, P. Gregory, K. B. Crossley and G. L. Archer:
Resistance to beta-lactam antibiotics. Resistance mediated
by beta-lactamase. In: The staphylococci in human disease.
Churchill Livingstone, New York (1997)

8. E. H. Asheshov: The genetics of penicillinase production
in Staphylococcus aureus strain PS80. J Gen Microbiol 59,
289-301 (1969)

9. E. P. Kigbo, D. E. Townsend, N. Ashdown and W.
Grubb: Transposition of penicillinase determinants in
methicillin-resistant ~ Staphylococcus ~ aureus ~ FEMS
Microbiol Lett 28, 39 (1985)

10. D. A. Weber and R. V. Goering: Tn4201, a beta-
lactamase transposon in  Staphylococcus aureus
Antimicrob Agents Chemother 32, 1164-1169 (1988)

11. M. P. Jevons: "Celbenin"-resistant staphylococci. Br
Med J 1, 124-125 (1961)

12. T. Ito and K. Hiramatsu: Acquisition of methicillin
resistance and progression of multiantibiotic resistance
in methicillin-resistant Staphylococcus aureus. Yonsei
Med J 39, 526-533 (1998)

13. Y. Katayama, T. Ito and K. Hiramatsu: A new class
of genetic element, staphylococcus cassette chromosome
mec, encodes methicillin resistance in Staphylococcus
aureus. Antimicrob Agents Chemother 44, 1549-1555
(2000)

14. HF Chambers: Methicillin resistance in
staphylococci: molecular and biochemical basis and
clinical implications. Clin. Microbiol. Rev. 10, 781-791
(1997)

15. B J Hartman and A Tomasz: Low-affinity penicillin-
binding protein associated with beta-lactam resistance in

Staphylococcus aureus. J. Bacteriol. 158, 513-516
(1984)
16. Y. Utsui and T. Yokota: Role of an altered

penicillin-binding protein in methicillin- and cephem-
resistant Staphylococcus aureus. Antimicrob Agents
Chemother 28, 397-403 (1985)

17. M. D. Song, M. Wachi, M. Doi, F. Ishino and M.
Matsuhashi: Evolution of an inducible penicillin-target
protein in methicillin-resistant Staphylococcus aureus
by gene fusion. FEBS Lett 221, 167-171 (1987)

908

18. K. Kuwahara-Arai, N. Kondo, S. Hori, E. Tateda-
Suzuki and K. Hiramatsu: Suppression of methicillin
resistance in a mecA-containing pre-methicillin-resistant
Staphylococcus aureus strain is caused by the mecl-
mediated repression of PBP 2' production. Antimicrob
Agents Chemother 40, 2680-2685 (1996)

19. C. Ryffel, F. H. Kayser and B. Berger-Bachi:
Correlation between regulation of mecA transcription and
expression of methicillin resistance in staphylococci.
Antimicrob Agents Chemother 36, 25-31 (1992)

20. C. J. Hackbarth and H. F. Chambers: blal and blaR1
regulate beta-lactamase and PBP 2a production in
methicillin-resistant  Staphylococcus aureus. Antimicrob
Agents Chemother 37, 1144-1149 (1993)

21.J. O. Cohen and J. O. Cohen: The staphylococci. Wiley-
Interscience, New York (1972)

22. B. Berger-Bachi, K. B. Crossley and G. L. Archer:
Resistance to beta-lactam antibiotics. Resistance not
medicated by beta-lactamase (methicillin resistance). In:
The staphylococci in human disease. Churchill Livingstone,
New York (1997)

23. DM Niemeyer, MJ Pucci, JA Thanassi, VK Sharma and
GL Archer: Role of mecA transcriptional regulation in the
phenotypic expression of methicillin resistance in
Staphylococcus aureus. J Bacteriol 178, 5464-5471 (1996)

24. E. Suzuki, K. Kuwahara-Arai, J. F. Richardson and K.
Hiramatsu: Distribution of mec regulator genes in
methicillin-resistant ~ Staphylococcus  clinical  strains.
Antimicrob Agents Chemother 37, 1219-1226 (1993)

25. R. L. Hurlimann-Dalel, C. Ryffel, F. H. Kayser and B.
Berger-Bachi: Survey of the methicillin resistance-
associated genes mecA, mecR1-mecl, and femA-femB in
clinical isolates of methicillin-resistant Staphylococcus
aureus. Antimicrob Agents Chemother 36, 2617-2621
(1992)

26. K. Hiramatsu, N. Konodo and T. Ito: Genetic basis for
molecular epidemiology of MRSA. J Infect Chemother 2,
117-129 (1996)

27. International Working Group on the Classification of
Staphylococcal ~ Cassette ~ Chromosome  Elements:
Classification of Staphylococcal Cassette Chromosome
mec (SCCmec): Guidelines for Reporting Novel SCCmec
Elements. Antimicrob Agents Chemother 53, 4961-4967
(2009)

28. A. Tomasz, H. B. Drugeon, H. M. de Lencastre, D.
Jabes, L. McDougall and J. Bille: New mechanism for
methicillin resistance in Staphylococcus aureus: Clinical
isolates that lack the PBP 2a gene and contain normal
penicillin-binding proteins with modified penicillin-binding
capacity. Antimicrob Agents Chemother 33, 1869-1874
(1989)



Antibiotic resistance in Staphylococcus aureus

29. B. Berger-Biachi, A. Stridssle and F. Kayser:
Characterization of an isogenic set of methicillin-resistant
and susceptible mutants of Staphylococcus aureus. Eur J
Clin Microbiol Infect Dis 5, 697-701 (1986)

30. C. J. Hackbarth, T. Kocagoz, S. Kocagoz and H. F.
Chambers: Point mutations in Staphylococcus aureus PBP
2 gene affect penicillin-binding kinetics and are associated
with resistance. Antimicrob Agents Chemother 39, 103-106
(1995)

31. H. F. Chambers, M. J. Sachdeva and C. J. Hackbarth:
Kinetics of penicillin binding to penicillin-binding proteins
of Staphylococcus aureus. Biochem J 301, 139-144 (1994)

32. U. U. Henze, M. Roos and B. Berger-Bachi: Effects of
penicillin-binding  protein 4  overproduction in
Staphylococcus aureus. Microb Drug Resist 2, 193-199
(1996)

33. I. T. Paulsen, N. Firth, R. A. Skurray, K. B. Crossley
and G. L. Archer: Resistance to antimicrobial agents other
than beta-lactams. In: The staphylococci in human disease.
Churchill Livingstone, New York (1997)

34. Bruno Perichon and Patrice Courvalin: VanA-type
vancomycin-resistant Staphylococcus aureus. Antimicrob
Agents Chemother 53, 4580-7 (2009)

35. Stephen P. Hawser, Samuel K. Bouchillon, Daryl J.
Hoban, Michael Dowzicky and Tim Babinchak: Rising
incidence of Staphylococcus aureus with reduced
susceptibility to vancomycin and susceptibility to
antibiotics: a global analysis 2004-2009. Int J Antimicrob
Agents 37,219-224 (2011)

36. Wenming Zhu, Nancye C. Clark, Linda K. McDougal,
Jeffery Hageman, L. Clifford McDonald and Jean B. Patel:
Vancomycin-resistant  Staphylococcus —aureus isolates
associated with Inc18-like vanA plasmids in Michigan.
Antimicrob Agents Chemother 52, 452-457 (2008)

37. Nancye C. Clark, Linda M. Weigel, Jean B. Patel and
Fred C. Tenover: Comparison of Tn/546-like elements in
vancomycin-resistant Staphylococcus aureus isolates from
Michigan and Pennsylvania. Antimicrob Agents Chemother
49, 470-472 (2005)

38. Benjamin P. Howden, John K. Davies, Paul D. R.
Johnson, Timothy P. Stinear and M. Lindsay Grayson:
Reduced vancomycin susceptibility in Staphylococcus
aureus, including vancomycin-intermediate and
heterogeneous vancomycin-intermediate strains: resistance
mechanisms, laboratory  detection, and  clinical
implications. Clin Microbiol Rev 23, 99-139 (2010)

39. F. C. Tenover, M. V. Lancaster, B. C. Hill, C. D.
Steward, S. A. Stocker, G. A. Hancock, N. C. Clark and K.
Hiramatsu: Characterization of staphylococci with reduced
susceptibilities to vancomycin and other glycopeptides. J
Clin Microbiol 36, 1020-1027 (1998)

909

40. K. Hiramatsu, N. Aritaka, H. Hanaki, S. Kawasaki, Y.

Hosoda, S. Hori, Y. Fukuchi and 1. Kobayashi:
Dissemination in Japanese hospitals of strains of
Staphylococcus aureus heterogeneously resistant to

vancomycin. Lancet 350, 1670-1673 (1997)

41. K. Hiramatsu, H. Hanaki, T. Ino, K. Yabuta, T. Oguri
and F. C. Tenover: Methicillin-resistant Staphylococcus
aureus  clinical strain with reduced vancomycin
susceptibility. J Antimicrob Chemother 40, 135-136 (1997)

42. M. M. Mwangi, S. W. Wu, Y. Zhou, K. Sieradzki, H.
de Lencastre, P. Richardson, D. Bruce, E. Rubin, E. Myers,
E. D. Siggia and A. Tomasz: Tracking the in vivo evolution
of multidrug resistance in Staphylococcus aureus by whole-
genome sequencing. Proc Natl Acad Sci USA 104, 9451-6
(2007)

43. Hui-min Neoh, Longzhu Cui, Harumi Yuzawa, Fumihiko
Takeuchi, Miki Matsuo and Keiichi Hiramatsu: Mutated
response regulator graR is responsible for phenotypic
conversion of Staphylococcus aureus from heterogeneous
vancomycin-intermediate ~ resistance  to  vancomycin-
intermediate resistance. Antimicrob Agents Chemother 52, 45-
53 (2008)

44. M. Bischoff, M. Roos, J. Putnik, A. Wada, P. Glanzmann,
P. Giachino, P. Vaudaux and B. Berger-Bachi: Involvement of
multiple genetic loci in Staphylococcus aureus teicoplanin
resistance. FEMS Microbiol Lett 194, 77-82 (2001)

45. B. 1. Eisenstein, F. B. Oleson, Jr. and R. H. Baltz:
Daptomycin: from the mountain to the clinic, with essential
help from Francis Tally, MD. Clin Inf Dis 50, 1 (2010)

46. Soo-Jin Yang, Cynthia C. Nast, Nagendra N. Mishra,
Michael R. Yeaman, Paul D. Fey and Arnold S. Bayer: Cell
wall thickening is not a universal accompaniment of the
daptomycin non-susceptibility phenotype in Staphylococcus
aureus: Evidence for multiple resistance mechanisms.
Antimicrob Agents Chemother 54, 3079-3085 (2010)

47.P. A. Moise, D. North, J. N. Steenbergen and G. Sakoulas:
Susceptibility  relationship between vancomycin and
daptomycin in Staphylococcus aureus: facts and assumptions.
Lancet Infect Dis 9, 617-24 (2009)

48. Longzhu Cui, Taisuke Isii, Minoru Fukuda, Tomonori
Ochiai, Hui-min Neoh, Ilana Lopes Baratella da Cunha
Camargo, Yukiko Watanabe, Mitsutaka Shoji, Tomomi
Hishinuma and Keiichi Hiramatsu: A RpoB mutation confers
dual hetero-resistance to daptomycin and vancomycin in
Staphylococcus aureus. Antimicrob Agents Chemother 54,
5222-5233 (2010)

49. P. Ball: Quinolone generations: natural history or natural
selection? J Antimicrob Chemother 46 Suppl T1, 17-24 (2000)

50. R. C. Owens, P. G. Ambrose, C. H. Nightingale, T.
Murakawa and P. G. Ambrose: Pharmacodynamics of
quinolones. In: Antimicrobial pharmacodynamics in theory
and clinical practice. Marcel Dekker, Inc., New York (2002)



Antibiotic resistance in Staphylococcus aureus

51. M. F. Parry, K. B. Panzer and M. E. Yukna: Quinolone
resistance. Susceptibility data from a 300-bed community
hospital. Am J Med 87, 12S-16S (1989)

52. M. Kresken and B. Wiedemann: Development of
resistance to nalidixic acid and the fluoroquinolones after
the introduction of norfloxacin and ofloxacin. Antimicrob
Agents Chemother 32, 1285-1288 (1988)

53. Douglas J. Biedenbach, Jan M. Bell, Helio S. Sader,
Thomas R. Fritsche, Ronald N. Jones and John D.
Turnidge: Antimicrobial susceptibility of Gram-positive
bacterial isolates from the Asia-Pacific region and an in
vitro evaluation of the bactericidal activity of daptomycin,
vancomycin, and teicoplanin: a SENTRY Program Report
(2003-2004). Int J Antimicrob Agents 30, 143-149 (2007)

54. D.J. Diekema, M. A. Pfaller, F.J. Schmitz, J.
Smayevsky, J. Bell, R. N. Jones and M. Beach: Survey of
infections due to Staphylococcus species: frequency of
occurrence and antimicrobial susceptibility of isolates
collected in the United States, Canada, Latin America,
Europe, and the Western Pacific region for the SENTRY
Antimicrobial Surveillance Program, 1997-1999. Clin Inf
Dis 32, S114-S132 (2001)

55. Karl Drlica, Muhammad Malik, Robert J. Kerns and
Xilin  Zhao: Quinolone-mediated  bacterial ~ death.
Antimicrob Agents Chemother 52, 385-392 (2008)

56. D. C. Hooper, G. L. Mandell, J. E. Bennett and R.
Dolin: Quinolones. In: Mandell, Douglas and Bennett's
Principles and Practice of Infectious Diseases. Churchill
Livingstone, New York (2000)

57.J. C. Wang: DNA topoisomerases. Ann Rev Biochem
65, 635-692 (1996)

58. J. Kato, Y. Nishimura, R. Imamura, H. Niki, S. Hiraga
and H. Suzuki: New topoisomerase essential for
chromosome segregation in E. coli. Cell 63, 393-404
(1990)

59. D. C. Hooper, J. S. Wolfson, K. S. Souza, C. Tung, G.
L. McHugh and M. N. Swartz: Genetic and biochemical
characterization of norfloxacin resistance in Escherichia
coli. Antimicrob Agents Chemother 29, 639-644 (1986)

60. Glenn W. Kaatz and Susan M. Seo: Topoisomerase
mutations in fluoroquinolone-resistant and methicillin-
susceptible ~and  -resistant  clinical isolates  of
Staphylococcus aureus. Antimicrob Agents Chemother 42,
197-198 (1998)

61. Hirotoshi Iihara, Takashi Suzuki, Yoshiaki Kawamura,
Kiyofumi Ohkusu, Yasushi Inoue, Wei Zhang, Mohammad
Monir Shah, Yoshihiro Katagiri, Yuichi Ohashi and
Takayuki Ezaki: Emerging multiple mutations and high-
level fluoroquinolone resistance in methicillin-resistant
Staphylococcus aureus isolated from ocular infections.
Diagn Microbiol Infect Dis 56,297-303 (2006)

910

62. L. Ferrero, B. Cameron and J. Crouzet: Analysis of
gvrA  and grl/A mutations in stepwise-selected
ciprofloxacin-resistant mutants of Staphylococcus aureus
Antimicrob Agents Chemother 39, 1554-1558 (1995)

63. Yoshimi Oonishi, Junichi Mitsuyama and Keizo
Yamaguchi: Effect of GrlA mutation on the development of
quinolone resistance in Staphylococcus aureus in an in
vitro pharmacokinetic model. J Antimicrob Chemother 60,
1030-1037 (2007)

64. H Ito, H Yoshida, M Bogaki-Shonai, T Niga, H Hattori
and S Nakamura: Quinolone resistance mutations in the
DNA gyrase gyrA and gyrB genes of Staphylococcus
aureus. Antimicrob Agents Chemother 38, 2014-2023
(1994)

65. B. Fournier and D. C. Hooper: Mutations in
topoisomerase IV and DNA gyrase of Staphylococcus
aureus: mnovel pleiotropic effects on quinolone and
coumarin activity. Antimicrob Agents Chemother 42, 121-
128 (1998)

66. Dilek Ince and David C. Hooper: Quinolone resistance
due to reduced target enzyme expression. J Bacteriol 185,
6883-6892 (2003)

67. GW Kaatz and SM Seo: Mechanisms of
fluoroquinolone resistance in genetically related strains of
Staphylococcus aureus. Antimicrob Agents Chemother 41,
2733-2737 (1997)

68. G. Yague Guirao, M. C. Martinez Toldos, B. Mora
Peris, M. A. Alonso Manzanares, M. N. Gutierrez
Zufiaurre, J. A. Martinez Andres, J. L. Munoz Bellido, J.
A. Garcia-Rodriguez and M. Segovia Hernandez:
Molecular diversity of quinolone resistance in genetically
related clinical isolates of Staphylococcus aureus and
susceptibility to newer quinolones. J Antimicrob
Chemother 47, 157-161 (2001)

69. Norihisa Noguchi, Maki Tamura, Koji Narui, Kazunori
Wakasugi and Masanori Sasatsu: Frequency and genetic
characterization of multidrug-resistant mutants of
Staphylococcus aureus after selection with individual
antiseptics and fluoroquinolones. Biol Pharm Bull 25,
1129-1132 (2002)

70. Benedicte Fournier, Que Chi Truong-Bolduc, Xiamei
Zhang and David C. Hooper: A mutation in the 5'
untranslated region increases stability of norA mRNA,
encoding a multidrug resistance transporter of
Staphylococcus aureus. J Bacteriol 183, 2367-2371 (2001)

71. Christos Kosmidis, Carmen E. DeMarco, Emmanuel
Frempong-Manso, Susan M. Seo and Glenn W. Kaatz: In
silico genetic correlations of multidrug efflux pump gene
expression in Staphylococcus aureus. Int J Antimicrob
Agents 36, 222-229 (2010)

72. T. J. Walsh, F. Auger, B. A. Tatem, S. L. Hansen and
H. C. Standiford: Novobiocin and rifampicin in
combination against methicillin-resistant Staphylococcus



Antibiotic resistance in Staphylococcus aureus

aureus: an in-vitro comparison with vancomycin plus
rifampicin. J Antimicrob Chemother 17, 75-82 (1986)

73. EY Ng, M Trucksis and DC Hooper: Quinolone
resistance mutations in topoisomerase IV: relationship to
the flgA locus and genetic evidence that topoisomerase IV
is the primary target and DNA gyrase is the secondary
target of fluoroquinolones in Staphylococcus aureus.
Antimicrob Agents Chemother 40, 1881-1888 (1996)

74. B. Fournier, X. Zhao, T. Lu, K. Drlica and D. C.
Hooper: Selective targeting of topoisomerase IV and DNA
gyrase in Staphylococcus aureus: different patterns of
quinolone-induced  inhibition of DNA  synthesis.
Antimicrob Agents Chemother 44, 2160-2165 (2000)

75. B. Fournier and D. C. Hooper: Effects of mutations in
GrlA of topoisomerase IV from Staphylococcus aureus on
quinolone and coumarin activity. Antimicrob Agents
Chemother 42,2109-2112 (1998)

76. May Adra and Kenneth R  Lawrence:
Trimethoprim/sulfamethoxazole for treatment of severe
Staphylococcus aureus infections. Ann Pharmacother 38,
338-341 (2004)

77. Isabelle C. Hampele, Allan D'Arcy, Glenn E. Dale,
Dirk Kostrewa, Jorgen Nielsen, Christian Oefner, Malcolm
G. P. Page, Hans-Joachim Schénfeld, Dietrich Stiiber and
Rudolf L. Then: Structure and function of the
dihydropteroate synthase from Staphylococcus aureus. J
Mol Biol 268, 21-30 (1997)

78. Kathleen M. Frey, Jieying Liu, Michael N. Lombardo,
David B. Bolstad, Dennis L. Wright and Amy C. Anderson:
Crystal structures of wild-type and mutant methicillin-
resistant Staphylococcus aureus dihydrofolate reductase
reveal an alternate conformation of NADPH that may be
linked to trimethoprim resistance. J Mol Biol 387, 1298-
1308 (2009)

79. Glenn E. Dale, Clemens Broger, Allan D' Arcy, Peter
G. Hartman, Ronald DeHoogt, Synese Jolidon, Ivan
Kompis, Alexander M. Labhardt, Hanno Langen, Hans
Locher, Malcolm G. P. Page, Dietrich Stiiber, Rudolf L.
Then, Beat Wipf and Christian Oefner: A single amino acid
substitution in Staphylococcus aureus dihydrofolate
reductase determines trimethoprim resistance. J Mol Biol
266, 23-30 (1997)

80. M. Landy, N. W. Larkum, E. J. Oswald and P.
Streighoff: Increased synthesis of p-amino-benzoic acid
associated with the development of sulfonamide resistance
in Staphylococcus aureus Science 97, 265-265 (1943)

81. Richard A. Proctor: Clinical practice: role of folate
sntagonists in the treatment of methicillin-resistant
Staphylococcus aureus infection. Clin Inf Dis 46, 584-593
(2008)

82. P. G. Hartman, M. Stahli, H. P. Kocher and R. L. Then:
N-terminal amino acid sequence of the chromosomal
dihydrofolate reductase purified from trimethoprim-

911

resistant Staphylococcus aureus. FEBS Lett 242, 157-160
(1988)

83. B R Lyon and R Skurray: Antimicrobial resistance of
Staphylococcus aureus: genetic basis. Microbiol Mol Biol Rev
51, 88-134 (1987)

84. Anna A. Vickers, Nicola J. Potter, Colin W. G. Fishwick,
Ian Chopra and Alex J. O’Neill: Analysis of mutational
resistance to trimethoprim in Staphylococcus aureus by genetic
and structural modelling techniques. J Antimicrob Chemother
63, 1112-1117 (2009)

85. A. Leelaporn, N. Firth, M. E. Byrne, E. Roper and
R. A. Skurray: Possible role of insertion sequence 1S257
in dissemination and expression of high- and low-level
trimethoprim resistance in staphylococci. Antimicrob
Agents Chemother 38, 2238-2244 (1994)

86. Helene Aubry-Damon, Claude-James Soussy and
Patrice Courvalin: Characterization of mutations in the
rpoB gene that confer rifampin resistance in
Staphylococcus aureus. Antimicrob Agents Chemother
42, 2590-2594 (1998)

87. Mohamed Aboshkiwa, Geoffrey Rowland and
Geoffrey Coleman: Nucleotide sequence of the
Staphylococcus aureus RNA polymerase rpoB gene and
comparison of its predicted amino acid sequence with
those of other bacteria. Biochim Biophys Acta Gene
Struct Expr 1262, 73-78 (1995)

88. Franz-Josef Schmitz, Ad C. Fluit, Dieter Hafner,
Andreas Beeck, Mirella Perdikouli, Mechthild Boos,
Sybille Scheuring, Jan Verhoef, Karl Kohrer and
Christof Von FEiff: Development of resistance to
ciprofloxacin, rifampin, and mupirocin in methicillin-
susceptible and -resistant Staphylococcus aureus Isolates.
Antimicrob Agents Chemother 44, 3229-3231 (2000)

89. Virginie Mick, M Angeles Dominguez, Fe Tubau, Josefina
Linares, Miquel Pujol and Rogelio Martin: Molecular
characterization of resistance to rifampicin in an emerging
hospital-associated methicillin-resistant  Staphylococcus
aureus clone ST228, Spain. BMC Microbiol 10, 68 (2010)

90. Thomas A. Wichelhaus, Boris Boddinghaus, Silke
Besier, Volker Schafer, Volker Brade and Albrecht
Ludwig: Biological cost of rifampin resistance from the
perspective of Staphylococcus aureus. Antimicrob Agents
Chemother 46, 3381-3385 (2002)

91. Jun-ichiro Sekiguchi, Tomoko Fujino, Minako Araake,
Emiko Toyota, Koichiro Kudo, Katsutoshi Saruta, Hiroshi
Yoshikura, Tadatoshi Kuratsuji and Teruo Kirikae:
Emergence of rifampicin resistance in methicillin-resistant
Staphylococcus aureus in tuberculosis wards. J Infect
Chemother 12, 47-50 (2006)

92. Frank Schlunzen, Raz Zarivach, Jorg Harms, Anat
Bashan, Ante Tocilj, Renate Albrecht, Ada Yonath and
Francois Franceschi: Structural basis for the interaction of



Antibiotic resistance in Staphylococcus aureus

antibiotics with the peptidyl transferase centre in
eubacteria. Nature 413, 814-821 (2001)

93. Christopher Walsh: Antibiotics: Actions, origins,
resistance. ASM Press, Washington, D.C. (2003)

94. R Leclercq and P Courvalin: Bacterial resistance to
macrolide, lincosamide, and streptogramin antibiotics by
target modification. Antimicrob Agents Chemother 35,
1267-1272 (1991)

95. S. M. Qadri, Y. Ueno, F. M. Abu Mostafa and M.
Halim: In vitro activity of quinupristin/dalfopristin,
RP59500, against gram-positive clinical isolates.
Chemotherapy 43, 94-99 (1997)

96. M. A. Cohen and M. D. Huband: Activity of
clinafloxacin, trovafloxacin, quinupristin/dalfopristin, and
other antimicrobial agents versus Staphylococcus aureus
isolates with reduced susceptibility to vancomycin. Diagn
Microbiol Infect Dis 33, 43-46 (1999)

97. R. N. Jones, C. H. Ballow, D. J. Biedenbach, J. A.
Deinhart and J. J. Schentag: Antimicrobial activity of
quinupristin-dalfopristin  (RP 59500, Synercid) tested
against over 28,000 recent clinical isolates from 200
medical centers in the United States and Canada. Diagn
Microbiol Infect Dis 31, 437-451 (1998)

98. R. Fernandez-Muifioz, R. E. Monro, D. Vazquez and
R. Torres-Pinedo: Substrate- and antibiotic-binding sites
at the peptidyl-transferase centre of Escherichia coli
ribosomes. Eur J Biochem 23, 185-193 (1971)

99. Christiane Werckenthin, Stefan Schwarz and Henrik
Westh:  Structural alterations in the translational
attenuator of constitutively expressed ermC genes.
Antimicrob Agents Chemother 43, 1681-1685 (1999)

100. Sandra Phillips and Richard P. Novick: Tn554: a
site-specific  represser-controlled  transposon  in
Staphylococcus aureus. Nature 278, 476-478 (1979)

101. Franz-Josef Schmitz, Jasmina Petridou, Harold
Jagusch, Nadine Astfalk, Sibylle Scheuring and Stefan

Schwarz: Molecular characterization of ketolide-
resistant ermA-carrying Staphylococcus aureus isolates
selected in vitro by telithromycin, ABT-773,

quinupristin and clindamycin. J Antimicrob Chemother
49, 611-617 (2002)

102. A. Wada, H. Ohta, K. Kulthanan and K. Hiramatsu:
Molecular cloning and mapping of 16S-23S rRNA gene
complexes of Staphylococcus aureus. J Bacteriol 175,
7483-7487 (1993)

103. Anne-Laure Prunier, Brigitte Malbruny, Didier
Tande, Bertrand Picard and Roland Leclercq: Clinical
isolates of Staphylococcus aureus with ribosomal
mutations  conferring resistance to  macrolides.
Antimicrob Agents Chemother 46, 3054-3056 (2002)

912

104. Brigitte Malbruny, Annie Canu, Bulent Bozdogan,
Bruno Fantin, Virginie Zarrouk, Sylvie Dutka-Malen,
Celine Feger and Roland Leclercq: Resistance to
quinupristin-dalfopristin due to mutation of L22
ribosomal protein in Staphylococcus aureus. Antimicrob
Agents Chemother 46, 2200-2207 (2002)

105. Irene S. Gabashvili, Steven T. Gregory, Mikel Valle,
Robert Grassucci, Michael Worbs, Markus C. Wahl, Albert
E. Dahlberg and Joachim Frank: The polypeptide tunnel
system in the ribosome and its gating in erythromycin
resistance mutants of L4 and L22. Mol Cell 8, 181-188
(2001)

106. Daniel R. Gentry and David J. Holmes: Selection for
high-level telithromycin resistance in Staphylococcus
aureus yields mutants resulting from an »p/B-to-rp/V gene
conversion-like event. Antimicrob Agents Chemother 52,
1156-1158 (2008)

107. Anne-Laure Prunier, Hiep N'guyen Trong, Didier
Tande, Christine Segond and Roland Leclercq: Mutation of
L4 ribosomal protein conferring unusual macrolide
resistance in two independent clinical isolates of
Staphylococcus aureus. Microb Drug Resist 11, 18-20
(2005)

108. Daniel N. Wilson, Frank Schluenzen, Joerg M. Harms,
Agata L. Starosta, Sean R. Connell and Paola Fucini: The
oxazolidinone antibiotics perturb the ribosomal peptidyl-
transferase center and effect tRNA positioning. Proc Natl
Acad Sci USA 105, 13339-13344 (2008)

109. P. Wilson, J. A. Andrews, R. Charlesworth, R.
Walesby, M. Singer, D. J. Farrell and M. Robbins:
Linezolid resistance in clinical isolates of Staphylococcus
aureus. J Antimicrob Chemother 51, 186-188 (2003)

110. Silke Besier, Albrecht Ludwig, Johannes Zander,
Volker Brade and Thomas A. Wichelhaus: Linezolid
resistance in Staphylococcus aureus: gene dosage effect,
stability, fitness costs, and cross-resistances. Antimicrob
Agents Chemother 52, 1570-1572 (2008)

111. Keith Miller, Alexander J. O'Neill, Mark H. Wilcox,
Eileen Ingham and Ian Chopra: Delayed development of
linezolid resistance in Staphylococcus aureus following
exposure to low levels of antimicrobial agents. Antimicrob
Agents Chemother 52, 1940-1944 (2008)

112. Satish K. Pillai, George Sakoulas, Christine
Wennersten, George M. Eliopoulos, Jr. Moellering,
Robert C., Mary Jane Ferraro and Howard S. Gold:
Linezolid  resistance in  Staphylococcus  aureus:
characterization and stability of resistant phenotype. J
Infect Dis 186, 1603-1607 (2002)

113. Venkata G. Meka, Satish K. Pillai, George Sakoulas,
Christine Wennersten, Lata Venkataraman, Paola C.
DeGirolami, George M. Eliopoulos, Jr. Moellering,
Robert C. and Howard S. Gold: Linezolid resistance in
sequential Staphylococcus aureus isolates associated with a



Antibiotic resistance in Staphylococcus aureus

T2500A mutation in the 23S rRNA gene and loss of a
single copy of rRNA. J Infect Dis 190, 311-317 (2004)

114. A. Kucers, A. Kucers, S. M. Crowe, M. L. Grayson
and J. F. Hoy: Antibiotics. In: The use of antibiotics. A
clinical review of antibacterial, antifungal and antiviral
drugs. Butterworth-Heinemann, Melbourne (1997)

115. M. H. Miller, M. A. Wexler and N. H. Steigbigel:
Single and combination antibiotic  therapy of
Staphylococcus  aureus  experimental  endocarditis:
emergence of gentamicin-resistant mutants. Antimicrob
Agents Chemother 14, 336-343 (1978)

116. K. J. Shaw, P. N. Rather, R. S. Hare and G. H. Miller:
Molecular genetics of aminoglycoside resistance genes and
familial relationships of the aminoglycoside-modifying
enzymes. Microbiol Rev 57, 138-163 (1993)

117. T. Udou: Functional characterization of a multiple-
antibiotic resistant plasmid from clinical isolates of
methicillin-resistant Staphylococcus aureus.
Kansenshogaku Zasshi 75, 382-389 (2001)

118. Anne Derbise, Keith G. H. Dyke and Nevine El Solh:
Characterization of a Staphylococcus aureus transposon,
Tn5405, located within Tn5404 and carrying the
aminoglycoside resistance genes aphA-3 and aadE.
Plasmid 35, 174-188 (1996)

119. D. T. Dubin, P. R. Matthews, S. G. Chikramane and P.
R. Stewart: Physical mapping of the mec region of an
American methicillin-resistant  Staphylococcus — aureus
strain. Antimicrob Agents Chemother 35, 1661-1665 (1991)

120. K. Ubukata, R. Nonoguchi, M. Matsuhashi, M. D.
Song and M. Konno: Restriction maps of the regions
coding for methicillin and tobramycin resistances on
chromosomal DNA in methicillin-resistant staphylococci.
Antimicrob Agents Chemother 33, 1624-1626 (1989)

121. Ditlev E. Brodersen, William M. Clemons Jr, Andrew
P. Carter, Robert J. Morgan-Warren, Brian T. Wimberly
and V. Ramakrishnan: The structural basis for the action of
the antibiotics tetracycline, pactamycin, and hygromycin B
on the 30S ribosomal subunit. Cell 103, 1143-1154 (2000)

122. M. Nesin, P. Svec, J. R. Lupski, G. N. Godson, B.
Kreiswirth, J. Kornblum and S. J. Projan: Cloning and
nucleotide sequence of a chromosomally encoded
tetracycline resistance determinant, fetfA(M), from a
pathogenic, methicillin-resistant strain of Staphylococcus
aureus. Antimicrob Agents Chemother 34, 2273-2276
(1990)

123. P. R. Stewart, D. T. Dubin, S. G. Chikramane, B.
Inglis, P. R. Matthews and S.M. Poston: IS257 and small
plasmid insertions in the mec region of the chromosome of
Staphylococcus aureus. Plasmid 31, 12-20 (1994)

124. M. T. Gillespie, J. W. May and R. A. Skurray:
Detection of an integrated tetracycline resistance plasmid in

913

the chromosome of methicillin-resistant Staphylococcus
aureus. J Gen Microbiol 132, 1723-1728 (1986)

125. P. J. Petersen, N. V. Jacobus, W. J. Weiss, P. E. Sum
and R. T. Testa: In vitro and in vivo antibacterial activities
of a novel glycylcycline, the 9-t-butylglycylamido
derivative of minocycline (GAR-936). Antimicrob Agents
Chemother 43, 738-744 (1999)

126. Fionnuala McAleese, Peter Petersen, Alexey Ruzin,
Paul M. Dunman, Ellen Murphy, Steven J. Projan and
Patricia A. Bradford: A novel MATE family efflux pump
contributes to the reduced susceptibility of laboratory-
derived Staphylococcus aureus mutants to tigecycline.
Antimicrob Agents Chemother 49, 1865-1871 (2005)

127. J Hughes and G Mellows: Interaction of pseudomonic
acid A with Escherichia coli B isoleucyl-tRNA synthetase.
Biochem J 191, 209-219 (1980)

128. J. E. Hodgson, S. P. Curnock, K. G. Dyke, R. Morris,
D. R. Sylvester and M. S. Gross: Molecular
characterization of the gene encoding high-level mupirocin
resistance in Staphylococcus aureus J2870. Antimicrob
Agents Chemother 38, 1205-1208 (1994)

129. Julian Gregston Hurdle, Alexander John O'Neill,
Eileen Ingham, Colin Fishwick and Ian Chopra: Analysis
of mupirocin resistance and fitness in Staphylococcus
aureus by molecular genetic and structural modeling
techniques. Antimicrob Agents Chemother 48, 4366-4376
(2004)

130. Martin Antonio, Neil McFerran and Mark J. Pallen:
Mutations affecting the rossman fold of isoleucyl-tRNA
synthetase are correlated with low-level mupirocin
resistance in Staphylococcus aureus. Antimicrob Agents
Chemother 46, 438-442 (2002)

131. W. Graninger, T. Leitha, S. Breyer, M. Francesconi,
K. Lenz and A. Georgopoulos: Methicillin- and
gentamicin-resistant Staphylococcus aureus: susceptibility
to fosfomycin, cefamandole, N-formimidoyl-thienamycin,
clindamycin, fusidic acid and vancomycin. Drug Exp Clin
Res 11, 23-27 (1985)

132. Hyuk-Soo Seo, Sameem Abedin, Detlev Kamp,
Daniel N. Wilson, Knud H. Nierhaus and Barry S.
Cooperman: EF-G-dependent GTPase on the ribosome.
Conformational change and fusidic acid inhibition.
Biochemistry 45, 2504-2514 (2006)

133. I. Chopra: Mechanisms of resistance to fusidic acid in
Staphylococcus aureus. J Gen Microbiol 96, 229-238
(1976)

134. 1. Nagaev, J. Bjorkman, D. I. Andersson and D.
Hughes: Biological cost and compensatory evolution in
fusidic  acid-resistant  Staphylococcus — aureus. Mol
Microbiol 40, 433-439 (2001)

135. Silke Besier, Albrecht Ludwig, Volker Brade and
Thomas A. Wichelhaus: Compensatory adaptation to the



Antibiotic resistance in Staphylococcus aureus

loss of biological fitness associated with acquisition of
fusidic acid resistance in Staphylococcus —aureus.
Antimicrob Agents Chemother 49, 1426-1431 (2005)

136. Alexander J. O'Neill, Anders R. Larsen, Anne S.
Henriksen and Ian Chopra: A fusidic acid-resistant
epidemic strain of Staphylococcus aureus carries the fusB
determinant, whereas fusA mutations are prevalent in other
resistant isolates. Antimicrob Agents Chemother 48, 3594-
3597 (2004)

137. Mariana Castanheira, Amy A. Watters, Rodrigo E.
Mendes, David J. Farrell and Ronald N. Jones: Occurrence
and molecular characterization of fusidic acid resistance
mechanisms among Staphylococcus spp. from European
countries. J Antimicrob Chemother 65, 1353-1358 (2010)

138. R. W. Lacey: Treatment of staphylococcal infections.
J Antimicrob Chemother 11, 3-6 (1983)

139. W. O. Godtfredsen, K. Roholt and L. Tybing: Fucidin:
a new orally active antibiotic. Lancet i, 928-928 (1962)

140. R. A. Proctor, P. van Langevelde, M. Kristjansson, J. N.
Maslow and R. D. Arbeit: Persistent and relapsing infections
associated with small-colony variants of Staphylococcus
aureus. Clin Inf Dis 20, 95-102 (1995)

141. Lorena Tuchscherr, Vanessa Heitmann, Muzaffar
Hussain, Dorothee Viemann, Johannes Roth, Christof von Eiff,
Georg Peters, Karsten Becker and Bettina Loffler:
Staphylococcus aureus small-colony variants are adapted
phenotypes for intracellular persistence. J Infect Dis 202, 1031-
1040 (2010)

142. Rachna Singh, Pallab Ray, Anindita Das and Meera
Sharma: Role of persisters and small-colony variants in
antibiotic resistance of planktonic and biofilm-associated
Staphylococcus aureus: an in vitro study. ] Med Microbiol 58,
1067-1073 (2009)

143. Christof von Eiff: Staphylococcus aureus small colony
variants: a challenge to microbiologists and clinicians. Int J
Antimicrob Agents 31, 507-510 (2008)

144. C. Chuard, P. E. Vaudaux, R. A. Proctor and D. P. Lew:
Decreased susceptibility to antibiotic killing of a stable small
colony variant of Staphylococcus aureus in fluid phase and on
fibronectin-coated surfaces. J Antimicrob Chemother 39, 603-
608 (1997)

145. R. A. Proctor, B. Kahl, C. von Eiff, P. E. Vaudaux, D. P.
Lew and G. Peters: Staphylococcal small colony variants have
novel mechanisms for antibiotic resistance. Clin Inf Dis 27
Suppl 1, S68-S74 (1998)

146. D. 1. Annear and W. B. Grubb: Stimulation of small-
colony variants of Staphylococcus aureus by penicillins and
cephalosporins. Lancet 1, 664-665 (1973)

147. L. L. Pelletier, Jr., M. Richardson and M. Feist:
Virulent gentamicin-induced small colony variants of

914

Staphylococcus aureus. J Lab Clin Med 94, 324-334
(1979)

148. J. Mitsuyama, H. Yamada, J. Maehana, Y. Fukuda,
S. Kurose, S. Minami, Y. Todo, Y. Watanabe and H.
Narita: Characteristics of quinolone-induced small
colony variants in Staphylococcus aureus. J Antimicrob
Chemother 39, 697-705 (1997)

149. Malcolm G. P. Page: Anti-MRSA beta-lactams in
development. Curr Opin Pharmacol 6, 480-485 (2006)

150. Cosimo Fuda, Dusan Hesek, Mijoon Lee, Werner
Heilmayer, Rodger Novak, Sergei B. Vakulenko and
Shahriar Mobashery: Mechanistic basis for the action of
new cephalosporin antibiotics effective against methicillin-
and vancomycin-resistant Staphylococcus aureus. J Biol
Chem 281, 10035-10041 (2006)

151. Paul Hebeisen, Ingrid Heinze-Krauss, Peter Angehrn,
Peter Hohl, Malcolm G. P. Page and Rudolf L. Then: In vitro
and in vivo properties of Ro 63-9141, a novel broad-spectrum
cephalosporin  with activity against methicillin-resistant
staphylococci. Antimicrob Agents Chemother 45, 825-836
(2001)

152. Ritu Banerjee, Michael Gretes, Li Basuino, Natalie
Strynadka and Henry F. Chambers: In vitro selection and
characterization of ceftobiprole-resistant methicillin-resistant
Staphylococcus aureus. Antimicrob Agents Chemother 52,
2089-2096 (2008)

153. Adam Belley, Eve Neesham-Grenon, Geoffrey McKay,
Francis F. Arhin, Robert Harris, Terry Beveridge, Thomas R.
Parr, Jr. and Gregory Moeck: Oritavancin kills stationary-
phase and biofilm Staphylococcus aureus cells in vitro.
Antimicrob Agents Chemother 53, 918-925 (2009)

154. Deborah C. Draghi, Bret M. Benton, Kevin M. Krause,
Clyde Thornsberry, Chris Pillar and Daniel F. Sahm:
Comparative surveillance study of telavancin activity against
recently collected Gram-positive clinical isolates from across
the United States. Antimicrob Agents Chemother 52, 2383-
2388 (2008)

155. Sung Joon Kim, Lynette Cegelski, Dirk Stueber,
Manmilan Singh, Evelyne Dietrich, Kelly S. E. Tanaka,
Thomas R. Parr Jr, Adel Rafai Far and Jacob Schaefer:
Oritavancin exhibits dual mode of action to inhibit cell-wall
biosynthesis in Staphylococcus aureus. J Mol Biol 377, 281-
293 (2008)

156. George G. Zhanel, Divna Calic, Frank Schweizer, Sheryl
Zelenitsky, Heather Adam, Phillipe R.S. Lagacé-Wiens, Ethan
Rubenstein, Alfred S. Gin, Daryl J. Hoban and James A.
Karlowsky: New lipoglycopeptides: a comparative review of
dalbavancin, oritavancin and telavancin. Drugs 70, 859-886
(2010)

157. C. Torres Viera, S. Tsiodras, H. S. Gold, E. P. G.
Coakley, C. Wennersten, G. M. Eliopoulos, R. C. Moellering,
Jr. and R. T. Inouye: Restoration of vancomycin susceptibility



Antibiotic resistance in Staphylococcus aureus

in Enterococcus faecalis by antiresistance determinant gene
transfer. Antimicrob Agents Chemother 45, 973-975 (2001)

158. Neil Woodford and David W. Wareham: Tackling
antibiotic resistance: a dose of common antisense? J
Antimicrob Chemother 63, 225-229 (2009)

159. Keith E. Weaver, Shirisha G. Reddy, Cassandra L.
Brinkman, Smita Patel, Kenneth W. Bayles and Jennifer L.
Endres: Identification and characterization of a family of
toxin-antitoxin systems related to the Enterococcus faecalis
plasmid pAD1 par addiction module. Microbiology 155,
2930-2940 (2009)

160. Stephen M. Kwong, Slade O. Jensen and Neville
Firth: Prevalence of Fst-like toxin-antitoxin systems.
Microbiology 156, 975-977 (2010)

161. Y.-A. Que and P. Moreillon: Staphylococcus aureus
(including Staphylococcal Toxic Shock Syndrome). In:
Mandell, Douglas and Bennett's Principles and Practice of
Infectious Diseases. Ed G. L. Mandell, J. E. Bennett&R.
Dolin. Churchill Livingstone, New York (2010)

Abbreviations: DHFR, dihydrofolate reductase; DHPS,
dihydropteroate synthase; EF-G, elongation factor G;
hVISA, heterogeneous vancomycin-intermediate S. aureus;
MIC, minimum inhibitory concentration; MLS,, macrolide
(subscript number indicates ring  composition),
lincosamide,  streptogrammin  (subscript  indicates
component); MRSA, methicillin-resistant S. aureus;
MSSA, methicillin-sensitive S. aureus; PABA, p-
aminobenzoic acid; PBP, penicillin-binding protein; PTC,
peptidyltransferase  center; SCCmec, staphylococcal
cassette chromosome mec; SCV, small colony variant;
TPase, transpeptidase; VISA, vancomycin-intermediate S.
aureus; VRE, vancomycin-resistant enterococci; VRSA,
vancomycin-resistant S. aureus; VSSA, vancomycin-
sensitive S. aureus

Key Words: Antibiotic resistance, chromosomal mutation,
review, Staphylococcus aureus, Review

Send correspondence to: lain Gosbell, University of
Western Sydney School of Medicine, Locked Bag 1797
Penrith NSW 1797 Australia, Tel: 612-9772-6885, Fax:
612-9772-6880, E-mail: i.gosbell@uws.edu.au

915



