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SUMMARY

Saphylococcus aureus is one of the leading causes of hospital acquimégttions. The ability

of S aureus to acquire resistance to a diverse range of acttbial compounds, results in
limited treatment options, particularly in methliciiresistantS. aureus. A mechanism by
which S aureus develops reduced susceptibility to antimicrobialthrough the formation of
small colony variants (SCVs). Reduced antimicrobigceptibility inS. aureus SCVs is not
related to ‘classical’ mechanisms of resistancet bocurs as a direct result of the
development of the SCV phenotyf&aureus SCVs are frequently associated with defects in
the bacterial electron transport chain and the$ectteare responsible for the characteristics
associated with the SCV phenotype.

This study aimed to investigate and characterige silection ofS aureus SCVs in the
presence of various antibiotics and also to exarhie& biofilm forming capabilities. Four
members of the aminoglycoside family of antibiotiwere shown to select f& aureus
SCVs. In addition, a broad range (X 0.25 MIC — XIC) of aminoglycoside concentrations
were shown to select fd. aureus SCVs. Characterisation of these isolates revetidat
differences in auxotrophy, biochemical profilesiotanoid production, haemolysis, levels of
intracellular ATP, mutation frequency and reversiate were present. Members of the
tetracycline family of antibiotics were also shownselect forS. aureus SCVs. Tetracycline
selectedS. aureus SCVs show attenuated catalase, coagulase and lys@émnactivity and
reduced production of extracellular DNase and &pand reduced susceptibility to various
antimicrobial agents. As SCVs have been linkeddrsigtent and recurrent infections their
ability to form biofilms was also investigated. Ange ofS aureus SCVs isolated from
various backgrounds were shown to form greaterilbisfin comparison to parent strains,
which was attributed to increased production ofypatcharide intracellular adhesin. In
addition S aureus SCV biofilms displayed a more pronounced reduciiorantimicrobial
susceptibility, which was attributed to a reductiorantimicrobial penetration through SCV
biofilms.

Limited discovery of novel antibiotics in recentaye and the observation tt&taureus SCVs
can be selected for by various antimicrobial conmaisu highlights the need for novel
antimicrobial compounds. Accordingly, an investigatinto the susceptibility db aureus to
various plant compounds was undertaken. Bdthureus SCVs and parent strains showed
susceptibility to five plant antimicrobials testeaf, which SCVs were more susceptible to
cinnamon bark, green tea and oregano. Resistartbede plant antimicrobials could not be
induced and synergistic relationships between icegiéant antimicrobials and antibiotics
were demonstrated. Finally, formation of SCVs itbdal species other th&h aureus was
examined. Gentamicin induced SCV selectioresnherichia coli, Pseudomonas aeruginosa
andS epidermidis as well as chloroamphenicol and ciprofloxacirEircoli and tetracycline
in S epidermidis. SCVs from these bacterial species shared comni@racteristics
associated with the SCV phenotype including altegedwth and biochemical profiles,
auxotrophy for compounds involved in electron tgorg reduction in expression of
virulence factors and reduced antimicrobial susb#ipy. Additionally all SCVs showed an
increased capacity to form biofilms.

The ability of certain antibiotics to select for € and their increased capacity to form
biofilms suggest that SCV are an important adamtaty aid survival and persistence in times
of stress. Reduced susceptibility to commonly uaetibiotics in SCVs signifies that the

development of new antimicrobial compounds is nemflii Harnessing naturally occurring

plant antimicrobials and their synergistic relatibip with antibiotics may offer a novel

approach to treating antibiotic resistant infectiavhilst overcoming antibiotic selection for

SCVs.
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CHAPTER 1: GENERAL INTRODUCTION

1.1 Staphylococcus aureus

The term'staphylococcus{from the Greek ‘staphyle’ meaning bunch of grapea$
originally coined by Sir Alexander Ogston to delkerithe grape like clusters of
bacteria found in the pus of acute abbesses (New2068; Ogston, 1882). To date
there are 35 recognised speciesSaphylococcus all of which are Gram-positive,
non-motile, non-spore forming and grow optimally dan aerobic conditions
(Peacock, 2005). The majority of species grow taingperature range of 18-40°C and
have a high salt tolerance, defined as the alidityrown in the presence of 10 % wi/v

sodium chloride.

Shortly after the discovery of ti&aphylococcus genus, Anton J Rosenbach isolated a
strain of staphylococci and namedStphylococcus aureus due to the pigmented
appearance of its coloni€S.aureus is a coccoid shaped bacterium that occurs singly,
in pairs, short chains or grape like clusters (Fegi.1). Approximately 20-30 % of
the general human population are carriers of tlweeb@am, which is commonly found
on the skin and mucous membranes (particularlynttee; Kluytmanst al., 1997).
The golden pigment of som@& aureus on rich medium is due to the presence of
carotenoids which are thought to protect cells famants, produced by the immune
system (Liuet al., 2005). The production of catalase and coaguleséa important
characteristics that allow differentiation from ethbacterial genera and species.
Catalase production differentiat8saureus from Streptococcus species and coagulase
production allows differentiation from coagulas@atve staphylococci (CoNS) such

asS epidermidis.

1.1.1 Features of theS. aureusgenome

S aureus strains Mu50 and N315 were the first to be sege@rend published in 2001
(Kurodaet al., 2001). As of Summer 2011, the genomes of 25 m@iffeS. aureus strains have
been sequenced (National Centre for Biotechnolb¢idarmation, 2011). All the sequenced
genomes are between 2.7 and 3 million base pgisiribsize and have a low G+C content

(between 32.7 and 32.9 %). Their genomes containgde circular chromosome which



B)

Figure 1.1 Arrangement and morphology ofS. aureus cellsA) - Scanning electron
micrograph ofS aureus exhibiting typical cocci morphology with the prese of
irregular grape-like clusters. B) - Transmissiorcélon micrograph showin.
aureus daughter cells which have divide and are yet tit spart. A) Scale bar
represents 10 um, magnification X 4000. B) Scalerd&aresents 1 um, magnification
X 31,000.



encodes approximately 27080ding sequences as well as structural and regulato
RNAs (Holden & Lindsay, 2008). Bacterial genomes @zmposed of a core genome,
comprising of genes essential for growth and fumatlity coupled with an auxiliary
set of genes (Frost al., 2005). TheS. aureus genome comprises approximately 75%
genes involved in processes such as central metab@nd other housekeeping
functions (Lindsay & Holden, 2004). This gene sethighly conserved between
strains and makes up the core genome. The auxdi@ng set is composed of genes
associated with virulence and drug resistance, tware frequently carried on mobile
genetic elements (MGEs; Holden & Lindsay, 2008). B4&onsist of bacteriophages,
genomic islands, plasmids and transposons all atlwlcan move between the
genomes of bacteria via the process of horizorgakgransfer (HGT). Analysis of
closely related orthologues indicates that the germackground ofS. aureus has
been vertically transmitted from a common ancethat subsequently diverged to

Bacillus andStaphylococcus species (ltat al., 2003).

1.1.2 S. aureusinfections

S aureus commonly colonises humans as a commensal;, howender certain
conditionsS. aureus behaves as an opportunistic pathogen and is duriéntly the
causative agent of various human diseases. As ushof the most intensively
studied bacterial species (Platal., 2009).S. aureus infections have been linked to a
diverse range of medical conditions including skdoft-tissue, respiratory, bone,
joint, and endovascular disorders (Lowy, 1998) anel associated with prolonged
hospital stay, increased morbidity and mortalityweell as increased healthcare costs
(Que & Moreillon, 2010). Pathogenesis requiresdbmbination of various virulence
factors including; secreted proteins, cell surfaoand proteins and cell surface
components (Tenover & Gorwitz, 2000). These factwesregulated by a network of

interacting genetic and environmental factors.

1.2 Antibiotic resistance

1.2.1 Origins of antibiotic resistance

Antibiotics have revolutionised medicine in manygpects; their introduction as a
means to combat bacterial infection is regardeahasof the most important events in
medical history (Davies & Davies, 2010; Overbye &rgett, 2005). The discovery of
penicillin by Sir Alexander Fleming in 1928 mark#te birth of the antibiotic era.



Following the clinical success of penicillin, thewdlopment of chloramphenicol,
tetracycline, erythromycin, rifampicin and vanconmyevas achieved between 1940
and 1960 (Yoneyama & Katsumata, 2006). Howeveistaase to two of the first
commonly used antibiotics (penicillin and strept@my was reported in clinical
isolates a few years after their introduction (EBer& Rozwadowskadowzenko, 1948;
Waksmanet al., 1945). Before the introduction of penicillin imet 1940s as a
therapeutic agent, a bacterial penicillinase wastiled (Abraham & Chain, 1940)
revealing that bacterial resistance mechanisms w@rgonentsf natural microbial
populations rather than purely a consequence ofahumedical intervention (Bentley
et al., 2002; D'Costat al., 2006). Resistance elements are predicted to haea
circulating in bacterial populations for millennmather than emerging since the advent
of the antibiotic era (Wright, 2007). This is stgémened by the fact that the majority
of antibiotics originate from soil dwelling actingeetes and resistance elements for
self-protection are often clustered in antibiotiodynthetic operons (Bentlest al.,
2002; Cundliffeet al., 2001). Accordingly the mechanisms of resistar@antiny
antibiotics in clinical isolates have their origims the environmental resistome
(Alonsoet al., 2001).

Bacteria have the ability to adapt and adjust tnges in their environment and have
subsequently developed protective mechanisms tocesdheir susceptibility to
antibiotics (Hogberget al., 2010). Although this reduced susceptibility cae b
achieved via spontaneous mutation and alteratictheotarget gene, the majority of
antibiotic resistance genes are acquired through .HGtibiotic resistance genes are
commonly carried on mobile genetic elements suchaagseriophages, plasmids and
transposons, allowing them to be transferred antb@ugeria. HGT has facilitated the
spread of antibiotic resistance genes via geneaggehprocesses such as conjugation,
transduction and transformation. The liberal widead use of antibiotics (between
100,000 and 200,000 tonnes per annum worldwide) grasided the requisite
conditions to mobilise resistance genes that ateulin the environmental, into
pathogenic bacteria (Wise, 2002; Wright, 2007). $&guently resistance to every

antibiotic ever used in clinical practice has nae reported (Payretal., 2007).



1.2.2 The cost of antibiotic resistance

A recent conservative estimate on the cost of enitbresistance to member states of
the European Union (EU) was €1.5 billion with appnaately 25,000 patients in the
EU dying each year from infections caused by nulitig resistant pathogens (8o
al., 2010). In both Europe and the USA the most probte pathogens associated
with antibiotic resistance and nosocomial infec$icare; Enterococcus faecium, S
aureus, Klebsiella pneumonia, Acinetobacter baumannii, Pseudomonas aeruginosa
and Enterobacter species which have been termed the ESKAPE patho(ios,
2008). Rice (2008) reported that this collection pafthogens are of exceptional
importance as they represent paradigms of pathsgerieansmission, and resistance.
Currently rational and prudent use of antibioticg&i@ed with strict and meticulous
hygiene policies are employed to combat the thpested by antibiotic resistance
(World Health Organisation, 2001). However thesécps alone cannot solve the
problem of antibiotic resistance and developmentasel antibiotics is crucial for the
future of healthcare systems across the world (idogt al., 2010)

1.2.3 Antibiotic resistance in S. aureus and the spread of methicillin-resistant
S. aureus

Before the antibiotic era, prognosis for patienithvstaphylococcal infections was
poor. For example, a study in a Boston hospital941 reported that the mortality
rate of patients witls. aureus bacteremia was 82% (Skinner & Keefer, 1941). The
introduction of penicillin in the 1940s greatly ingped the prognosis and decreased
mortality rates for patients that had succumb éplsylococcal infections. Soon after
the introduction of penicillin, approximately 60% & aureus hospital isolates in the
UK were reported as penicillin resistant (BarbeiR&zwadowskadowzenko, 1948).
Penicillin resistant strains carried a ger®aZ) encoding a [3-lactamase, which
inactivates penicillin through hydrolysis of thdd&tam ring (Projan & Ruzin, 2006).
The 1950s saw the spread of virulent penicillingseEucing strains that disseminated
through hospitals (Shanson, 1981). This was folbwey the development of
semisynthetic penicillins such as methicillin, wihi@sisted the action of R-lactamase
enzymes due to the presence of an acyl side chiaaenting hydrolysis (Gilmoret

al., 2008; Kirby & Bulger, 1964; Rolinsod al., 1960). Similarly to penicillin, the
introduction of methicillin was closely followed kthe development of resistance.
The first case of methicillin-resistance $haureus was reported in Britain in 1961,



(Barber, 1961) but resistance remained at low fagies through the 1960s
(approximately 1% of hospital isolates in the UK)datherefore methicillin was
viewed as clinically effective (Parker & Hewitt, 2®). Outbreaks of methicillin-
resistantS. aureus (MRSA) began to be observed in hospitals in theDs9Barrettet

al., 1968; Benner & Kayser, 1968; Colleyal., 1965) and the late 1960s and 1970s
saw the spread of MRSA across international bordemvy, 2003). This was
followed by a decline in the prevalence of MRSAhe late 1970s and 1980s due to
the implementation of infection control policiesdathe introduction of gentamicin
(Ayliffe, 1997).

In the following decades epidemic strains of MRS&sdminated worldwide and
various individual MRSA strains became prevaleng@éographically distinct areas of
the globe (Chambers & Deleo, 2009). Outbreaks oSRire of great concern as the
prognosis for infected patients is worse than thogeted with methicillin-sensitive
S aureus (MSSA). Meta analysis db. aureus cases over a 20 year period, showed a
significant increase in mortality was associatethwRSA bacteremia (Cosgrowe
al., 2003). Differences in mortality have been attiolito the lower availability of
bactericidal drugs to treat MRSA and the underlhyireglthcare problems in the old
and sick rather than enhanced virulence of MRSaAiIrstr(Lowy, 2003). Furthermore,
the cost of treating MRSA patients is twice thattfating patients with MSSA
infections (Capitancet al., 2003), which is attributed to the increasing sosft
vancomycin as well as implementing patient isolatjpractices within hospitals
(Gilmoreet al., 2008). MRSA is still prevalent and a major comcier hospitals today
and is responsible for 19,000 deaths a year inUBe(Klevenset al., 2007). This
accounts for more deaths than the combined nunflaaths from patients suffering
from acquired immunodeficiency syndrome (AIDS) amberculosis (Boucher &
Corey, 2008).

The glycopeptide, vancomycin is the antimicrobifatlooice for treatment of MRSA patients.
Those who cannot tolerate vancomycin can be treaidd fluroquinolones, trimethoprim
sulfamexazole or clindamycin (Lowy, 1998). Howe@eaureus can also become resistant to
these antimicrobial agents through various mechaniélable 1.1). In recent years other
novel antibiotics such as linezolid and daptomywre suffered a similar fate with resistance

being reported soon after their introduction (Fegir2).
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Table 1.1 Mode of action of antibiotics and mechasm of resistance inS. aureus. Adapted from al - Masaudi et al., (1991), Jensen &
Lyon (2009) and Woodford (2005)

Antibiotic Mechanism of action Resistance mechanis(a) Gene(s) Genomic Location
Aminoglycosides Protein synthesis — inhibit AMESs — inactivation of antibiotic aac, aph, Chromosome, plasmids

translocation ant and transposons

3-lactams (Penicillin)  Peptidoglycan synthesis — Enzymatic hydrolysis of 3-lactam  blaZ Plasmid and transposons

inhibits cell wall synthesis ring
enzymes
Semisynthetic 3- Peptidoglycan synthesis — Modified PBP2a with reduced mecA Chromosome
lactams (Methicillin) inhibits cell wall synthesis affinity for R-lactams
enzymes
Chloramphenicol Protein synthesis — inhibit Chloramphenicol aceltyransferase  cat Plasmid
transpeptidation — inactivation of antibiotic
Daptomycin Cell membrane depolarisation Not completely understood — rpoB Chromosome
via leakage of potassium and mutations in RNA polymerase 3-
other cellular components subunit implicated
Quinolones DNA synthesis — inhibit DNA  Alteration in QRDR, reducing orlA/B, Chromosome
gyrase affinity of enzyme-DNA complex
for fluroquinolones
Fusidic acid Protein synthesis — forms a Decreased affinity of the G factor fusA, fusB Chromosome and
stable complex with elongation for the antibiotic. Impermability plasmid




Glycopeptides

Macrolides,
Lincosamides and
Streptogramin B

Mupirocin

Oxazolidinones

Rifampicin

Tetracycline

factor G and ribosome and efflux also implicated
inhibiting translocation

Cell wall synthesis — prevent VISA — thickening of cell wall -
incorporation of late
peptidoglycan precursors into VRSA - alteration in composition
the peptidoglycan matrix of precursors resulting in reduced  vanA
affinity for vancomycin

Protein synthesis — stimulates Methylation of adenine on 23S ermA, ermB,
dissociation of peptidly-tRNA component — reduced affinity for ermC
during elongation antibiotics

Protein synthesis — inhibits Alteration of target site ileS
isoleucyl-tRNA synthestase
preventing incorporation of Acquisition of novel isoleucyl-

isoleucine into nascent peptides tRNA synthestase MuUpA

Protein synthesis — prevent Alteration of domain V component 23S rRNA
formation of the 70S ribosomal of the 23S rRNA
initiation complex

RNA polymerase — binds to [3- Alteration of target site rpoB
subunit of DNA dependant
RNA polymerase

Protein synthesis — inhibit Tetracycline efflux proteins —  tet(K), tet(L)
binding of aminoacyl-tRNAs energy dependent efflux of

Plasmid

Plasmid and transposons

Chromosome

Plasmid

Chromosome

Chromosome

Chromosome and
plasmid




tetracycline

Ribosomal protection protein —  tetA(M) Transposons
promotes release of bound
tetracycline

Trimethoprim Tetrahydrofolic acid synthesis -Chromosomal mutations, reduced  dfrB Chromosome
competes with DHFR inhibiting affinity for trimethoprim
reduction of dihydrofolate acid dfrA, Plasmid
to tetrahydrofolic acid Acquisition of unigue DHFR with

reduced affinity for trimethoprim

AMEs - aminoglycoside modifying enzymes; DHFR -ytltofolate reductase; PBP - penicillin binding pint QRDR - quinolone resistance
determining region; VISA - vancomycin intermedi&t@ureus;, VRSA - vancomycin resistaft aureus
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1.2.4 Mechanism of methicillin-resistance inS. aureus

Methicillin was the first synthetic penicillin toebdeveloped and is resistant to
hydrolysis by RR-lactamase enzymes (Kirby & BulgE964; Rolinsoret al., 1960).
Methicillin binds to penicillin binding proteins BP) in sensitiveS. aureus strains
and inhibits cross linking of peptidoglycan, remgtin cell lysis (Wise & Park,
1965).S aureus possess several PBPs that are responsible fdystatacross-linking
reactions between peptidoglycan polymers, one efittal steps in bacterial cell wall
assembly (Chambers, 1988). MRSA strains possegiditicmal PBP called PBP2a
(also known as PBP’) which confers resistance tthimidin and all other R-lactam
antibiotics (Brown & Reynolds, 1980; Georgopapade&bal., 1982). PBP2a has a
low affinity for 3-lactam antibiotics (Hartman & sz, 1984) and thus can continue
to catalyse the formation of cross-bridges in haateell wall peptidoglycan in the
presence of [3-lactams (Berger-Bachi & Rohrer, 20@&tman & Tomasz, 1984).
PBP2a is thought to have initially evolved by retemation of two genes: an
inducible type | penicillinase gene and a PBP g#rte coli, resulting in g-lactam-
inducible MRSA PBP (Songt al., 1987). The genetic basis of this resistancees th
mecA gene which encodes PBP2eec DNA is known to be present i aureus
(Sjostromet al., 1975), however additional DNA is present in MRSt#ains (Beclet

al., 1986; Hiramatset al., 2001).mecA is believed to have originated in the animal
related staphylococcal spectadleurettii, the sequence of which is nearly identical to
themecA region found in MRSA strains (Tsubakishéaal., 2010). mecA is found on

a mobile genetic island (Gl) termed the staphyloabcassette chromosonmec
(SCQOmec) and is a well-developed vehicle for transmissioh genes among

staphylococcal species (lébal., 1999; Katayamat al., 2003).

1.2.5 Staphylococcal chromosome cassetigec

SCQrec is a 21 — 67 kb fragment of DNA that integratetoithe S aureus
chromosome at a unique sitatBscc), near the origin of replication (Chambers &
Deleo, 2009; Hiramatset al., 2001). attBscc is highly conserved among clinical
strains of S aureus and is found within an opening reading frame oknown
function ©rfX; Ito et al., 1999). The integration off SG&c near the origin of
replication may provide an advantage allowing thstant utilisation of imported

antibiotic resistance genes (lébal., 2003). SC@ec is a variable genetic element,
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but contains conserved elements such asrdteoperon (composed afiecA and its
regulatory genes) and the cassette chromosome batase complexcr (Holdenet

al., 2004; Itoet al., 2001). Thecer genes encode recombinases crucial for excision of
the cassette from the chromosome and subsequesgratibn in the correct
orientation (Katayamat al., 2000). Different types of SGfc have been classified
according to the class of timaec gene complex and the typeaf complex that they
contain (Table 1.2). Currently three distisct genes have been identifiestr A, ccrB
andccrC which are regarded as phylogenetically diversthag share less than 50%
DNA sequence similarity (ltet al., 2009).

The regions of SC@ec which border theccr and mec complexes are know as
junkyard (J) regions and are divided into threeiaeg J1 ranges from the
chromosome right junction to tloer genes, and J2 ranges from tice genes tanec
complex (ltoet al., 2003). Finally, the J3 region is located betwtemec complex
and the left extremity of SG@c. Various insertion sequences (IS), transposors, an
plasmids have been found in S, including Trb54, 1S1272, 15431, pUB110,
pT181, and p1258; many of which carry resistanceth@r classes of antimicrobial
agents (Table 1.2).

1.2.6  Community-acquired MRSA

Although MRSA is widely regarded as a nosocomialbpgm there are increasing
reports of outbreaks and transmission in the conpnu@ommunity-acquired MRSA
(CA-MRSA) infections refer to those caused outside hospital setting and are
prevalent in previously healthy individuals. CA-MR$ commonly associated with
skin and soft tissue infections (such as furunds)dsut has also been associated with
severe necrotising pneumonias (Zetetaal., 2005). Such infections have been
associated with certain groups of society includimgcted drug users (Huamyal.,
2008), men who have sex with men (Digipal., 2008) and people who engage in
contact sport (Lindenmayest al., 1998). CA-MRSA strains differ from hospital
acquired strains as they show susceptibility to yretibiotics. This is due to the fact
that they carry the type IV S@@c element which carries no additional resistance
genes (Said-Saliret al., 2003). The presence of additional virulence gesdésought

to contribute to the pathogenicity of CA-MRSA. Gem® sequencing of CA-MRSA
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Table 1.2 Classification of SC@ec types in MRSA. (Chambers & Deleo, 2009; Deurenberg Stobberingh, 2008; Itoet al., 2001; Ito et
al., 2003; Itoet al., 2009)

SCCmec Type Size (kb) ccr genes mec complex Additionaésistance
elements
SCQrec | 34 ccrAl, ccrBl Class B
SCarec I 53 ccrA2, ccrB2 Class A puB110, Tsb4
SCQnec Il 67 ccrA3, ccrB3 Class A pl258, pT181, B34, ¥Tn554
SCQarec IV 21-24 ccrA2, ccrB2 Class B
SCQmec V 28 ccrC Class C
SCAmec VI 24 ccrAd4, ccrB4 Class B
SCQmec VI 41-49 ccrC Class C
SCQmec VIl 32 ccrAd, ccrB4 Class A TH54

Five (A—E) different classes ofiec elements have been defined, of which three (A+€)cammon in SCec. pUB110 carriers thant (4")
gene providing resistance to several aminoglycgsideb54 encodesermA providing constitutive and inducible macrolide€lisomide—
streptogramin B (MLS) resistance. Additional remmstes to cadmium, mercury and tetracycline arerebden SC@nec Il via ¥YTn554, pl258
and pT181 respectively.
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strain MW2 revealed the presence of additional leivce genes, including the
presence of additional toxins such as the PantderAdiae leukocidin (PVL) toxin
(Babaet al., 2002). The increasing prevalence of communitysaeg MRSA coupled
with the substantial morbidity and mortality assted with these infections suggests
that CA-MRSA has the potential to cause seriouseissn public health (Yamamoto
etal., 2010).

1.2.7 Searching for novel antibiotics targets

The dramatic increase in the emergence of antibiasistance coupled with the
current difficulties facing the pharmaceutical istty means there is a pressing need
for the development of new approaches to antibidiscovery. One such approach
encompasses a new generation of screening metBatgsening novel antibiotics
against anEscherichia coli strain that possesses resistance to commonly used
antibiotics preselects any hits to be of a potémievel class of antimicrobial agent
(Gullo et al., 2006). Secondly, the utilisation of techniqueshsasin vivo expression
technology (IVET) and signature tagged mutagengSidV) may prove useful in
novel candidates through identifying genes thatemsential for the infection process
(Alksne & Projan, 2000; Chiang al., 1999). Yoneyama & Katsumata (2006) point
out that the expression profiles of pathogens dumiectionin vivo vary greatly in
comparison to those recreated in rich medigitro. Therefore the use of techniques
that can potentially identify these targets mayvjgte novel targets for antibiotic

development.

Utilising the wealth of knowledge generated fromcrobial genome sequencing
projects offers great potential in generating letmsnovel antibiotics. Analysis of
pathogen genome sequences allows for the idenitficaf conserved enzymes that
are essential for bacterial growth and replicafiéischbach & Walsh, 2009). A study
by Rosamond & Allsop (2000) analysed the genomeswéral respiratory pathogens
for essential conserved genes, not present in heinfdmough detailed bioinformatic
analysis three possible candidates were selectecoodsntial targets for the
development of novel respiratory tract antibioti€snally identification of novel
ecological niches inhabited by antibiotic producingcteria may yield previously
unidentified bioactive compounds (Wright & Sutheda 2007). Abyssomicin C

(which inhibits bacteriap-aminobenzoic acid biosynthesis) has been isolted a
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recently identified marine actinomycete bacterilisieret al., 2004). Other sources
of novel antibiotic producing bacteria include [eaiEl symbionts of insects
(Kaltenpothet al., 2005) and arthropods (Gebhasattal., 2002). Re-examining the
soil dwelling actinomycetes may hold potentialhe discovery of novel antibiotics as
it has been predicted that ~ 2% of the antibigticgluced by&treptomyces have been
identified (Baltz, 2005). Potential new targets fmvel antibiotics include peptide
deformylase (PDF) (Yuast al., 2001), bacterial fatty acid synthesis (Paghal.,
2001), the non-mevalonate pathway (Yoneyama & Katga, 2006) and signalling
networks (two component systems and quorum sermtigvays) (Barrett & Hoch,
1998).

1.3 Molecular typing of MRSA

Molecular typing of MRSA strains is an importanbltan tracing outbreaks and cases
of transmission. Various molecular epidemiologitadhniques have been employed
to type and track isolates including; macrorestict of chromosomal DNA
(generated via restriction enzyme digestion) andfilprg via pulse field gel
electrophoresis (PFGE), nucleotide polymorphismghi@a mecA gene and Tbb4
insertion patterns (Oliveiret al., 2002). The need for more rapid methods has seen
the development of several polymerase chain rea¢B€R) based methods including
coagulase gene typing, random amplified polymor@iA (RAPD) and repetitive
element sequence-based PCR (rep-PCR; Weller 2000).

1.3.1 Pulse field gel electrophoresis

Restriction enzymes (such &al) are used in PFGE to digest bacterial genomes;
strain-specific banding patterns are then generaigidg a specialised form of
electrophoresis (Tenoveet al., 1997). PFGE is considered to be a highly
discriminatory typing method for studying outbrealksd hospital-to-hospital
transmission of MRSA isolates (Deurenbetgal., 2007). This technique has been
used to investigate the spread of clones througlgean countries (Deplareb al.,
2000) as well as to trace the source, transmisaimh spread of nosocomial infections
(Ichiyama et al., 1991). PFGE is reproducible and highly discrinbma typing
method, but criticisms of the technique includesipeed and the lack of a common
nomenclature (Deurenbeeyal., 2007; van Belkunet al., 1998).
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1.3.2 Random amplified polymorphic DNA

RAPD uses low stringency PCR with short arbitraryngrs to amplify portions of
genomic DNA followed by the separation of resultinggments by electrophoresis
(Williams et al., 1990). RAPD has been used to investigate a hasatoutbreak of
a non-phage typeable MRSA strain (Tambical., 1997) and the use of multiple
primers has been demonstrated to improve discriaipgower (Cheesemast al.,
2007). Although RAPD is considered simpler argslBme consuming, comparison
with PFGE reveals that RAPD is less discriminai@gsulnieret al., 1993).

1.3.3 Multilocus sequencing

MLST was first applied tdNeisseria meningitidis in order to overcome the problems
associated with traditional and molecular typingthmeds (Maidenet al., 1998).
MLST differs from PFGE as it is a sequence-baseathriggue and exploits the
differences in the nucleotide sequence of sevevaké keeping genes. Fragments
(~ 450 bp) of these house keeping genes are sespiemd a single polymorphism
results in the assignment of a new allele numblee. Gombination of the seven alleles
generates an allelic profile, which translates atsingle sequence type (ST; Enright
& Spratt, 1999). The discriminatory power of MLSTasv validated through
comparison with PFGE profiles and the power of ML&3 an epidemiological
monitoring tool has been facilitated by an easdgessible online database which is
expanded as novel STs are identified (Urwin & Maid2003). MLST has been
successfully applied t&. aureus using the seven housekeeping genes; carbamate
kinase &ércC), shikimate dehydrogenageroE), glycerol kinase dIp), guanylate
kinase gmk), phosphatacetyltransferasepi@), triosephosphate isomeragpi), and
acetyl coenzyme A acetyltransferaggill) (Enrightet al., 2000). MLST has proved
instrumental in analysing and tracing the originsl @volutionary history of MRSA
(Enrightet al., 2002; Oliveiraet al., 2002).

1.4 Small colony variants

The first incidence of small colony variants (SCW&s reported in 1910 when an
irregular form of Eberthella typhosa (now known asSalmonella enterica) was
observed (Jacobsen, 1910; Proctor, 2001). SCVs baem observed in several
bacteria species and have been extensively stud&sureus.
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1.4.1 S. aureussmall colony variants

S aureus SCVs are slow growing, morphological variants thettist as a
staphylococcal subpopulation and often arise a#&posure to antimicrobial
chemotherapeutics (Proctetral., 2006). The phenotypic trait of slow growth leaols
the development of microcolonies which are appratety 10 times smaller than
wildtype S. aureus colonies (Proctoet al., 1995).S. aureus SCVs also demonstrate a
number of other characteristics that are atypioalS aureus including reduced-
toxin production, delayed coagulase activity, th@dpction of non pigmented
colonies and deficiencies in certain biochemicattens (Balwitet al., 1994; Proctor
et al., 1995; von Eiffet al., 2000). S. aureus SCVs have been associated with
persistent and recurrent infections and SCVs wéfeds in the components of the
bacterial electron transport chain (ETC) and tlesymthesis of thymidine have been

consistently recovered.

1.4.1.1 Electron transport deficient SCVs

Electron transport chain deficient SCV isolates@@amonly auxotrophic for haemin
and menadione (McNamara & Proctor, 2000; Proet@l., 1995; Proctor & Peters,
1998). Both play crucial roles in bacterial elentteansport (Figure 1.3). Haemin is
required for the biosynthesis of cytochromes whiabcepts electrons from
menaquinone and completes the ETC. Menadione ipraeglated to form
menaquinone and is the acceptor of electrons frimwotinamide adenine dinucelotide
(NADH) and flavin adenine dinucelotide (FARHvon Eiff et al., 2001b). Haemin
and menaquinone are both used in aerobic electamsgort and mutations in their
biosynthetic genes results in a disrupted ETC dadkhge of oxidative respiration.
Haemin and menaquinone are synthesised bjdime and men operons respectively
(Tien & White, 1968), and mutations in genes ofsth@perons result in the SCV
phenotypdgBateset al., 2003; von Eiffet al., 1997b).

1.4.1.2 Haemin and menadione auxotrophy

S aureus hemB mutants display typical characteristics associatdith the SCV
phenotype including micro colonies, reduced coagulactivity and reduced
susceptibility to aminoglycosides. However, thebaracteristics can be reversed by
growing hemB mutants in the presence of haemin, or by complenmgerthe mutant
with intacthemB (von Eiff et al., 1997b). Mutation of thenenD gene (encoding 2-
succinyl-6-hydroxy-2, 4-cyclohexadiene-1-carboxglagynthase) also results in
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mutants displaying characteristics associated wiehSCV phenotype (Bates al.,
2003; Kohleret al., 2008). Without oxidative respiration SCVs canygmioduce ATP
through fermentation, which is significantly led§agent, resulting in ATP shortage
in SCVs. ATP is required for various essential dall functions including cell wall
biosynthesis, the generation the electrochemicadignt and carotenoid biosynthesis
(Figure 1.3). As a result of reduced ATP product®@Vs display slower growth
(hence smaller colonies), reduced uptake of amyoogides and cationic peptide
transport and decreased pigment formation.

Analysis of SCVs recovered from the clinical enmimzent has identified further
mutations in theheme and men operons. Haemin auxotrophy has been linked to
mutations inrhemH which is involved in the final step in haemin byothesis (Schaaff

et al., 2003). The genetic basis for clinically isolatetenadione auxotrophy in
clinically isolated SCVs has also been demonstrai®dA sequencing of the nine
genes involved in menadione biosynthesis from osyetitis isolates revealed
mutations in the gene encoding naphthoate syntimasB (Lannergarcdet al., 2008).

In both studies, supplementation with haemin or axémne resulted in reversion to

the wildtype phenotype.

1.4.1.3 Thymidine dependent SCVs (TD-SCVSs)

TD-SCVs are frequently recovered from cystic filiso§$CF) patients that have
received long term treatment with trimethoprim samethoxazole (SXT; Gilligaet
al., 1987; Kahlet al., 1998). TD-SCVs share characteristics with electransport
deficient SCVs, such as reducedoxin production and lack of pigmentation (Kahl
al., 1998). TD-SCVs frequently display reduced susbépy to SXT and show
increased persistence in CF patients in comparigamildtype strains (Kahkt al.,
2003Db). In terms of their morphology TD-SCVS exhtlio distinct phenotypes when
grown on Columbia sheep blood agar; either a ‘fiegd’ morphology (translucent
edges surrounding a smallezlevated pigmented centre) or pinpoint colonies
(approximately 10 times smaller than wildty® aureus, Kahl et al., 2005).
Transmission electron microscopy (TEM) revealed oalmal cell size and
morphology (Figure 1.4). TD-SCVs are up to 8 tirtarger than wildtype cells due to
‘swollen cells’ with uncompleted cross walls (Kadl al., 2003a). Thymidine

auxotrophy in TD-SCVs is due to mutationghgA (which encodes thymidylate
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characteristics associated with the SCV phenotype iS. aureus (adapted from
Proctor et al., 2006)Reduced ATP production results in reduced cell watl protein
bioysythesis resulting in reduced growth rate amdipction of microcolonies. ATP is
also required for carotenoid biosynthesis, hence/sS@roduce non-pigmented
colonies. Reduced antibiotic susceptibility to anglycosides and cationic peptides is

observed due to a reduction in electrochemical igredrequired for the uptake of

these compounds.

and protein synthesis

|

Mixed-function
oxidase

l

Carotenoid
biosynthesis

|

Rapid growth,
large colonies

Pigmented
colonies

19




magnification: 46.700 x

3)) 2

-
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Figure 1.4 TEM images of SCVS exhibiting ‘fried eggmorphology (A, B and C),
pinpoint SCVs (D and E) and wildtype S. aureus (F) Incomplete cell walls,
irregular cell size and empty cells are represebiethe arrows in A-E. Regular cell
wall separation can be seen in wildty@eaureus (F). Images reproduced from Kahl

et al. (2003a).
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synthase inS aureus) and this mutation is also responsible for redu&XiT
susceptibility(Besieret al., 2007). SXT interferes with tetrahydrofolic acithieh acts
as a co-factor for thymidylate synthase (Besteal., 2007). Thymidylate synthase
plays a role in DNA synthesis, catalysing the sgaih of deoxythymidine
monophosphate (dTMP) from deoxyuridine monophosphldtJMP). Analysis of
clinical TD-SCVs and ahyA knock-out mutant revealed that a series of differe
mutations inthyA are responsible for the TD-SCV phenotype. MutationghyA
permits TD-SCVs to bypass the SXT inhibited pathwHyymidine is still required
by TD-SCVs as it is essential for DNA synthesisotder to compensate for the lack
of thymidine, TD-SCVs increase expressionnopC, which is responsible for the
transport of nucleotides into the cell (Chattegeal., 2008; Saxildet al., 1996). If
large amounts of thymidine are present TD-SCVs reaert to the wildtype form
(Kahl et al., 1998) accounting for the phenotypic switchingeskied in TD-SCVs.

Mutations inthyA have also been linked to hypermutability in TD-SGBssieret al.,
2008a). Clinical TD-SCVs isolates were analysedtatations in the methyl-directed
mismatch repair (MMR) system. The MMR system is posed of a series of genes
(mutS, mutL, mutH, anduvrD,) which are responsible for DNA repair $ aureus
(Miller, 1996). Hypermutability is associated wahtruncation imrmutL in TD-SCVs.
This leads to replicatioarrors (due to a defective DNA mismatch repairesygt that
combined with the selective pressure of SXT fawberemergence of mutatioimsthe
thyA gene and the formation of the TD-SCV phenotypesi@et al., 2008a). Another
characteristic associated with TD-SCVs is enhanuest-stationary phase survival
(Chatterjeeet al., 2007). Thymidine auxotrophy in TD-SCVs resultsardelay in
tricarboxylic acid (TCA) cycle function, preventing entry intoethdeath phase.
Chatterjee et al., (2007) further established that TD-SCVs utilisenttasting

metabolic pathways during stationary phase in coisa tohemB mutants.

Although TD-SCVs are frequently isolated from CRiguats, patients suffering from
other medical conditions are known to harbour TD/S(Besieret al., 2008b). In all
cases, patients were suffering from various chromifections and had been
administered long term SXT treatment. Similarly T®-SCVs isolated from CF
patients, sequence analysis showed mutatiornisyf were responsible for the SCV
phenotype. Besiegt al. (2008) also showed that dTMP (a metabolite of ticlyme)
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was found in the majority of specimens analysea [Ewel of dTMP is crucial to the
phenotypic appearance &faureus SCVs as high concentrations result in reversion to
the wildtype phenotype (Zandetral., 2008).

1.4.1.4 CO, Auxotrophy

Auxotrophy for CQ has been reported i8 aureus SCVs (Hale, 1951; Thomas,
1955). Growth in the presence of @@stores pigment angtoxin activity (Thomas,
1955), similar to the supplementation with auxofigpcompounds observed in ETC
deficient SCVs. Recently a Spanish hospital rejotie isolation of C@dependent
SCVs ofS aureus in which auxotrophy for C@was confirmed by growth in 5% GO
for 18 hours (Gomez-Gonzalet al., 2010). SCVs were isolated from a range of
patients suffering fronmfections such as catheter-related bacteremiayandd and
respiratory infections. The authors concluded tHay were unaware of any
alterationsn bacterial metabolism that may cause this typgasfant or thegenetic
mechanism for reversion to a rapidly growing forAuxotrophy for CQ is rarely
reported inS aureus SCVs, however the isolation of G@uxotrophs suggests that
specific atmospheric requirements may be neededotate and characterise these
variants (Pinto & Merlino, 2011).

1.4.2 SCV formation

The mechanisms behind the formation/generation GVsS are yet to be fully
understood. Regulatory as well as genetic evenghiniie involved, especially since
many SCVs are unstable and form revertants groasngrge colonies. Schaaffal.,
(2003) have examined whether an increased mutatitenfavours the formation of
SCVs by comparing.coli wildtype withmutS™ mutants (part of the damage-directed
MMR crucial for proofreading during DNA replicatipiiorstet al., 1999). Results
showed that the emergence of spontaneous SCVs &l higher in themutS ~
mutants than in the wildtype strain, concludingt thdigh mutation rates favours the
emergence of SCVs. These finding are similar tsehobserved in TD-SCVs (see
section 1.4.1.3), suggesting that mutations may aleole in the formation of SCVs.
The widely reported ability of antimicrobials suak aminoglycosides to select for
SCVs (Balwitet al., 1994; Musheet al., 1977) suggests that certain antimicrobials

may induce SCV formation. Recently, aminoglycositbiced SCV formation has
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been linked to the activity of an alternative sigfaator in S. aureus (see section
1.4.8.2).

1.4.3 Infections associated withS. aureus SCVs

A range of human infections have been associatéd Svaureus SCVs (Table 1.3),
many of which have been linked to persistent armdirrent outbreaks. In humans
cystic fibrosis and osteomyelitis infections haveet frequently attributed to the
presence o0& aureus SCVs, as well as bovine mastitis in dairy caten( Eiff et al.,
1997; Kahlet al., 1998; Atallaet al., 2008).

1.4.3.1 Cystic fibrosis

TD-SCVs are frequently recovered from CF patients laas been linked to treatment
with SXT (see section 1.4.1.3). SCVs have the tgbit replace wildtype strains in
the CF environment and demonstrated increasedslefepersistence (Katdt al.,
2003b). Transcriptional analysis of TD-SCVs showea levels of expression of the
accessory gene regulatogg(; which acts as a genetic control for various ange
factors) and increased expression of genes regulatghe alternative sigma factor,
o° (Moisanet al., 2006). Altered transcriptional profiles may seasan optimised
adaptation to the CF lung, facilitating increasedsfstence in comparison to wildtype
strains (Proctoet al., 2006).

1.4.3.2 Osteomyelitis

S aureus SCVs have also been isolated from patients beeajed for osteomyelitis,
which is often treated with beads that provideaavsielease of an antimicrobial (von
Eiff et al., 2001b). SCVs isolated from osteomyelitis patiefmejuently display,
auxotrophy for haemin and/or menadione and up ®&® &old greater gentamicin
minimum inhibitory concentration (MIC; von Eit al., 1997a). Analysis of patient
case history revealed that patients infected Bitaureus SCVs were more likely to
undergo relapses of osteomyelitis, strengtheniadittk between SCVs and recurrent
infection. As gentamicin treatment f8raureus SCV infection is no longer effective
in osteomyelitis patients, treatment with hydroxagtile cement (HAC) loaded with
vancomycin has been trialled in animals (Joostet., 2005). HAC/vancomycin-
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Table 1.3 Isolation ofS. aureus small colony variants from human infections

Source information Auxotrophy SCV associated obseations

GO -
Menadione ardittigre

Patients treated with penicillin
Sepsis and osteomyelitis patients Reduced aminoglycoside susceptibility

Septic arthritis patient Menadione Reduced amymogide susceptibility

Osteomyelitis patients treated with Haemin and/or menadione Clonal PFGE profiles, SCVs associated with
gentamicin beds recurrent infections

CF patients Haemin, thymidine, Clonal PFGE profiles, resistance to antifolate

and/or menadione agents
Sepsis in an AIDS patient

Thymidine and Reduced antibiotic susceptibility, delay in

menadione identification resulting in patient mortality
Persistent wound infection treated Haemin and menadione Misidentified as CoNS

with clindamycin

Patient with Darier’s disease Haemin Reducedantit susceptibility, increased
intracellular persistence
Recurrent ventriculoperitoneal shunt- Haemin Clonal PFGE profiles, misidentified as CdiNS

related meningitis automated identification systems
Clonal PFGE profil&CV infection resulted in

removal of prosthetic device

Prosthetic joint infection -

Reference
Sherris, (1952)
Aetal ., (1978)
Spearmahal., (1996)
von Eiff et al., (1997a)
Kahl et al., (1998)
Seifertet al., (1999)
Abebentdt al., (2000)
von Eiff et al., (2001a)

Spanuet al., (2005)

Sendiet al., (2006)

AIDS - acquired immunodeficiency syndrome; CoNSoagulase negative staphylococci; CF — cystic fisfoBFGE — pulse field gel electrophores
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treated animals showed eradication of infection &mthermore HAC/vancomycin

treatment did not induce SCV formation.

1.4.3.3Bovine mastitis

Bovine mastitis is commonly associated with dairgttle and is defined as
‘inflammation of the mammary gland’ (Bradley, 2002)Jthough limited studies are
available, the presence 8faureus displaying the SCV phenotype has been detected
in S aureus positive milk samples produced by cows sufferiranf chronic mastitis
(Atalla et al., 2008). Persistent infection in bovine mastitisyrbe due to the ability
of SCVs to persist for longer periods in bovine maary epithelial cells, creating a
reservoir of bacteria for persistent or relapsingedtions (Atallaet al., 2010a).
Antibody-mediated (AMIR) and cell-mediated immuresponses (CMIR) display
marked differences in cows infected with SCVs imparison to those infected with
wildtype S aureus (Atalla et al., 2010b). A lack of immune activation in the host |

thought to aid SCV persistence in cows with chronastitis.

1.4.4 Identification and susceptibility testing of SCVs

As S aureus SCVs display many characteristics that are abnloionavildtype strains
they pose difficulties in identification and isotat in the laboratory (Figure 1.5). The
production of non-pigmented, non-hemolytic colonm@s solid agar may lead to
S aureus not being detected. Additionally, SCVs can be sisas they are easily
overgrown by wildtypeS. aureus due to a much slower dividing rate of SCVs (180
minutes for SCVs and 20 minutes for wildtype; voiff Et al., 2001b). Lack of
coagulase production and reduced haemolytic agtimgan staphylococcal SCVs and
are often misidentified as CoNS (McNamara & Prac2®00; Seamas al., 2007). A
study evaluating commonly used media for recovér$ @ureus showed that SCVs
often failed to produce the phenotypic charactesstequired in order to obtain a
positiveS. aureus culture result (Kippet al., 2005). In order to avoid misidentification
the extension of conventional culture techniquedesirable. It was concluded that
laboratories shoultbe specifically looking for SCVs in samples fronmtipatswho
have received long-term therapy or when an infestidiseaséas been unusually
persistent. Suspected SCVs that provide abnorraatlatdised testing results should
be confirmed ass. aureus by testing the species-specific genes (von EBDE. A

non-conventional diagnostic approach using a 163NAddirected in situ
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hybridisation technique has been shown to be saftdes correctly identifying SCVs
asS. aureus (Kipp et al., 2003).

1.4.5 Reduced antimicrobial susceptibility in SCVs

Reduced antimicrobial susceptibility in SCVs doest nesult from the classical
mechanisms of antimicrobial resistance such as ustamh of p-lactamases (to
inactivate B-lactam based antibiotics) or efflux pumps (to puargimicrobials out
from the cell; al Masaudet al. 1999). The mechanism of reduced susceptibility
relates to characteristics associated with the $G&hotype. For example, reduced
aminoglycoside susceptibility is related to theklat a functional electron transport
chain (Figure 1.3). The uptake of positively chargeminoglycoside molecules
requires the presence of a differential charge ¢opbesent across the bacterial
membrane (Kohanski al., 2010). In aerobically growing bacteria this iegent due
to the presence of an electrochemical gradient tduan active ETC). In SCVs
however, interruption of the ETC reduces the etettemical gradient across the
bacterial membrane, decreasing the uptake of ardyomgjdes (Proctor, 2006).
Interruption of the ETC is also responsible foruesd susceptibility to cell wall
specific antibiotics as limits on ATP productiomuee cell wall biosynthesis which is
associated with a four fold increase in the MIC cell wall specific antibiotics
(McNamara & Proctor, 2000). Finally, the survivdl & aureus SCVs within host
cells reduces the effectiveness of antibiotics tieate a limited ability to penetrate

eukaryotic cells, such as R-lactams and vancon{izanouiche & Hamill, 1994).

Various antimicrobial agents can select for SCVsicwhresult in reduced
susceptibility to these selecting compounds througigue mechanisms. Pahal.,
(2002) discovered that exposure &faureus to sparfloxacin and a ciprofloxacin
derivative gave rise to SCVs which exhibited reducsusceptibility to
fluroquinolones. In order to identify a genetic isad®r the mutations that gave rise to
reduced fluroquinolone susceptibility the quinoloresistance-determining region
(QRDR) ofthe gyrA, gyrB, grlA, or griB genes were sequenced. No alterations in the
sequence of the QRDRs were detected. The redugedjfliinolone susceptibility may
be related to depletion of intracellulalTP levels which is known to protect against

quinolone killing via reducing gyrase-mediated Dildavage (Li & Liu, 1998).
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Triclosan, a synthetic bisphenol antimicrobial agéas also been shown to select for
S aureus SCVs (Seamamt al., 2007). The target of triclosan is enoyl reductase
(encoded byabl) responsible for bacterial fatty acid bioysytlseébivaramaret al.,
2004). Mutations irfabl have been shown to result in reduced triclosanepibility

in S aureus (Fanet al., 2002). Sequencing d&bl in S aureus SCVs however
revealed 100% sequence similarity with wildtype ceymible fabl sequences,
suggesting a novel mechanism for reduced triclosasceptibility. Despite the
aforementioned examples, there are examples whedkiced antimicrobial
susceptibility is inS. aureus SCVs is due to mutations in the target gene. Nomsat

al., (2007) identified novel mutations fosA (translation elongation factor) amglF
(ribosomalprotein L6) in SCVs selected for in the presencdusfdic acid. These
mutations gave rise to reduced fusidic acid sudwmépt through altering the

structural conformationsf translation elongation factor EF-G on the ribogo

1.4.6 Construction of mutants representing the SCV phengfpe

Several mutants have been artificially generatedrder to provide insights into the
SCV phenotype. von Eifet al. (1997b) constructed a stab& aureus SCV by
interrupting thehemB gene with an erythromycin cassette. The resultmgants
displayed a classic SCV phenotype with reduced Waag and pigment production,
reduced susceptibility to aminoglycosides and iaseel intracellular persistence. The
same methodology has been used to interrupB.thereus menD gene, resulting in a
stable menadione auxotrophic SCV (Bageal., 2003). Both mutants have been used
to further the understanding of the SCV phenotypd & demonstrate the link
between deficiencies in electron transport and $fafacteristics.

1.4.6.1 Microarray and protein profiling analysis of hemB™ and menD™ mutants
Microarrays allow the production of a ‘gene expr@ssrofile’ or ‘signature’ for a
particular organism under cert@nvironmental conditions and provide high levels of
data output to investigate bacterial metabolismréateich, 2006; Lucchinet al.,
2001). Seggewisst al., (2006) performed a comparative, genome-wide trgotome
analysis of thes. aureus hemB™ mutant. A difference in the expression of 170 genes
was recorded with 122 genes significantly up-regadan the hemB™ mutant in
comparison to the parent strain. Glycolytic andmfentation pathways were

upregulated in théemB™ mutant due to deficiencies in the ETC. Similar eggion
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Selection for SCV:

Wildtype SCVs
* agr expression - production of  Decreasedgr expression — reduced
virulence factors (toxins, invasins) toxin production
« Recognition by host immune system « Lack of immune system
recognition
Infection and immune
response Intracellular persistence and lack

of immune response

Identification Reversion to wildtype Misidentified or undetected

* Rapid growth rate * Reduced growth rate

* Large pigmented colonies » Non pigmented microcolonies

« Coagulase positive » Coagulase negative

* Straightforward standardised testing « Difficulties in standardised testing

Figure 1.5 Cycling of the SCV phenotype and identiation issuesAntibiotic treatment ofS aureus infections can select for SCVs. Reduced

expression of virulence factors may lead clinicismbelieve antibiotic therapy has eradicated itid@cand antibiotic therapy ceases. Removal

of the antibiotic selective pressure that maint&@y/ phenotype, permits reversion to the viruleidtype form
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profiles have been generated from microarray aislgé SCV menD” mutants,
although genes involved in nitragspiration and fermentation pathways were further

upregulated in thenenD™ mutant (Kohleiet al., 2008).

Phenotype microarray (PM) technology consists dacpnfigured well arrays in
which each well tests a different cellular phenetyBochneet al., 2001). Individual
wells are continuously monitored and results arenldoed with bioinformatic
software to allow high throughput screening of wlell phenotypes. PM technology
has been applied teemB" andmenD™ SCV mutants to screen over 1,500 phenotypes
(von Eiff et al., 2006). Analysis showed that both mutants weredatefe in utilizing a
variety of carbon sources. ThmenD™ mutant was found to be more metabolically
restricted than th@emB™ mutant as more metabolic pathways & aureus utilise
menaquinone than haemin. An absolute protein dimation approach by
Kriegeskorteet al., (2011) showed an agreement with previous micayastudies;
1019 cytoplasmic proteins it aureus were identified of which 154 were
differentially regulated in SCVs. Proteins involved the TCA cycle were down
regulated as well as certain virulence markersablgt differences in the expression
of proteins involved in glycolysis were observedwsen SCV isolates, suggesting

that variation exists in SCVs isolated from diff@renvironments.

1.4.6.2 Virulence and persistence ohemB™ and menD™ mutants in animal
models

Incorporating SCVs into several established animadlels has provided insights into
S aureus SCV host/pathogen interactions. Bé#mB™ andmenD™ mutants have been
investigated in a rabbit model of endocarditisttalg virulence and rates of infection
(Bateset al., 2003). The capacity to induce experimental endbitg was similar in
the two mutants when compared to the wildtype gastain. This was surprising as
SCVs produced reduced amountsxgbxin and exhibit reduced rates of growth. The
menD” mutant accumulated at lower densities than @B mutant and parent
strains, which may be related to its slower growdte of themenD™ mutant. The
nematode Caenorhabditis elegans has also been used to study host/pathogen
interactions of both theemB™ andmenD"™ mutants. In contrast to the rabbit model of
endocarditis, both mutants (as well as clinicallyicded SCVs) were shown to be less

virulent in nematodes than parental strains (®ffral., 2006). Reduced exoprotein
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production due to the loss of a functional electiramsport chain was suggested to be
responsible for the reduced virulence of SCVs. Ikinghe hemB™ mutant also been
examined in a murine model of septic arthritis §kmmet al., 2003). In contrast to
other animal model results that concluded thath#msB™ mutant was more virulent in
comparison to parent strains. Mice inoculated whiéshemB™ mutant developed more
severe clinical arthritis which was linked to higipeotease production and decreased
adhesive properties of theemB mutant, enhancing invasiveness. Although the
animal models discussed show varying degrees ofevice it is clear that SCVs are
associated with altered virulence profiles. Altenas in the expression of virulence
factors are considered key to increased intraeellpérsistence o aureus SCVs,

allowing the ability to cause persistence and nerurinfections.

1.4.7 Intracellular persistence

SCVshave the potential to persist in the presence tim@robials via methods that
extend beyond classical mechanisms (see sectioh).l.®ne such method is
encompassing the intracellular environment knowntles ‘intracellular milieu’.
Bacteria have to meet several criteria in ordebéoable to survive intracellulary,
including; not killing the host cell by inducing gmtosis, resisting intracellular host
defences, not activating the host immune systentladbility to replicate in the host
cytoplasm (Sendi & Proctor, 2009). Assays have detnated that SCVs fulfil these
criteria by persisting intracellulary in endothékalls (Balwitet al., 1994; von Eiffet
al., 1997b), and persisting in keratinocytes in aguatsuffering from Darier's disease
(a inherited rare cutaneous disease; von &itfl., 2001a; Copper & Burge 2003).
SCVs isolated from the Darier’s disease patienevasiown to persist >100 fold more

in comparison to the normal phenotype.

The intracellular milieu itself can trigger the engence of SCVs is. aureus (Vesga

et al., 1996). Intracellular bacteria were shown to depethe SCV phenotype at a
much greater rate than bacteria not exposed tatearcellular environment in bovine
endothelial cells. Tuchschesral., (2010) showed that during infection in endothleli
cells SCVs exhibit increased expression of fibrdnelsinding proteins (FnBPs;
aiding host cell invasion) and avoid activationtieé host cell immune system. The
latter is linked to the down regulation of virulentactors such as haemolysins, which

when produced b$. aureus induce inflammation and tissue destruction. Thé laic
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expression of virulence factors, and reductionahdge to host cells in SCVs can be
correlated to low levels of RNAIIl andgr which act as genetic controls to various
virulence factors (Proctoet al., 2006). The study by Tuchschest al., further
illustrated that SCVs were able to persist in ehdll cells for prolonged periods of
time (in comparison to wildtyp&. aureus), which was attributed to differences in

gene expression.

Another recent study by Tuchschetral., (2011a) highlighted the importance of the
SCV phenotype whe8. aureus is exposed to intracellular conditions. Over tharse

of infection in variousn vivo andin vitro models, theS. aureus phenotype gradually
changed to favour the SCV phenotype. However, S@¢evered were shown to be
extremely unstable, reverting to the wildtype fdotlowing subculture. These studies
suggest thab. aureus has the ability to adopt different phenotypes paidg to hide or
attack host cells in certain conditions. The switclthe SCV phenotype appears to
serve as an adaptation for persistencg& aureus and the intracellular milieu may act
as reservoir for recurrent infections as patienteated with SCVs can experience
disease free periods, lasting several years onlyhi® infection to re-emerge years
later (Proctor & Peters, 1998; Tuchschatral., 2011a).

1.4.8 Global regulators of S. aureus with relevance to the SCV phenotype

1.4.8.1 Accessory gene regulatoragr)

The agr system consists of two divergenthgnscribed loci which are controlled by
two promoters (Pengt al., 1988). These neighbouring promoters (P2 and P3)
regulate the transcription of two transcripts RNAHd RNAIII, respectively (Novick

et al., 1993). The P2 transcript contains four geagr8, D, C, andA, of whichagrB
andagrD together produce an autoinducing peptide (AIP; Hlow al., 1995). AIP
increases transcription from thgr promoters P2 and P3 corresponding to an increase
in transcription of the effector molecule RNA I8gr is responsible for the regulation
of 138 genes InS aureus of which approximately 20 are putative virulence
determinants (Dunmaet al., 2001). These include cell wall associated fac{trat
facilitate attachment to the host) and secretedoskts that aid in the invasion
process. Due to this role in the regulation of kinge factorsagr plays an important

role in the infection process. During the initithges of infectioragr activity is low
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and adhesion factors are expressed, but as infiegtmgresseagr activity increases

inducing the production of exotoxins (Otto, 2001).

Due to the absence of certain virulence factorS@Vs, the role o&gr in SCVs has
been investigated. Analysis of thymidine auxotropBCVs isolated from CF patients
and SCV isolates from bovine mastitis has revetiat levels ofagr expression are
reduced or almost absent in SCVs (Atalial., 2008; Kahlet al., 2005).agr controls
the expression ai-hemolysin, which correlates to the lackoshemolysin frequently
observed in SCVs. The expression of the exopraie@igulase is also regulated by the
agr locus (Atallaet al., 2011) and reduced expressionagf correlates with the lack

of or complete absence of coagulase activity olesenv SCVs.

1.4.8.2 Sigma B
Alternative sigma factors in bacteria are involiadregulating gene expression in

response to environmental signals such as chamgdsmperature or pH shifts
(Heckeret al., 2007; Kullik et al., 1998). Three alternative sigma factors have been
identified inS. aureus; sigma A (Deora & Misra, 1996) sigma B (Véual., 1996)and
sigma H (Morikaweet al., 2003), all of which are closely related to theispective
forms in Bacillus subtilis. Regulation ofo® is modulated bysbU, rsbV, rsbW gene
products which sit in a chromosomal cluster alonth sigB (Bronneret al., 2004).
Under non stress conditions RsbW acts as an amtissifactor and holds® in an
inactive complex (Pane-Farret al., 2006). Under stress conditions RsbV is
dephosphorylated by RsbU and forms a RsbV-RsbW mghis permits the
release of fre@®, which binds to RNA polymerase to form an act¥eholoenzyme
(Bronneret al., 2004). Microarray based analysis has shown dfidanfluences the
expression of 251 genes, 198 of which are posytivelluenced (Bischoffet al.,
2004). Cell envelope biosynthesis, signalling patysvand various virulence factors
were among some of the diverse cellular processiisenced byc®. Numerous
studies have examineo® activity in S aureus SCVs. A collection of TD-SCVs
isolated from CF patients exhibited decreasBdactivity in comparison to isogenic
wildtype strains (Kahkt al., 2005).0° activity in these strains however was restored
upon supplementation with thymidine suggesting tleggulatory mechanismare

responsible for the various alterations observadcdntrast, another study showed
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SCVs isolated from CF patients exhibited increasBdactivity in compassion to
parent strains (Moisaret al., 2006). Increaseds® activity was correlated to
persistence in eukaryotic host cells which was inepain ac® deficient mutant.
Mitchell et al. (2008) demonstrated that this may be relateddeeased expression of
FnBPs, (which are positively influenced b¥§) which permits increased adhesion of

S. aureus to host tissues.

Recentlyc® has been implicated in the emergence of SCVs\iitig exposure to
aminoglycosides (Mitcheklt al., 2010a). Sub-inhibitory concentrations of gentamic
and tobramycin significantly increased the freqye®&€CV formation inS. aureus
strains withc®" background, where-as fewer SCVs were recoveregh fao o°
constructed mutant (Mitchellet al.,, 2010a). Quantitative PCR (gPCR) also
demonstrated that sub-inhibitory concentrationaitgmicin and tobramycin induced
o activity. Exposure to 4-hydroxy-2-heptylquinolineexide (HQNO; an
antistaphylococcal exoproduct producedmyaeruginosa; Machanet al., 1992)has
also been shown to select f& aureus SCVs via ac® dependent mechanism.
Exposure to HQNO resulted in a concomitant activeti® of and repression afgr
(Mitchell et al., 2010b). Additionally, elevated® levels were responsible for

increased FNBP expression and increased biofilmdton.

1.5 SCVs in bacterial species other thai®. aureus

Although S aureus SCVs are the most extensively studied, SCVs haen lisolated
from a broad range of Gram-negative and Gram-pesitbacteria including
Pseudomonas aeruginosa (Haussleret al., 1999b; Haussleet al., 2003b),E. coli
(Lewis et al., 1991), CoNS such & epidermidis, andS. capitis (von Eiff et al.,
1999) E. faecalis (Wellinghausenet al., 2009) andBurkholderia pseudomallel
(Haussleret al., 1999a). Notably, the majority of these species @ir significant
medical importance in conditions such as cysticoBis (CF), nosocomial infections
and device related infections. Research bias inuawef clinically-important species
many account for the reporting of SCVs in the afoeationed groups and little is
know about SCVs in the environment. Despite thiaspithere is paucity of
publications on SCVs in species other tt&raureus. SCVs of these species share

some of the characteristics associated fttaureus SCVs, including auxotrophy
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(Funada et al., 1978; Wellinghausenret al., 2009), reduced susceptibility to
aminoglycosides (Gerber & Craig, 1982; Hausséeral., 1999a), and altered
biochemical profiles (Langforet al., 1989; Voureka, 1951).
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1.6 Project aims

Investigate the ability of various aminoglycosidesselect forS. aureus SCVs across a

range of concentrations.
Characterise aminoglycoside selected SCV isolatedetermine if variation is present
among SCV isolates and if any variation is influethdy the concentration of selecting

aminoglycosides.

Investigate if the tetracycline group of antibistican select fo& aureus SCVs and to

characterise any tetracycline selected SCVs.

Examine biofilm formation irs aureus SCVs and compare biofilm formation with parent

strains.

Examine biofilm susceptibility to antimicrobials cathe effects of antimicrobial agents

on biofilm mass and cells within biofilms.
Identify if a difference in antimicrobial susceplity of biofilms formed by S aureus
SCV and parent strains is present. If a relatign&hipresent, elucidate a mechanism for

difference in susceptibility.

Investigate the anti-staphylococcal effects of masi plant compounds produced by the

CASE sponsor, Cultech Ltd, and compare SCV andhparesceptibilities.

Investigate if resistance to these compounds candueed and if they have a synergistic

relationship with clinically used antibiotics.

Identify if antibiotics can select for bacteriakses other thaB. aureus and characterise

any antibiotic selected SCVs using species spexssays.

Examine biofilm formation in SCVs of other bactéspecies.
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2 CHAPTER 2: AMINOGLYCOSIDE SELECTION FOR
STAPHYLOCOCCUS AUREUS SMALL COLONY VARIANTS

2.1 Introduction

2.1.1 Aminoglycoside classification and mode of action

Gentamicin, neomycin, streptomycin and tobramycia all examples of amino
sugars that are members of the aminoglycoside yamiiminoglycosides have a
backbone structure which is made up of an amindoycing saturated with amine
and hydroxyl substitutions (Shakiet al., 2008). Aminoglycosides can be
distinguished on the basis this aminocyclitol rikgr example, streptomycin contains
streptidine as its aminocyclitol unit (Figure 2.Where as gentamicin, kanamycin and
neomycin are 2-deoxystreptamine containing amircgigles (Magnet & Blanchard,
2004).

Aminoglycosides exhibit activity against a rangeatifiically important pathogens
including Escherichia coli, Salmonella spp., Shigella spp., Pseudomonas spp.,
Saphylococcus aureus and some streptococci (Vakulenko & Mobashery, 2003
Aminoglycosides display good synergetic activitythwbther antibiotic classes (such
asp-lactams) and are therefore used in the treatnfemtrange of bacterial infections
including meningitis, pneumonia, tuberculosis an@ére plague (Nakamurat al.,
2000; Shakilet al., 2008). Aminoglycosides bind to the 16S rRNA, la¢ tRNA
acceptor A site and interfere with protein synteédMagnet & Blanchard, 2004). The
exact mechanism of action of aminoglycosides itmm and multiple mechanisms
may be involved. It has been suggested that théingnof aminoglycosides induces
the misreading of messenger RNA producing defegrageins, but aminoglycosides
may also interfere with initiation complexes (Wime&k Westhof, 2006).
Aminoglycoside uptake in Gram-positive bacteriaetlplace in two distinct phases.
Firstly, energy-independent binding of aminoglydesi to phospholipids and teichoic
acids occurs. This is followed by an energy-depehdgansport across the
cytoplasmic membrane, provided a sufficient membraotential AY) is present
(Taberet al., 1987).
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2.1.2 Aminoglycoside resistance

Streptomycin was the first aminoglycoside to becaN®red following its isolation
from the actinomycet&reptomyces griseus in 1944 and was shown to be active
againstMycobacterium tuberculosis (Schatz & Waksman, 1944{Schatz, 1944 #773)}.
The antibiotic was later shown to be clinically egffive in the treatment of
tuberculosis (Hinshawt al., 1946). Resistance however was reported just warysy
later (Youmant al., 1946). Currently resistance to aminoglycosideslmacquired
by four different mechanisms: i) alteration of theget; ii) interference with transport
of the antibiotic; iii) enzymatic inhibition of thantibiotic; iv) substitution of the

target (Veyssier & Bryskier, 2005).

2.1.2.1Aminoglycoside resistance irB. aureus

Aminoglycoside resistance is common in staphylocand has been surveyed by the
SENTRY Antimicrobial Surveillance Programme (Schamat al., 1999). Nineteen
European hospitals were surveyed and found that 88% aureus isolates were
resistant to gentamicin29% to tobramycin, 31% to kanamycin and 21% to
streptomycin. High level aminoglycoside resistanceSnaureus can be conferred by
mutations in the 30S domain of the bacterial rilmosp leading to altered
aminoglycoside binding (Schito, 2006). However, timost common mode of
resistance is through aminoglycoside modifying emey (AMES) which inactivate
many aminoglycosides of therapeutic importancegger& Lyon, 2009). AMEs can
be grouped into three categories according to timeade of action on the
aminoglycoside substrate; acetyltransferase (AAfDjpsphotransferase (APH) and
nucleotidyltransferase (ANT; Woodford, 2005). Amghgosides are chemically
modified by AMEs (through covalent modification specific amino or hydroxyl
functions), which results in poor binding to thbasome (Mingeot-Leclercet al.,
1999). AMEs are often located on plasmids, trassps and integrons permitting
lateral transfer of aminoglycoside resistance amoagain bacterial populations
(Shakilet al., 2008).

2.1.2.2Reduced aminoglycoside susceptibility i5. aureus small colony variants
Small colony variants (SCVs) however do not follthese ‘classical mechanisms’ of
resistance. Reduced susceptibility to aminoglyassith SCVs is due to a failure to

accumulate aminoglycosides intracellulary (Millet al., 1980). As SCVs are
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defective in electron transport, SCVs display auoed A¥Y. ReducedA\Y¥ across the
bacterial membrane results in a lowered uptakeositipely charge compounds such
as aminoglycosides (Proctor & Peters, 1998). MomitpAY in S. aureus parent and
SCV strains Baumest al. (2002) showed that following the accumulation licgse,
AY in SCVs dropped rapidly. The reductionAl¥ was directly linked to a 10-30 fold
reduction in aminoglycoside susceptibility. Low ééwr complete absence af’ in
anaerobic bacteria confers intrinsic resistanc@maoglycosides (Bryaet al., 1979)
highlighting the importance ¥ for aminoglycoside susceptibility.

2.1.3 Aminoglycoside selection foiS. aureus SCVs

Various classes of antimicrobial agents have beemotistrated to select f8raureus
SCVs most notably aminoglycosides and trimethomutiamethoxazole (SXT)
(Gilligan et al., 1987; Kahlet al., 1998). Other antibiotics such as fusidic acid
(Norstrom et al., 2007), members of the fluroquinolones (pazuflixaand
sparfloxacin; Mitsuyamat al., 1997; Paret al., 2002) and biocides such as triclosan
(Seamaret al., 2007) have all been shown to induce SCV formattextracellular
products produced by other bacteria have also lmeplicated in the formation d&
aureus SCVs. 4-hydroxy-2-heptylquinoling-oxide (HQNO) and pyocyanin
produced byP. aeruginosa both interfere with th&. aureus electron transport chain
(ETC) and have been demonstrated to select for S&Vigro (Biswaset al., 2009;
Hoffmanet al., 2006).

Aminoglycosides are the most commonly reportednaintobial to be associated with
the selection of. aureus SCVs, with cases of boihn vivo andin vitro selection for
SCVs being documented. In the clinical setting SGi¥s often recovered from
patients who are being treated for osteomyelito (Eiff et al., 1997), which is often
treated by surgical placement of gentamicin bead®nes where infection is present.
The use of gentamicin beads provides a steadyseelefantimicrobial to the site of
infection over the course of weeks or months iuresl (Evans & Nelson, 1993). It is
hypothesised that the slow release of low levelgepitamicin into the infected area is
an efficient way to select for SCVs (von E#f al., 1998). Several studies have
demonstrated aminoglycosides can readily selectSfowsin vitro (Balwit et al.,
1994; Kaplan & Dye, 1976; Musheet al., 1977). SCVs selected for by

aminoglycosidesin vitro share characteristics with those isolated fromeptd
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receiving aminoglycoside treatment. Aminoglycosgidected SCVs are frequently
auxotrophic for haemin and menadione (Baletital., 1994; von Eiffet al., 1997),
which relates to defects in the ETC and ATP gerardsee section 1.4.1.1).

2.1.3.1Molecular mechanisms for aminoglycoside induced SC¥election

The formation of SCVs irS aureus has been postulated to involve underlying
regulatory and genetic mechanisms. Schetadf. (2003) demonstrated that mutations
are involved in the emergence of aminoglycosidectetl SCVs. Sequencing of the
haemin operon of a gentamicin selected, stable imaemxotroph revealed the
presence of a deletion in themH gene. Mutation irhemH leads to the inactivation
of last step of haemin biosynthesis and is resptssor the auxotrophy for haemin
displayed. Global regulators have also been demaigst to play a role in SCV
formation. Recently the alternative transcriptidggnsa factor, sigma Bof) has been
implicated in the formation of SCVs (Mitched al., 2010a).S. aureus strains with a
o°" andc® background were exposed to subinhibitory concéotra of gentamicin
and gene expression was monitored. Emergence ofsS@as promoted in the
presence of aminoglycosides in & strain; however SCVeere not detected from
the ¢® strain. Additionally the presence of aminoglycosidte the exponential phase
of growth significantly increased the expression o5f and correlated with the

emergence of SCVs.
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2.1.4 Aims

Although aminoglycosides such as gentamicin arenknto select forS aureus
SCVs, little is known about the effect of differeaminoglycosides and different
concentrations on SCV selection. Differences inctnophy have been reported in
aminoglycoside selected SCVs, no study has condumb@lysis on variations that
may exist in SCVs selected from different aminogkide concentrations. Therefore

the aims of this study were to:

« Examine the ability of gentamicin, kanamycin, necmyand streptomycin to
select forS aureus SCVs

» Examine the effect of aminoglycoside concentratinrgrowth rate

« Determine SCV selection frequencies in the presehcarious aminoglycoside
concentrations

* Confirm SCV isolates ar® aureus via species specific multiplex PCR

* Characterise SCV isolates on the basis of auxoyofTP concentration,
heamolysis, carotenoid biosynthesis, and reverrsiten

« Examine and compare mutation frequency in SCV issla
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2.2 Materials and methods

2.2.1 Bacterial strains

S aureus American Type Culture Collection (ATCC) strain 289and epidemic
methicillin-resistant. aureus (EMRSA) strain 15 were included in this study nder
to represent well characterised MSSA and MRSA rstraespectively. Both strains
are susceptible to a range of aminoglycosides douwpto published CLSI guidelines.
Strains were maintained at -80°C in Mueller Hin{dfH) broth supplemented with

8% dimethyl sulfoxide (DMSO) and re-isolated on Mghar plates when required.

2.2.2 Preparation of aminoglycoside stock solutions

Gentamicin, kanamycin, neomycin and streptomycimewadl obtained from Sigma
Aldrich (UK). Manufactures potencies were used &iednine amounts of each
aminoglycoside powder required to produce a 10,8@0L solution. All powders

were dissolved in sterile deionised water, dissbltBoroughly (through vortex
mixing) and filter sterilised with a 0.2 um filtéMinisart, UK). Reduced strength
stock solutions were made where required in dedshisater and all stock solutions

were stored at 4°C for a maximum of 14 days.

2.2.3 Determination of minimum inhibitory concentrations

Minimum inhibitory concentrations (MICs) were detened according to Clinical
Laboratory Standard Institute (CLSI) guidelines §IL 2006). Cation adjusted
Mueller Hinton (CAMHB) was used for MIC determinati and stock solutions of
CaCh and MgC} were prepared and added to MH broth to ensure éeatth
contained the correct concentrations of Ga@0 mg/L) and MgGl (10 mg/L).
Individual S. aureus colonies (3-4) were inoculated into CAMHB and ibated at
37°C with shaking at 150 rpm. Cultures were grownhe end of logarithmic phase
and cell densities were adjusted to match thediiybof a 0.5 McFarland standard at
625 nm. The range of antimicrobial concentratiomsbé tested was decided and
concentrations were made in CAMHB at double thaiireg concentration to allow
for dilution by the inoculum. Microtitre well ples (Fisher, UK) were inoculated with
100 pL of required antimicrobial concentrations &0@uL of inoculum to provide a
test inoculum of 5 X 1DCFU/mL. Microtitre plates were incubated at 37°@haut
shaking and the MIC was recorded as the lowesterdration that inhibited visible
growth after 18 hours.
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2.2.4 Determination of minimum bactericidal concentrations

Minimum bactericidal concentrations (MBC) were detmed according to CLSI

guidelines (CLSI, 1999) with recommendations froetePson & Shanholtzer (1992).
All non-turbid wells from MIC experiments were fher examined to determine
MBCs. Wells were stirred gently with a pipette #pd 100 pL aspirated onto the
surface of an antimicrobial free MH agar plate. drder to avoid carryover of

antimicrobial agents, samples were dispensed btaéntre of a MH agar plate and
streaked down the centre to allow the broth to bsogbed into the agar. The
inoculum was then spread over the plate with alstgtass rod. Plates were then
incubated at 37°C and examined for growth aftera?dl 48 hours. Following

incubation, plates were analysed for growth andnilm@ber of colony forming units

(CFU) recorded. The MBC was recorded as the lowestentration that provided a

99.9% reduction from the initial inoculum.

2.2.5 SCV selection assays

Aminoglycosides were prepared in CAMHB at conceidres of X 0.25 MIC, X 0.5
MIC, MIC, X 2 MIC and X 4 MIC and dispensed into Mgeof a microtitre well plate.
S aureus strains ATCC 25923 and EMRSA 15 were grown in CABlas described
previously (section 2.2.3), and dispensed into svelbntain aminoglycosides to
achieve a starting inoculum of 5 X >LCFU/mL. Aminoglycoside concentrations
were prepared to double the final concentratioallmw for dilution by the inoculum
and control wells containing aminoglycoside free NIAB were also included.
Microtitre plates were incubated for 24 hours at@ivithout shaking. Following
incubation, wells were analysed for the presenc&@Ys by aspirating 100 pL of
individual well contents onto MH agar containingettdefined MIC for the
aminoglycosides tested. Agar plates were inventetimcubated for 48 hours at 37°C.
Additionally serial dilutions of wells were prepdren phosphate buffered saline and
plated onto aminoglycoside free MH agar to caleutae number of wild type CFU.
Suspect SCVs were subjected to coagulase analyisig 8taphylase test kit (Oxoid
Ltd, UK). Several colonies of suspected SCVs weneaed onto a test circle on a
reaction card. A drop of test reagent was addedcalmhies mixed into reagent using
a sterile wire loop. The presence of agglutinatitdicated the colonies being tested
were coagulase positive, whereas the absence ditaggion was recorded as

coagulase negative. Microcolonies that were coagul@egative were recorded as
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SCVs and the SCV formation frequency was calculaiedhe number of SCVs per

CFU counts on aminoglycoside free MH agar.

2.2.6 S. aureus growth characteristics in the presence of aminogbosides

Growth dynamics in a range of aminoglycoside cotreéions were examined using a
Bioscreen C analyser (ThermoFisher UK). Aminoglydesconcentrations and
S aureus cells were prepared as described previously @e&i2.3) and inoculated
into honeycomb bioscreen plates (Growth Curves Etdand). Plates were incubated
for 48 hours at 37°C with shaking for 5 secondsokeefevery optical density
measurement at intermediate intensity. Optical ilem&gas read using the wideband
filter (450 — 580 nm) every 10 minutes. Aminoglyclesfree CAMHB was used to

obtain growth curves in the absence of aminoglyassivhich served as controls.

2.2.7 DNA extraction

S aureus DNA was extracted using the GenElute Bacterialddan DNA Kit (Sigma
Aldrich, UK). Overnight S. aureus parent and SCV cultures were pelleted by
centrifuging at 10,000 rpm in microfuge tubes. 20@i lysis buffer (consisting of
200 U/mL lysostaphin and 2 x 4Q/mL lysozyme) was used to resuspend pellets,
which were subsequently incubated for 30 minute87aC. Proteinase K solution
(20 pL) was then added followed by addition of 200 of manufacturers specific
lysis solution. Samples were vortexed thoroughlyrder to create a homogenous
mixture and incubated at 55°C for 10 minutes. DNding columns were optimised
for binding using ethanol, followed by the additiohthe previously prepared lysate.
Samples were centrifuged at 8,000 rpm for 1 mintddpwed by 2 additional
washing steps before eluting bound DNA by the aallibf 200 uL manufactures
elution solution. Finally sample were centrifuged £ minute at 10,000 rpm and the

remaining elute (regarded as pure genomic DNAkgstat 4°C until required.

2.2.8 Species confirmation

As S aureus SCVs are frequently difficult to identify a modifi version of the
quadriplex PCR protocol developed by Zhahgl. (2004) was employed to confirm
that SCV isolates were in fa& aureus. PCR targeted 16S rRNA@phylococcus
genus specific), nuc (S. aureus species specific), andnecA (a determinant of

methicillin resistance) using the primers in Tablé.
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All PCR reagents were supplied by Qiagen (UK). P@&s carried out in 25 pL
reactions with 2 pL template DNA (approximately i@ L) being added to a 23 pL
PCR mixture consisting of; sterile polished deiedisvater, 1 X Coralload buffer, 1 X
Q solution, 1.5 mM MgC| 0.12 pM each 16S rRNA andecA primers, 0.04 uM
each nuc primer, 200 uM dNTPs, and 1 unltag DNA polymerase. PCR was
conducted in a Flexigene Thermal Cycler (Techne, lU&) with the following cycle;
5 min at 94°C, followed by 10 cycles of 94°C for g€conds68°C for 40 seconds,
and 72°C for 1 min and 25 cycles of 94%¢€ 1 min, 58°C for 1 min, and 72°C for 2
min, and afinal hold at 72°C for 10 min. PCR products (12 wgre run on 2% w/v
agarose (Sigma Aldrich, UK) gels and were visudliggth ethidium bromide (0.5
png/mL final concentration in TAE buffer; 40 mM T+axetate, 1 mM EDTA) for 30
minutes. Molecular standards were run on gels udyperladder | (Invitrogen, UK).

2.2.9 Analysis of SCV isolates

For the purpose of following experiments, whereumnesl SCV and parent strains
were grown in MH broth at 37°C with shaking at Xpth. Parents were incubated for

24 hours whereas SCVs were incubated for 48 howadw sufficient growth.

2.2.9.1Biochemical analysis

APl STAPH strips (Biomerieux, France) were used to analyses ability of SCV
isolates to ferment certain carbohydrates and &mnéxe enzyme production. A direct
colony suspension of SCV and parent cells was pedpa APl STAPH suspension
medium (Biomerieux, France) and 100 pL added tdaudles. Anaerobic conditions
were created by the overlaying of mineral oil tolABnd URE tests. Parent test strips
were incubated at 37°C for 24 hours where as tbeb@tion period was extended to
48 hours for SCV isolates. Positive/negative reswere read based on colour
changes outlined by the API STAPH guide. The cgtadoof the enzymatic reactions

tested and resulting colour changes are listedpipefdix 1.

2.2.9.2Haemolytic assay of growth medium

Haemolytic activity of parent and SCV strains wamlgsed using the method of
Brouillette et al., (2004). Optical density of cultures was measwme®50 nm and
recorded. Cultures were then centrifuged at 10,080 for 5 minutes and the

supernatant collected. 1 mL of supernatant wasbiated with 5 mL of sheep red
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Table 2.1 Primers used in multiplex PCR for speciesonfirmation of SCVs

Primer Sequence (3'- 5)
Staph756F AACTCTGTTATTAGGGAAGAACA
Staph750R CCACCTTCCTCCGGTTTGTCACC

MecAl GTAGAAATGACTGAACGTCCGATAA

MecA2 CCAATTCCACATTGTTTCGGTCTA

Nucl GCGATTGATGGTGATACGGTT
Nuc2 AGCCAAGCCTTGACGAACTAAAGC

Lyophilised primers were obtained from MWG Eurof(f@@ermany). 100 pmol stocks

were obtained by the addition of nuclease fre@ H

46



blood cells (Oxoid, UK) for 1 h at 37 °C to allowsls. Red blood cell debris was
pelleted by centrifugation and released haemoglokas measured at 540 nm.

Haemolytic activity was estimated based on the raftiO Ds 4o/ O Dgso.

2.2.9.3Reversion rates

Rates of reversion were calculated using the metiio8eamaret al., (2007). Ten
SCV colonies were suspended in 3 mL of 0.9% NaGl ased to inoculate an
antibiotic free MH agar plate. After 48 hours gravat 37°C the number of wildtype
colonies was counted and the frequency of revemsasmdetermined as the number of
wildtype CFU per SCV.

2.2.9.4Carotenoid production

Carotenoid production was quantified using a mathaextraction protocol
(Morikawa et al., 2001). Cells were pelleted by centrifuged at @0,0pm for 5
minutes and washed once with PBS. Cells were resdsgin 200 pl methanol and
heated at 55°C for 3 minutes. Thigernatant was removed from the cell debris after
spinningfor 1 minute at 13,000 rpm and methanol added eétdya final volume of 1
mL. Absorption spectra of the methanol extractsenmeasured in a quartz cuvette

and theabsorbance at 465 nm was recorded.

2.2.9.5Quantification of intracellular ATP

In order to compare levels of ATP between SCVs patknts an enzyme based
luciferase assay was employed. The BacTiter-GloTérdiial Cell Viability Assay
(Promega, UK) quantifies ATP using mono-oxygenatainluciferin to produce a
light signal which can be detected using a luminemeCultures were adjusted to 1 X
10" CFU/mL and 100 pL added to individual wells of B6crotitre well plates.
BacTiter-Glo reagent (100 pL) was added to eacHh wametl gently shaken for 5
minutes at room temperature. Control wells conthine bacteria and were used to
determine background luminescence. Luminescencedei@eted using relative light
units (RLU) with a LUMIstar OPTIMA plate reader (BB] UK). RLU/ATP was
determined from a standard curve using dilution8 P standard (Promega, UK) and

the concentration of ATP per mL was calculated.
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2.2.9.6Auxotrophy profiles

SCVs are commonly auxotrophic for haemin, menadargk thymidine (individually

or a combination), therefore the auxotrophy prefitd various SCV isolates were
examined. Stock solutions (1,000 mg/L) of haemienadione and thymidine (Sigma
Aldrich, UK) were prepared by dissolving powders bWMSO (haemin) or sterile

deionised HO (menadione and thymidine). Stock solutions wéoeed at 4°C for a

maximum of 14 days. Lawns of SCVs were preparedspseading 100uL of

overnight culture onto the surface of a MH agatel&terile filter paper discs plated
in the centre of the plate and 10 pL of haemin, ademne or thymidine stock
solutions added to filter discs and plates weraitated for 48 hours. SCVs were
confirmed as auxotrophic if a zone of wildtype liggowth (i.e. large colonies,

restoration of pigment) was present surroundindittes disc.

2.2.9.7Mutation frequency to rifampicin resistance

For the measurement of mutation frequency to riiampresistanceof SCV and
parent strains the method of Bes#eal., (2008a) was applied. Cultures were pelleted
by centrifugatiorat 10,000 rpm for 5 min and resuspended in 1 mL ibth. A 100

uL sample of this suspension was plated onto MH atstes as well as MH agar
containing rifampin at a concentration of 100 mgAfter 48 hours incubatioat
37°C, CFU were counted and mutation frequencietermined by dividing the
number of CFU on rifampicin-supplementedjar by the number of CFU on
rifampicin-free agar. Colonies growing on rifampi@ontaining plates were streaked
onto another rifampicin containing in order to petive stability of the mutants.

2.2.9.8Statistical analysis

Minitab statistical software 16 was used to ingte significant difference between
parent and SCV isolates. Provided the data metdfairement of being normally
distributed and showed equal variance, data wgecuo 2 sampled t tests with 95%
confidence intervals. If the assumptions of thest ivere violated the Mann-Whitney

test (non-parametric( with 95% confidence interweds applied.
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2.3 Results

2.3.1 MIC and MBCs

S aureus strains ATCC 25923 and EMRSA 15 were tested for gwesceptibilities to
the aminoglycosides gentamicin, kanamycin, neomyamd streptomycin. Both
strains were found to be sensitive to all aminogydes tested (Table 2.2). MIC
values for the four aminoglycosides tested weret2rés greater for EMRSA 15 in
comparison to ATCC 25923. ATCC 25923 MBCs for geritan, kanamycin and
neomycin were 2 times greater than MIC values whsréhe MBC for streptomycin
was 4 times greater than the MIC. During MBC teagtimowever SCVs were
frequently detected and values shown in TableTh2se represent 99.9% elimination

of wildtype and do not account for the selectiorsQiVs.

2.3.2 Minimum small colony variant prevention concentration (MSCVPC)

As SCVS were frequently detected at concentratitgesned bactericidal for wildtype
S aureus the term minimum concentration that prevents faiomaof SCVs during
routine MIC and MBC testing (MSCVPC) was implemeht®uring MBC testing,
plates regularly contained a mixture of wildtyped@CV colonies (Figure 2.2). As
the antibiotic concentration was increased wildtypalonies were completely
eradicated leaving only SCV colonies. CLSI guidedinstipulate that a 99.9%
reduction from the ‘original’ inoculum is requiretb achieve MBC criteria.
Consequently the MBC was recorded as the lowestesdrations at which 99.9% of
wildtype were eliminated and MSCVPC was introdutedover the concentration at
which SCVs were not detected. The MSCVPC variedefach aminoglycoside but
was always within the range of being equal to 28mreater than the MBC (Table
2.2).

2.3.3 SCV selection frequencies

All four aminoglycosides were successful in isaigtiSCVs although differences in
frequencies after exposure to different concemnatiand between strains were
observed (Table 2.3). Notably the presence of $ithitory concentrations (X 0.25

and X 0.5 MIC) of all aminoglycosides significanthcreased the recovery of SCVs
in comparison to untreated control conditions (K ©.01). SCVs were recovered

from control conditions that were plated on kanaimymnd streptomycin in both
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Table 2.2 Aminoglycoside MICs, MBCs and MSCVPC (md/) for S. aureus
ATCC 25923 and EMRSA 15 determined by broth microdution

ATCG223 EMRSA 15
MIC MBC MSCVPC MIC MBC MSCVPC
Gentamicin 0.25 0.5 1 1 2 4
Neomycin 0.5 1 2 2 5 10
Kanamycin 2 4 8 4 12 20
Streptomycin 2 8 8 4 20 30

Modal MIC, MBC and MSCVPC values are presented. Malues were obtained

from three independent replicates and three indigodrbiological replicates.
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Figure 2.2 Characteristics associated witls. aureus SCVs recovered following aminoglycoside exposuw) - Presence of parent and SCV
colonies (arrow) recovered following MBC testing), BRestoration of wildtype growth and pigmentatamound a filter disc impregnated with
haemin indicating haemin auxotrophy; C) - Agglutioa positiveS. aureus (top) and agglutination negativ& aureus SCVs (bottom). The

differences in colony size, pigmentation and coaggilactivity demonstrate the difficulties in idéntig S. aureus SCVs using traditional

methods.
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strains and from only EMRSA 15 in the case of nedomy Interestingly
concentrations of aminoglycosides that are inhiittexceeded MIC) to ATCC
25923 and EMRSA 15 were also found to select fov§SExposure of EMRSA 15
to all tested combinations across the range of egiyeoside gave rise to SCVs,
expect for X 4 MIC gentamicin (Table 2.3). In casr SCVs were not detected from
ATCC 25923 after to exposure to any aminoglycosigieX 4 MIC concentration.
Exposure to X 4 MIC for EMRSA 15 proved to be thesnefficient concentration in

selecting for SCVs for neomycin, kanamycin andtmycin.

2.3.4 Identification of SCVs asS. aureus using multiplex PCR

Amplification of 16S rRNA anduc genes was successfully employed to ensure that
all SCVs wereS. aureus and not contaminants (Figure 2.3). SCV isolatesvered
following exposure to various aminoglycoside corraions show the presence of
16S rRNA (756 bp) anduc (279 bp), which can also be observed in the pasteain
(Figure 2.3). Additionally the presence wicA (310bp) can be observed in SCV
isolates recovered from EMRSA 15, permitting disgnation between MRSA and
MSSA strains.

2.3.5 Reversion rates

The rate at which SCVs reverted to the parent foaanied according to the
aminoglycoside concentration applied. SCV isolae& 2 and X 4 MIC of the four
aminoglycosides tested were deemed as stableasaatno revertants were detected
(Table 2.4). SCVs isolated from X 0.25 MIC of athimoglycosides showed high
rates of reversion, and reversion rates were sogmfly higher than reversion rates at
X 0.5 MIC (P = < 0.05). As aminoglycoside concetitras increased, the frequency
at which revertants from both strains were deteaedreased. For example the
reversion frequency of EMRSA 15 SCV isolated fron®. % MIC neomycin exposure
(2.2 X 10% was significantly higher than the reversion frecy of EMRSA 15 SCV
isolated from MIC neomycin exposure (8.4 X°.® = < 0.05). Comparison of SCVs
selected from different aminoglycosides revealed significant difference in

reversion rates.
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Table 2.3 SCV selection frequencies (expressed &CVs per CFU after 24 hours exposure to increasing concentratian of

aminoglycosides

Control X 0.25 MIC X 0.5MIC MIC X2 MIC X 4 MIC
25923 E15 25923 E15 25923 E15 25923 E15 25923 E15 25923 E15
Gentamicin
<! ND ND 21X10° 87X10" 35X10° 25X10° 6.2X10° 2.1X10° 21x10" 25X10" ND ND
Neomyein ND 1.1X10° 83X10" 3.2X10° 26X10° 3.9X10° 1.7X10° 42X10° 2.6X10" 85X 10 ND 2.5 X 16
Kanamycin

27X10° 62X10° 51X10° 21X10° 21X10* 7.6X10° 84X10° 1.6X10° 54X10" 59X 10 ND 3.2X 16

Streptomycin
ptomy 15X10° 7.3X10° 42X10° 89X10° 59X10° 57X10° 53X10° 7.5X10° 23X10" 4.2X10° ND 4.8 X 10

25923 — ATCC 2923; E15 — EMRSA 15; ND — SCVs ndeded
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Figure 2.3 Multiplex PCR of SCV isolates recoveredrom various concentrations of gentamicinL - Hyperladder 1; A1 — ATCC 253923 WT; A2 -
ATCC 25923 SCV X 0.25 G; A3 - ATCC 25923 SCV X @5A4 - ATCC 25923 SCV MIC G; A5 - ATCC 25923 SCV2MIC G; B1 — EMRSA 15 WT;
B2 — EMRSA 15 SCV X 0.25 G; B3 — EMRSA 15 SCV X @5 B4 — EMRSA 15 SCV MIC G; B5 — EMRSA 15 SCV XMIC G. Multiplex PCR
confirmed SCV isolates & aureus. The presence of the additional band in EMRSA C¥ ®olates is attributed to the presencenetA (310bp).
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Table 2.4 Reversion frequencies (expressed @5U per SCV) of SCV isolatedrom increasing aminoglycoside concentrations

X 0.25 MIC X 0.5 MIC MIC X2 MIC X 4 MIC
25923 E15 25923 E15 25923 E15 25923 E15 25923 E15
Gentamicin 58X 10° 35X10° 22X10° 27X10" 12X10° 4.1X10° S S NT NT
Neomycin 31X10" 71Xx10" 61Xx10" 22X10" 57X10° 84X1C S S NT S
Kanamycin 42 X10° 53X10° 51X10° 41X10" 42X10° 54X10° S S NT S
Streptomycin 6.3X10° 56X10° 4.6X10° 52X10° 3.6X10° 26X10° S S NT S

25923 — ATCC 2923; E15 — EMRSA 15; S — stable tsslgno revertants detected); NT — not tested. d.aapidly growing pigmented colonies were

recorded as revertants.
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2.3.6 Growth rates in the presence of aminoglycosides

Parent strains ATCC 25923 and EMRSA 15 displaygitéy S. aureus growth rates
when grown in unmodified MH broth (Figure 2.4). Theesence of X 0.25 MIC
gentamicin and kanamycin significantly increased thg phase in strain ATCC
25923 (P = < 0.001). The same conditions in sttAMRSA 15 however resulted in
growth profiles similar to unmodified conditionss/&. aureus strains were exposed
to increasing concentrations of aminoglycosides phgse duration increased in a
concentration dependant manner (Figure 2.4). Famgke, exposure to X 0.5 MIC
gentamicin concentration resulted in an average® kag phase duration where as
exposure to X 2 MIC gentamicin concentration resuilin an average lag phase
duration of 16.5 hours. Exposure of ATCC 25923 to2XMIC gentamicin and
kanamycin resulted growth profiles with a signifidg lower growth rate in
comparison to other concentrations (P = < 0.0%)jlar to the growth rate of SCVs.
Sampling of wells following the completion of grdwtates analysis confirmed the
presence of & aureus SCVs population in gentamicin and kanamycin cotre¢ions

of X 2 MIC for ATCC 253923. Although concentratiooEX 4 MIC gentamicin and
kanamycin resulted in no change in optical densiynpling of EMRSA 15 exposed
to X 4 MIC kanamycin revealed the presence of a $0pulation. SCVs were not
detected for ATCC 25923 exposed to X 4 MIC for gemtin and kanamycin and
EMRSA 15 at X 4 MIC gentamicin. This is in agreermenth MSCVPC obtained
previously, as X 4 MIC values are equal to MSCVRugs.

2.3.7 Biochemical profiles

Contrasting biochemical profiles between parent &G4 isolates were observed for
both strains, and biochemical profiles of EMRSAali corresponding SCV isolates
are shown in Table 2.5. Parent strains displayedathility to ferment a range of

carbohydrates as well as production of alkalinesphatase, arginine dihydrolase and
urease enzymes. All SCV isolates were unable tmdat mannitol where as SCVs
selected from higher aminoglycosides concentratieie unable to ferment lactose,
maltose and sucrose (Table 2.5). Furthermore, ddbssnzymatic activity was also

observed in several SCV isolates. Alkaline phosdeactivity was not detected in
SCVs isolated from X 2 MIC gentamicin and kanamyaml X 4 MIC kanamycin
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Figure 2.4 Growth rates of ATCC 25923 and EMRSA 13n varying concentrations of gentamicin and kanamym Al) - ATCC 25923 gentamicin;
A2) - ATCC 25923 kanamycin; B1) - EMRSA 15 gentami®B2) - EMRSA 15 kanamycin. Generally increasamginoglycoside concentration results in an
increase in lag phase duration and a reductiomah dptical density. Data is the mean of threeepwhdent replicates.
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Table 2.5 Biochemical profiles of EMRSA 15 and coresponding SCVs selected for in the presence of difeént concentrations of gentamicin and

kanamycin
Parent | SCVX0.25MIC | SCVX05MIC | SCVXMIC | scvxa2mic | SCV X4

G K G K G K G K G
GLU + + + + + + + + + NT
FRU + + + + + + + + + NT
MNE + + + + + + + + + NT
MAL + + + + + Z n - . NT
LAC + + + + + + + - - NT
TRE + + + + + + + + + NT
MAN + - - - - - - - - NT
XLT - - - - - - - - - NT
MEL - - - - - - - - - NT
NIT + + + + + + + + + NT
PAL + + + + + + + - - NT
VP + + + + + + + + + NT
RAF - - - - - - - - - NT
XYL - - - - - - - - - NT
SAC + + + - + - + - - NT
MDG - - - - - - - - - NT
NAG + + + + + + + + + NT
ADH + + + + + + + + + NT
URE + + + + + + + + + NT

Differences between SCV and parents are shade@gyn @ - Gentamicin; K — Kanamycin; + - Positivefgme activity, fermentation of carbohydrate); - =

Negative (lack of enzyme activity, inability to feent carbohydrates); NT — not detected. Test aidifens are shown in Appendix 1.
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A lack of urease activity was also observed in S{Swlated from X 4 MIC

kanamycin.

2.3.8 Carotenoid production

Methanol extraction of carotenoids revealed simaldsorbance values corresponding
to similar levels of carotenoids in parent strgi$CC 25923 = 0.20 + 0.01, EMRSA
15 = 0.22 + 0.007). All SCV isolates produced lovanounts of carotenoid in
comparison and differences in the amount of camteproduced by SCV isolates
was observed according to the concentration okéhecting aminoglycoside (Figure
2.5). SCVs isolates from both strains following espre to MIC, X 2 MIC and X 4
MICs of gentamicin and kanamycin were significantgduced in comparison to
parent strains (P = < 0.001). Complete absenceaobtenoid was observed in
EMRSA 15 SCVs recovered from exposure to X 2 Mi@tgmicin and X 2 and X 4
MIC kanamycin (Figure 2.5).

2.3.9 Intracellular ATP concentrations

Similar intracellular ATP concentrations were retaat for parent strains (Figure 2.6).
Overall SCV isolates contained lower intracelllAdiP levels in comparison to parent
strains (Figure 2.6). ATP concentrations decreaseithie concentration of the selected
aminoglycoside increased. Average ATP concentrat@inSCV isolates from both
strains following exposure to MIC, X 2 MIC and X MIC gentamicin and
kanamycin concentrations were significantly redugedomparison to parent strains
(P =<0.001).

2.3.10 Auxotrophy profiles

Auxotrophy was confirmed if SCVs appeared as fastving pigmented colonies
around filter discs impregnated with haemin, meoaéior thymidine. Auxotrophy
was detected in 26/40 (65 %) isolates examinedhig gtudy (Figure 2.7). Haemin
auxotrophy was the most frequently auxotrophy deteowith 12/40 (30%) of
isolates. Auxotrophy for a combination of haemird anenadione was the second
most frequent auxotrophy detected with 10/40 issla{25%) displaying this
auxotrophy profile. The remaining isolates in whalxotrophy was identified were
menadione auxotrophs (5/40; 10%). Auxotrophy fgmildine was not detected in
any of the SCV isolates tested.
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Figure 2.5 Carotenoid production in SCVs isolateddllowing exposure to different aminoglycoside conecérations A) - ATCC 25923; B) -
EMRSA 15. Carotenoid production was completely abseSCV isolated from higher aminoglycoside cartcations. Results are the means of

three independent replicates and three biologelaates. Error bars represent standard error.
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Figure 2.6 Intracellular ATP concentrations of SCVsisolated following exposure to different aminoglyeside concentrationsA) - ATCC 25923; B) -
EMRSA 15.SCVs isolated following exposure to MIC, X 2 andb)MIC aminoglycoside concentrations contained sicguntly lower levels of intracellular
ATP in comparison to parent strains. Results agartbans of three independent replicates and thotmgizal replicates. Error bars represent stanearor
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Gentamicin Neomycin

Kanamycin Streptomycin

. Hemin . Menadione . Hemin + Menadione . No auxotrophy detected

Figure 2.7 Auxotrophy profiles of SCV isolates fotbwing exposure to different
concentrations of four aminoglycosidesA complete absence of thymidine
auxotrophy was observed. Number of isolates exairgentamicin n = 8,

kanamycin n = 11, neomycin n = 10 and streptomgcr 11.
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2.3.11 Mutation frequency to rifampicin resistance

Differences in mutation frequency were observedvbenh SCV isolates and parent
strains. SCV isolate isolated from exposure to 260X 0.5 and X MIC gentamicin

and kanamycin concentrations displayed mutatioquieacies significantly greater
than parent strains (P = < 0.05; Table 2.6). AT@6923 SCV isolates recovered
from exposure to X 2 MIC gentamicin and EMRSA 15VSi€olates recovered from

exposure to X 2 MIC gentamicin and X 2 and X 4 Md&amycin concentrations
displayed significantly higher mutation rates tHa@V isolates recovered following
exposure to lower aminoglycoside concentrations emmesponding parent strains
(P = < 0.05). In SCV isolates where the mutatieygfirency to rifampicin resistance
was > 10 isolates were termed as hypermutators due to thigin mutation

frequencies (Table 2.6).
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Table 2.6 Mutation frequency to rifampicin resistarce of SCV isolates and

corresponding parent strains

Gentamicin isolates

Isolate ATCC 25923 EMRSA 15
Parent 21X 160 1.5 X 10%
SCV X 0.25 1.9 X 18 1.8 X 10
SCV X 0.5 8.9 X 10 7.2 X 10°
SCV X MIC 2.1X10° 6.7 X 108
SCV X 2 MIC 8.5 X 10° 8.1 X 10°

Kanamycin isolates

Isolate
Parent
SCV X 0.25
SCV X 0.5
SCV X MIC
SCV X 2 MIC
SCV X 4 MIC

ATCC 25923
2.1 X 1%

7.8 X 18
5.9 X 10
5.4 X 10°
2.2 X 10°

EMRSA 15
1.5 X10%*
1.2 X 10°
7.8 X 10°
2.1 X10°
6.1 X 10°
2.6 X 10°

Mutation frequencies are the mean of three indepaindeplicates. Isolates were

regarded as strong hypermutators if mutation frequevas greater that T0and are

shown in bold.
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2.4 Discussion

Aminoglycosides (particularly gentamicin) have be#smonstrated to select for
SCVs ofS aureus, as well as other bacterial species, includingoli (Lewiset al.,
1991) andPseudomonas aeruginosa (Langfordet al., 1989). This study highlights the
ability of gentamicin, neomycin, kanamycin and gtoeycin to select for
S aureus SCVs at various concentrations. To our knowledhgeis the first study that
has compared SCV selection and corresponding esol&tillowing exposure to

various aminoglycosides across a broad range aferurations.

One of the important implications of this work tel& to aminoglycoside
susceptibility testing o&. aureus. CLSI guidelines stipulate that MICs are defined a
‘the lowest concentration of antimicrobial agerdattinhibits growth of the organism
in microdilution wells as detected by the untraires@’ (CLSI, 2006). In well plate
susceptibility testing this is based on the absesfceirbidity following incubation.
The results of this study clearly highlight certashortcomings of this form of
susceptibility testing as concentrations exceea@iminoglycoside MICs, resulted in
the growth ofS. aureus through the formation of SCVs. CLSI guidelinedestidat an
incubation time of 16-20 hours should be adheredefore reading MICs. However,
in this study increases in absorbance were freudeptected following 15 or more
hours incubation which may not be sufficient todstected by laboratory personal
when recording MICs by eye. Aminoglycoside susd®litty testing forS. aureus and
other bacterial species should therefore takedatwideration the formation/selection
of SCVs. Increasing the incubation time to 48 howil allow changes in optical
density (caused by the growth of SCVs) to be remdrd-urthermore, SCVs were
often recovered from aminoglycoside concentratitmet exceeded concentrations
that were bactericidal for parel@ aureus. We therefore implemented the term
‘minimum SCV prevention concentration’. The applioa of the MSCVPC may
have applications in susceptibility testing asnsw@es the elimination of the whole

population regardless of whether the test comptasded to the selection of SCVs.
The phenotypic appearance of aminoglycoside seleSi€&Vs on solid agar also

presents identification difficulties. Contrastingolany size and the lack of

pigmentation observed in SCVs may result in thechion thatS. aureus is not
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present. Mannitol salt agar is a selective, difitied medium that has been used for
the isolation ofS. aureus (Sharp & Searcy, 2006). The observation that S&tNates

in this study failed to ferment mannitol and obs¢ians of other mannitol
fermentation deficient SCVs (Atalkt al., 2008) suggests that SCVs will not be able
to grow on mannitol salt agar and may go undete¢tethermore rapid identification
tests such as the presence of coagulase (to diffate betweels. aureus and CoNS)
are subject to limitations when testing SCVs duth&r lack of coagulase activity. In
this study molecular identification was used tocassfully confirmed SCV isolates as
S aureus. Molecular identification overcomes the failing$ phenotypic testing
concerning the identification of SCVs. The use ailtiplex PCR also allows the
identification of the presence of resistance deiteaints (such asecA) which may be
an important consideration when considering treatnoé S aureus infections. If an
SCV infection is suspected applying molecular ideattion can provide important

evidence regarding the causative agent.

In total 40 different isolates were recovered failog the application of various
aminoglycoside selection conditions. Various dgfeces were observed between
these isolates. Contrast in levels of intracelldrP between SCV isolates and
parents was observed. No correlation between tmeetdration of the selecting
aminoglycoside and the resulting auxotrophy waeoiesl. Reduced ATP production
in SCVs is related to defects in electron transf@roctoret al., 2006). In this study
we were able to identify auxotrophy for haemin, adione or a combination of both
in 65% of isolates. Haemin and menadione have akucies in electron transport as
discussed previously (see section 1.4.1.2). Thecestilevels of ATP in SCVs can be
linked to auxotrophy for these compounds. In threai@ing SCV isolates in which it
was not possible to determine auxotrophy profilefects in other complexes or
components of the electron transport chain may éspansible for the SCV
phenotype. Possible candidates include defectsisaturated fatty acid biosynthesis
or in the BF-ATPase. Unsaturated fatty acid biosynthesis isiireq to form the
isoprenoid tail that is added to form menaquinddellins & Jones, 1981; Kaplan &
Dye, 1976), so a defect in the production of tipgdlwould disrupt formation of the
electron transport chain. Mutations or inhibitioh the RF;-ATPase (which is
required for ATP generation) have also been sugddstproduce the SCV phenotype

(McNamara & Proctor, 2000). Mutations in the geme®Ived in the biosynthesis of
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the RF1-ATPase can generate SCVsHncoli (Jensen & Michelsen, 1992), therefore

the same may be apparenSraureus.

Differences in intracellular ATP concentrations e@pparent between isolates and a
correlation between the selecting aminoglycosideceantration and levels of ATP
observed. SCVs selected at higher aminoglycosidasentrations had lower levels
of intracellular ATP in comparison to those isotheg lower concentrations. As the
electron transport chain is SCVs is not fully opiersal, an upregulation of glycolytic
and fermentative pathways is required in ordereioegate ATP (Kohleet al., 2003).
However in order to utilise other carbohydrate$ully functional tricarboxylic acid
cycle (TCA cycle) is required. Differences in cahnlgdrate utilisation were observed
in the SCVs isolated in this study, which has beeported previously using
phenotypic microarray profiling (von Eifet al., 2006). The failure to ferment
carbohydrates can be related to accumulation of NABhich occurs as a result of
defects in electron transport (Proctor, 2006). @lferences in biochemical profiles
between the isolates in this study may thereforeelated to more pronounced defects
in TCA cycle function. For example isolates thawédndost the ability to ferment
multiple carbon sources may show a further, dovgulagion of enzymes involved in
TCA cycle blocking the fermentation of certain aangdrates (Proctor, 2006).
Another plausible explanation is that reductiorc@tllular ATP indirectly blocks the
uptake of complex carbohydrates and also indirettlycks the steps of the
phosphotransferase systems inhibiting the utibsatif lactose, mannitol, maltose and
sucrose (Reizeat al., 1988). Further pronounced deficiencies in ATRilabdity may
explain why SCVs isolated following exposure to Heg aminoglycoside

concentrations may show further deficiencies ifbohydrate utilisation.

The deficiencies in ATP production appear to caiteelvith deficiencies in carotenoid
production. SCVs isolated at higher aminoglycosidencentrations showed
undetectable carotenoid production, whereas asatesalecovered from a lower
aminoglycoside concentration showed carotenoid yortioin similar to parent strains.
In order to drive carotenoid biosynthesis and peoedpigment,S. aureus, must

expend energy and process ATP as well as a fuattiemC to function (Proctor,
2000). The lower ATP levels observedSnaureus SCVs results in the variation in

carotenoid production observed in this study. Alidlo the presence of pigmentation
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in S. aureus protects cells from oxidative stress (Clauditzal., 2006), SCVs may
expend the limited available energy for essent&lutar process such as cell wall

biosynthesis at the cost of pigment production.

Several isolates showed high levels of mutatioraistance towards rifampicin and
were deemed hypermutators. These isolates werevermmb from the higher
aminoglycoside concentrations tested. Hypermutghdiconsidered to be a key force
in driving bacterial evolution and bacteria disptay the associated increases in
mutation frequency are recovered from cystic filmq€F) patients (Oliveet al.,
2000). CF patients infected with hypermutable iwsdacan suffer from increased
infection duration and isolates often display rdidevels of antibiotic resistance
(Maciaet al., 2005; Menaet al., 2007). The hypermutator phenotype has been linked
to defects in the methyl-directed mismatch repdiMR) system (Oliveret al., 2002),
allowing for adaptation (through increasing mutatfoequency) whilst reducintpe
risk of accumulating deleterious mutations (Joh@etugeonet al., 2011). The
hypermutator phenotype in SCV isolates observethis study may aid persistence
and long term survival. SCV isolates recovered fréigher aminoglycosides
concentrations in this study also show reduced ggnégvels. Coupled with the
observation that the hypermutator phenotype peraiithess disadvantage (Jolivet-
Gougeonet al., 2011), SCV isolates are severely impaired. Theehyutator
phenotype may provide a survival mechanism thrabhghSCV phenotype allowing

long term persistence and the development of aithiesistance.

The alternative sigma factas® is an important regulator i aureus influencing the
expression of many genes including various viruefactors (Bischofgt al., 2004),
many of which show altered levels of expressiorB@Vs (Kohleret al., 2003).c°
has been implicated in the formation of SCVs foilmgvaminoglycoside exposure
(Mitchell et al., 2010a) and sustained activity in S aureus SCV isolates has been
associated with ‘locking’ SCVs into a constant estat colonisation (Mitchelkt al.,
2008). It is feasible that expression &f varies between the aminoglycoside select
SCV isolates examined in this study. Several issldtom higher aminoglycoside
concentrations showed a lack of reversion to thieltype form. However SCVs
isolate from lower aminoglycoside concentrationsrevessociated with higher

reversion frequenciess® expression therefore may directly correlate to the
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concentration of the selecting aminoglycoside aothies selected for in the presence
of higher aminoglycoside concentrations may displaystained rate of increasst

expression maintaining the SCV phenotype.

This study highlights the ability of a range of aoglycosides to select for SCVs and
that formation of the SCV phenotype provides a isatvmechanism to bypass the
inhibitory effects of aminoglycosides. Through aséd of various isolates it is
proposed that aminoglycoside selection directlydntp on energy availability ard
expression. Differences in energy levels results differences in carotenoid
biosynthesis and carbohydrate utilisatios® expression may correlate with
aminoglycoside in a concentration dependant maanérserve as a governing global
regulator influencing SCV characteristics. The obsgon of hypermutability
suggests that the SCV phenotype in various isolai@g be further geared towards
survival and persistent in order to over overcomégrenmental stress. On the outset
the variants are observed as slow growing variafits attenuated virulence where as
in real terms they have the characteristics fosipggnce and antibiotic resistance.
With this in mind the analogy ‘a wolf in sheep’®itling’ is useful in characterising

the SCV phenotype.
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2.5 Conclusions

* Increasing aminoglycoside concentrations increése duration of lag time in
S aureus and prolonged incubation can result in the groeftl. aureus through
the formation of SCVs

 Examining SCV selection in the presence of aminomgides revealed that
aminoglycoside susceptibility testing 8f aureus may be hindered through the
formation ofS aureus SCVs, resulting in the implementation of a ‘minim&CV
prevention concentration’

* Multiplex PCR targetinds. aureus specific genes is a useful tool in overcoming
the uncertainty surrounding SCV identification arah be used to confirm SCVs
asS aureus

» S aureus SCVs can be selected for following exposure toakaycin, gentamicin,
neomycin and streptomycin at a range of conceotratiincluding those that
exceeding MBC

* Auxotrophy for haemin and menadione is respondgibiethe disruption of the
electron transport chain and the SCV phenotypbaemtajority of aminoglycoside
selected SCVs

e Variation in carbohydrate utilisation, carotenoidoquction and levels of
intracellular ATP are apparent in SCVs selected the presence of
aminoglycosides

* SCV isolates selected at higher aminoglycoside eainations can be classified as

hypermutators and these isolates also show a g of stability
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3 CHAPTER 3: TETRACYCLINE SELECTION FOR
STAPHYLOCOCCUS AUREUS SMALL COLONY VARIANTS

3.1 Introduction

3.1.1 History of tetracycline

The tetracycline group of antibiotics, discoveradthe 1940s exhibit antimicrobial
activity against a broad range of Gram-negative [@gitive microorganisms (Chopra
& Roberts, 2001). Chlortetracycline was the firgmber of the family to be isolated
(from Streptomyces aureofaciens) and is classed as a first generation tetracycline
along side oxytetracycline and tetracycline (Rahet®996). These compounds were
discovered by systematic sampling of fermentatioodpcts of spore forming soll
bacteria and were rapidly introduced into clinipedctice (Thakeet al., 2010). This
was followed by the development of minocycline atakycycline constituting the
second generation tetracyclines, followed by theettgpment of the glycylcyclines
e.g. tigecycline (third generation tetracyclinesiofra & Roberts, 2001). Second and
third generation tetracyclines are the productsenhi-synthesis, i.e. synthetic organic
manipulation of natural product antibiotic scafold@hakeret al., 2010).

Several aspects of the tetracyclines make themllertdherapeutic agents; they
exhibit good oral absorption and low toxicity, aedatively inexpensive and most
importantly they are active against common pathegéchnappinger & Hillen,
1996). Tetracyclines have been used for the clirtimatment of a wide range of
infections including respiratory tract infectionsdasexually transmitted diseases, as

well in the management of acne (Zhaeedl., 2004).

3.1.2 Mode of action

The antimicrobial activity of tetracyclines is aeted via inhibition of bacterial
protein synthesis. Several tetracycline bindingssitn the ribosome are present, but
the key binding appears to be in the region oftR¢A acceptor site (Anokhinet al.,
2004). ‘Typical’ tetracyclines (such as tetracyeliand doxycycline) bind to the
bacterial 30S ribosomal subunit and exert bactitigsactivity via preventing the
attachment of aminoacyl t-RNA to the ribosomal peoe site (Roberts, 1996).
‘Atypical’ tetracyclines exhibit bactericidal aciiy (Chopra, 1994) and studies in

coli demonstrated that they are poor inhibitors ofg@rosynthesis and are thought to
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target the cytoplasmic membrane interfering withmbeane permeability (Olivat
al., 1992).

3.1.3 Mechanisms of resistance

The use of tetracyclines has declined in recenadiex due to the emergence of
resistant strains of bacteria (Griffet al., 2010). The first incidence of tetracycline
resistance was reported$higella dysenteriaein 1953 (Roberts, 1996). Four different
mechanisms of bacterial resistance to the tetra®slhave been identified (Figure
3.1). These include: 1) protection of the antilmotarget i.e. the ribosome; 2)
reduction of tetracycline intracellular concentativia efflux; 3) inactivation of the
tetracycline molecule by modifying enzymes; and #rget modification
(Schnappinger & Hillen, 1996). Tetracycline resis& is normally due to the
acquisition of new genes often associated witheeithmobile plasmid or transposon
(Roberts, 1996). Tetracycline resistance genesdmerse in sequence and recent
analysis reported that 1,189 tetracycline geneg lieeen reported in more than 84
genera and 354 species of Gram-positive and Grayative bacterigLiu & Pop,
2009).

3.1.3.1 Ribosomal protection proteins

Ribosomal protection proteins (RPPs) were firshided in streptococgiin which
the TetM protein was shown to provide resistanceetoacycline (Burdett, 1986).
RPPs are soluble cytoplasmic proteins that disglaguence similarity with the
elongation factors involved in protein synthesiak@r & Wright, 2008). RPPs are
thought to interact with the protein at the bas¢hefribosome disrupting the primary
tetracycline binding site, causing tetracycline ecoles to be released from the
ribosome (Burdett, 1996; Roberts, 2005). Therevareus different RPPs spanning
Gram positive and Gram negative bacterial geneherevTet(O) and Tet(M) are the
most prevalent and the best studied classes (Z@&enright, 2008). RPPs are
approximately 72.5 kDa in size and the genes engotliem are divided into three
groups based on the amino acid sequence of engdé&zins (Connelkt al., 2003;
Taylor & Chau, 1996). Group-1 includégt(M), tet(O), tet(S), tet(W), tet(32), and
tet(36), whereas Group-2 includeetB(P). Finally Group-3 is contains a smaller
number and includast(Q) andtet(T) (Thakeret al., 2010).
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Ribosomal protection proteins Efflux — reduced cytoplasmic
(RRPs) — competitive inhibition concentration

tet(M), tet(O), tet(Q), tet(S) tet(A—E), tet(G-J)

Tetracyclines

Alteration of target site — 16S
rRNA mutations

Modification/inactivation —
monooxygenases

Reported in Helicobacter and

Propionibacterium tet(X), tet(34) tet(36)

Figure 3.1 Bacterial mechanisms employed for res@hce to the tetracycline class

of antibiotics. Efflux, ribosomal protection proteins are widesprea bacteria,

mediated through horizontal gene transfer wheragget mutation and inactivation
have been sparsely reported. Adapted from ZakeW&ght (2008) and Thackeat

al., (2010)

73



3.1.3.2 Efflux mediated resistance

Efflux mediated resistance reduces the concenitratidetracycline in the cytoplasm
via thetet efflux genes coding for 46 kDa membrane associpteteins that export
tetracycline out of the cell (Chopra & Roberts, PPCEfflux predominantly occurs
via proteins that are members of the major fatditasuperfamily (MFS) group of
membrane transporters (Paulseh al., 1996). Energy-dependent removal of
tetracyclines involves the exchange of a protonaféetracycline-cation complex via
these membrane associated transporters (Butay.,, 2003). Since the original
reports of efflux mediate tetracycline resistaneeEi coli (McMurry et al., 1980),
several other classes taf efflux genes have been described. The first ginaldes
tet(A)—(E), (G), (H), (J), and (Z) as well &¢t(30) (Roberts, 2005). Classes A, B, D,
and H are associated with non-conjugative trangposw transposon-like elements
where as classes C, E, and G are often found @mjda (Roberts, 1996). The other
group of thetet efflux genes (includinget(K) and tet(M)) are distributed among
Gram-positive bacteria includingacillus and Staphylococcus species. The substrate
spectrum of the Tet efflux proteins present in éaat commonly includes
tetracycline, oxytetracycline, chlortetracyclinedasoxycycline, but not minocycline

and glycylcyclines (Schnappinger & Hillen, 1996).

3.1.3.3 Enzymatic inactivation

The first tetracycline inactivating enzyme to beadivered watet(X) from a strain of
Bacteroides fragilis, although it did not convey resistance in its h(&peeret al.,
1991). Thetet(X) gene product is a 44-kDa cytoplasmic proteiattikhemically
modifies tetracycline (Chopra & Roberts, 2001).(Xgtis monooxygenase enzyme
that acts on first and second generation tetraogs]ibut it is also active against the
recently approved third generation tetracyclingetiycline (Mooreet al., 2005; Yang
et al., 2004). To dateet(X) has not be found amongst clinically-derived teaal
strains (Mooreet al., 2005), however the fact that it was originallyifol on a mobile
genetic element (Speet al., 1991) suggests that it can be passed betweeariaact
via horizontal gene transfer. Two other geted&34) andtet(36) have been proposed
as tetracycline inactivators, but their exact medra of tetracycline inactivation is
not fully understood (Thaket al., 2010).
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3.1.3.4 Target modification

Target modification is the least prevalent of alracycline resistance mechanisms.
Studies using tetracycline resistant propionibatePropionibacterium acnes)
revealed that single base mutations in the 16S rRBd@uence were responsible for
tetracycline resistance (Ross al., 1998). Several studies have also shown that
substitutions in the primary binding site of theSIRNA of Helicobacter pylori can
mediate tetracycline resistance (Gergttal., 2002; Trieber & Taylor, 2002).

3.1.3.5 Tetracycline resistance inS. aureus

Two mechanisms of tetracycline resistance have miariified inS. aureus. Active
efflux via tet(K) andtet(L) and ribosomal protection mediated w@(M) (Fluit et al.,
2005). Bothtet(K) andtet(L) confer resistance to tetracycline and chloaycline,
but in the majority of cases tetracycline efflux Snaureus is mediated byet(K),
which is commonly carried on the 4.4 kb plasmid ®T1(Guay et al., 1993;
Werckenthinet al., 1996). The conjugative transposdn5801 carriestet(M) which
mediates tetracycline and minocycline resistanceutih ribosomal protection
(Kurodaet al., 2001). A survey regarding the distribution ®faureus tetracycline
resistance mechanisms in various European hospdatduded thatet(K) andtet(M)
were the most prevalent resistance mechanismg @ehli, 2005).

3.1.4 Tigecycline

Tigecycline belongs to a recently developed derreadf the tetracycline class of
antibiotics know as the glycylclines (Stein & Crak06). Tigecycline is a structural
derivative of minocycline, differing from it by tHeng side chain at the 9 position of
carbon atom of the D ring of the tetracyclic nuslg®eputienest al., 2010). The
molecular basis of tigecycline action is similarttee tetracyclines, binding to the
ribosome 30S subunit and preventing attachmentnah@acylated tRNAs to the
ribosomal A site (Baueet al., 2004). Tigecycline however posseses an advantage
over the first and second generation tetracyclames can overcome the previously
described mechanisms of tetracycline resistandgof®imal protection resistance is
overcome as tigecycline remains bound to ribosothas have been modified by
tet(M) (Peterseret al., 1999). Secondly the long side chain of tigecyclinakes the

molecule a poor substrate for tetracycline effluxyps (Someyat al., 1995).
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A broad spectrum of human pathogens including plénicesistantS. pneumonia,
vancomycin-resistant enterococci, methicillin-resmmé S aureus (MRSA) and
vancomycin-intermediateS. aureus are all widely susceptible (Noskin, 2005).
Tigecycline is primarily bacteriostatic with timesgendent activity against MRSA
and other Gram-positive pathogens (Stryjewski &gyp2009). Although tigecycline
resistance has been reported in medically impogattiogens such @&nterococcus
faecalis and (Werneet al., 2008) andAcinetobacter baumannii (Navon-Veneziaet
al., 2007) tigecycline resistance is yet to be regbiteclinical isolates of. aureus.
However in vitro studies have shown increased expression of a nreofbthe
multidrug and toxin extrusion (MATE) familgf efflux pumps nepA) can result in
reduced tigecycline susceptibility (McAleesteal., 2005).
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3.1.5 Aims

Various antimicrobial agents are known to selectSoaureus SCVs; however no
study has examined the ability of the tetracyclolass of antibiotics to do so.

Therefore the aims of this study were to:

« Determine if members of the tetracycline class bfibéotics can select for
S aureus SCVs and compare selection frequencies betweénugastrains

» Characterise any SCVs on the basis of auxotropioyyth rate, MIC profiles and
S aureus specific enzymes

» Compare morphology differences of SCVs and par&ihs using transmission
electron microscopy

* Determine whether SCVs display clonality with paretrains through random
amplified polymorphic DNA analysis

* Sequence th& aureus 16S rRNA of any SCVs to identify mutations thatyniee

responsible for reduced tetracycline susceptibility
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3.2 Materials and methods

3.2.1 Bacterial strains

In this study fourS. aureus strains that demonstrated susceptibility to a raofe
tetracyclines were include&. aureus American Type Culture Collection (ATCC)
strain 25923 and National Collection of Type CuwaNCTC) strain 6571 were
chosen as they represent well characterised miéthsensitive reference stains.
Epidemic methicillin-resistarf. aureus (EMRSA) strain 15 and N315 were chosen to
represent well studied clinical MRSA strains. Stsaivere maintained at -80°C in
Mueller Hinton (MH) broth supplemented with 8 % dithyl sulfoxide (DMSO) and

re-isolated on MH agar plates when required.

3.2.2 Preparation of tetracycline stock solutions

Doxycycline, tetracycline and oxytetracycline wesbtained from Sigma Aldrich

(UK). Antibiotic stocks (10,000 mg/L) were preparbg adding 100 mg of the

required antibiotic to 10 mL of sterile deionisedter. Solutions were dissolved
thoroughly by vortex mixing and where required INAOH was added dropwise to
aid dissolving. Solutions were filter sterilised pgssing them through 0.2 um filters
(Minisart, UK), and diluted to reduced strengthckt@olutions in sterile deionised

water. Stocks solutions were maintained at 4°Gforaximum of 14 days.

3.2.3 Determination of minimum inhibitory concentrations
Minimum inhibitory concentrations (MICs) were detened as described previously
(section 2.2.3).

3.2.4 Tetracycline SCV selection assays

Overnight S. aureus cultures grown in cation adjusted Mueller Hintomoth
(CAMHB) were diluted to achieve a starting densifys X 1 CFU/mL and used to
inoculate individual universal tubes containingsheCAMHB containing a range of
doxycycline, tetracycline and oxytetracycline camtcations based on previously
defined MIC values (section 3.2.3). Tetracyclingp@sed cultures were incubated at
37°C with shaking at 150 rpm. After 6 hours incutrat dilutions were prepared in
sterile phosphate buffered saline (PBS) and 10@lighensed onto MH agar plates
containing 2 mg/L doxycycline, 2 mg/L tetracyclime 4 mg/L oxytetracycline.
Solutions were spread over the surface of agaeglasing a sterile cotton swab.

Additionally dilutions of wells were plated ontaracycline free MH agar to calculate
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the number of wild type CFU. Agar plates were it@érand incubated for 48 hours at
37°C. Following incubation, plates were examinedl &8CVs were recorded as
presence of non-pigmented microcolonies. The frequeof SCV formation was
determined as the number of SCVs per total CFU tsoon tetracycline free MH

agar.

3.2.5 Characterisation of SCV isolates

S aureus parent and SCV strains were grown in CAMHB, wi@\Scultures being
supplemented with 1 mg/L tetracycline to prevenersion to the parent phenotype.
Overnight parent cultures were prepared by inomgatndividual colonies in
CAMHB followed by incubation at 37°C with shaking B0 rpm for 18-24 hours.
SCVs were incubated for additional time (36 — 48irkd to allow similar cell

densities to be achieved.

3.2.5.1 Auxotrophy
Auxotrophy for haemin, menadione and thymidine @VIsolates was determined as

described previously (section 2.2.9.6).

3.2.5.2 Catalase production

Addition of 1% w/v hydrogen peroxide £B,) (Sigma-Aldrich, Poole, UK) to
overnightS. aureus parent and SCV cultures was used to detect cat@lasluction.
Catalase activity was recorded using a 3 pointesdaimediate and rapid bubbling
following addition of HO, was recorded as strong catalase production, mgbli
observed after longer than 15 seconds was recaslagak and lack of bubbling was

recorded as absence of catalase production.

3.2.5.3 Coagulase production

Parent and SCV isolates were examined for coag@esety using the Staphylase
test kit (Oxoid Ltd, UK) as described previouslyedson 2.2.5). An absence of
agglutination was recorded as coagulase negativengagglutination was recorded

as strong coagulase production and weak agglutimas weak coagulase activity.

3.2.5.4 DNase production

DNase agar was prepared by adding 39 g of dehydisdtese culture media (Oxoid,
UK) to 1 L of deionised water. Overnight culturdsSoaureus parent and SCV strains
were adjusted to a density of 1 x’IOFU/mL and of this suspension 10 pL drops
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were spotted onto the surface of a DNase agar. gratlowing incubation for 24-48
hours at 37°C, plates were flooded with 1 M hydtoib acid (HCI) and left for 5
minutes at room temperature. The addition of HGlsea the hydrolysis of DNA
resulting in the agar turning opaque. In the preseof DNase enzymes, DNA is
digested and no DNA is available to be hydrolysdterefore clear zones indicated a
presence of DNase enzymes. Excess hydrochloricveasgdremoved from the plate

and zones of clearing were measured digitally uB#WGE J (NIH).

3.2.5.5 Haemolysis and lipase activity

MH agar was supplemented with 5% defibrinated shielpd (Oxoid, UK) to
examine haemolysis activity. Plates were inoculat@t densities stated previously
and incubated under the same conditions (secti®®.3). Haemolysis activity was
detected by the production of zones of clearingrasunding bacterial growth.
Heamolysis activity was quantified on the degreeleéring observed, ranging from
absent to weak to strong. To examine productioextfacellular lipases MH agar was
supplemented with 10% w/v egg yolk (Sigma Aldrith). Following incubation,
the diameter of zones of clearing (indicating hygsis of lipids) were measured
digitally using IMAGE J.

3.2.5.6Growth rate analysis

Parent and SCV cultures were adjusted to achieséaring density of 5 X T0
CFU/mL in 250 mL conical flasks containing 50 mL Mbfoth. Flasks were
incubated at 37°C with shaking at 150 rpm. At s®etpoints 1 mL samples were
taken and Okomeasured. Following completion of growth rate expents, flasks
were aseptically sampled and serial dilutions ir6RBade. Final viable counts were

performed by drop counting on MH agar.

3.2.5.7Transmission electron microscopy

Cells in logarithmic growth phase were fixed by thedition of 1.5% v/v
glutaraldehyde (TAAB, UK), which was incubated fi2 hours at 37°C. Following
fixation cells were washed twice in double distlllater (5 minutes each wash) and
subsequently dehydrated with graded concentratbreshanol (50%, 70%, 90% and
100%) with each dehydration step lasting 15 minukeslowing dehydration cells
were embedded in LR White embedding resin (LondesiiRCompany, UK) and cut
into sections. Ultrathin sections were stainedtlfirsvith 4% w/v aqueous uranyl
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acetate (5 minutes), water washed and air drietls @ere then counterstained with
lead acetate (30 seconds), water washed and edl. dections were viewed with a
CM12 transmission electron microscope (FEI, USA)hwmages recorded using a
SIS MegaView Il digital camera.

3.2.5.8 DNA extraction
DNA extraction from parent and SCV isolates wadquered as described previously
(section 2.2.7)

3.2.5.9 Random amplified polymorphic DNA PCR (RAPD-PCR)

All PCR reagents were supplied by Qiagen (UK). RAPOR was carried out as
described previously by (Mahenthiralingamt al., 1996). Primers 208 5
ACGGCCGACC-3 268 (3-AGGCCGCTTA-3) 272 (B-AGCGGGCCAA-3)
(MWG Biotech, UK) were used as they have be founproduce good discriminatory
patterns inS aureus (Cheesemast al., 2007). RAPD-PCR was carried out in 25 pL
reactions consisting of 2 puL template DNA (approxiety 50 ng/pL) being added to
a 23 uL PCR mixture consisting of; sterile polisttedonised water, 1 X Coralload
buffer, 1 X Q solution, 3 mM Mgé) 1.6 pM each RAPD primer, 200 pM dNTPs,
and 1 unitTag DNA polymerase. PCR was conducted in a Flexigdmermal Cycler
(Techne Ltd., UK) with the following cycle; 5 mirt 84°C, followed by 4 cycles of
36°C for 5 min, 72°C for 5 min and 94°C for 5 mindaa further 30 cycles of 94°C
for 1 min, 36°C for 1 min and 72°C for 5 min andireal hold at 72°C for 5 minutes.
PCR products (12 pL) were run on 1.5 % w/v aga(8sgma Aldrich, UK) gels and
were visualised with ethidium bromide (0.5 pg/miafi concentration in TAE buffer;
40 mM Tris-acetate, 1 mM EDTA) for 45 minutes. Maléar standards were run on

all gels using molecular weight maker Hyperladd@nvitrogen, UK).

3.2.5.1016S rRNA amplification

Primers rRNS-1 (5-AGAGTTTGATCCTGGCTCAG-3) and rRNR
(5'-AAGGAGGTGATCCA(A/G)CCGCA-3’; MWG Biotech, UK) wre used to
amplify theS. aureus 16S rRNA gene of parent and SCV isolates. PCR caased
out in 25 pL reactions consisting of: 1 X PCR byffe X Q Solution, 3 mM MgG|
100 uM dNTPs mixture, 0.4 uM primer, 1 U Bhq DNA polymerase and 2 pL of
template DNA. PCR was conducted with the followaygle; 5 min at 94°C, followed
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by 35 cycles of 94 °C for 30 seconds, 30 secon88%t, 60 seconds at 72°C for and
a final hold at 72°C for 5 min.

3.2.5.11Sequencing

Prior to sequencing, amplified products were tree@ed cleaned with Montage PCR
Centrifugal Filter Devices (Millipore, UK), usingavious centrifugation steps to
purify PCR products. PCR products were sequencddsm additional primers listed
in Table 3.1. Sequencing reactions were performsdguthe ABlI PRISM BigDye
Terminator v3.1 cycle sequencing kit and run onA&h 3130x1 Genetic Analyzer.
Sequences were viewed using Chromas lite v2.01lhfledgsium Pty Ltd). Following
sequence determination 16S rRNA sequences of SQYV pament strains were
compared using BioEdit Sequence Alignment Edital(H.999).

3.2.6 Statistical analysis
Analysis of significant differences between chagastics of SCV isolates and parent

strains were performed as described previouslyti(se2.2.9.8).
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Table 3.1S. aureus 16S rRNA sequence primers (Werneet al., 2008)

Primer Sequence (3- 5)
rRNS-357F CTCCTACGGGAGGCAGCAG
rRNS-704F GTAGCGGTGAAATGCGTAGA

rRNS-1114F GCAACGAGCGCAACCC
rRNS-neulR CCTACTGCTGCCTCCCGTAG
rRNS-685R TCTACGCATTTCACCGCTAC
rRNS-1100R GGGTTGCGCTCGTTG
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3.3 Results

3.3.1 Tetracycline selection for SCVs

Doxycycline, tetracycline and oxytetracycline alected forS. aureus SCVs (Figure
3.2). SCVs were recorded as non-pigmented, micoode$ that were approximately
5-10 times smaller in comparison to parent colars€3Vs were termed according to
the antibiotic that selected for them. For exampgl5 DOX was a SCV derived
from N315 following exposure to doxycycline. SCVsern detected in control
experiments (where no antibiotic was added to bro¢iore agar plating) but
frequencies were significantly lower in comparigonconditions where antibiotics
were present (P = < 0.01). SCV selection frequenaiere highest following exposure
of cultures to X 0.5 MIC for all 4 strains testedr@ss the panel of tetracyclines

examined.

3.3.2 Characterisation of tetracycline selected SCVs

3.3.2.1Auxotrophy and SCV characteristics

SCVs auxotrophic for haemin and menadione were uékBtly observed in
tetracycline selected SCVs (Table 3.2). Auxotropigs for haemin, menadione or
thymidine was not detected in 25% of the SCVs a®ly All SCVs showed reduced
catalase, coagulase and haemolysis activity in eoisgn to their parent counterparts
with certain SCVs showing a complete absence o#&lase¢, coagulase and/or
heamolysis activity. To confirm auxotrophy requiesms SCV cultures were
supplemented with either haemin or menadione aathaed for restoration of parent
characteristics. In all cases SCVs reverted togaeent phenotype and produced
catalase, coagulase, and haemolysis activity caabfeawith that activity recorded in

parent strains.

3.3.2.2Cellular morphology

Differences in cellular morphology were observetieen parent and SCV strains
(Figure 3.3). Transmission electron micrographswatb SCV cell walls to be
significantly thicker in comparison to parent cghlls (P = < 0.01). Individual parent
cells showed regular patterns of division with @aclregularly shaped septum. SCVs
frequently displayed an irregular shaped septurth aicurved appearance in contrast

to the straight septum shown in parent cells.

84



A)

1x10%
1x105 |

1x10°
1x 107

1x108

SCV Formation Frequenc
(SCVICFU)

1x10°

Strain

B)

1x10%

1x10°

1 x 108 Control

X 0.25 MIC
1x107

(SCVICFU)

X 0.5MIC

MIC

SCV Formation Frequency

1x108

1x10°

\2 o
& ®
o

Strain
C) 1x10*
1x10°

1x 10°

1x107

SCV Formation Frequenc
(SCVICFU)

1x10°®

1x10°

4

N

&5
& &
&

Strain

Figure 3.2 SCV formation frequencies after exposurd¢o various concentrations
of tetracycline antibiotics A) - Doxycycline; B) - Tetracycline; C) - Oxytetnadine.
Control conditions had no prior exposure to tetcliog. SCV formation frequencies
were determined as the number of SCVs per total €buhts on antibiotic free
MHA. Results are the means of three independericadgs and three biological

replicates. Error bars represent standard error.
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Table 3.2 Characteristics of SCVs isolated after @osure to various tetracyclines

Strain Auxotrophy Catalase Coagulase Haemolysis

ATCC 25923 NT + + + + +
ATCC 25923 SCV DOX Haemin - - -
ATCC 25923 SCV TET ND + + -
ATCC 25923 SCV OXY Haemin + + -
NCTC 6571 NT + + + + ++
NCTC 6571 SCV DOX Haemin + + +
NCTC 6571 SCV TET Menadione - - -
NCTC 6571 SCV OXY Menadione - - -
N315 NT + + + + ++

N315 SCV DOX ND + + +
N315 SCV TET Haemin - - +

N315 SCV OXY ND - + -
EMRSA 15 NT + + + + ++
EMRSA 15 SCV DOX Menadione + - -
EMRSA 15 SCV TET Haemin - - +
EMRSA 15 SCV OXY Haemin + + -

++ - Strong catalase/coagulase/haemolysis activity; Weak catalase/coagulase/ haemolysis activity; Absence of catalase/coagulase/

haemolysis activity; DOX - doxycycline; TET - tetsacline; OXY - oxytetracycline; ND - not detectéd] =- not tested
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A) B) C)

Figure 3.3 Transmission electron micrographs of SC\éelected in the presence of tetracycline and parecells A) - Parent individual cocci
showing regular cell wall and septum, B) - IndivadilSCV showing increased cell wall thickness, C3CVs showing irregular septum

formation. All images magnification X 31,000.
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3.3.2.3DNase and lipase activity

A measurement of extracellular DNase activity whtamed by measuring zones of
DNA hydrolysis (Figure 3.4). All SCV isolates froall three tetracycline antibiotic
produced significantly less DNase in comparisopdcent strains (P = < 0.01). The
average zone of DNA hydrolysis in parent strains @8.75 mm where as the SCV
average was over 4 times smaller at 4.24 mm (Fi@u¢. SCVs also produced
significantly less extracellular lipase activityathparent strains (P = < 0.01). Zones of
clearing on MH agar containing egg yolk were arrage of 11.7 mm in diameter for
parent strains were as SCV isolates produced aweliagheter zones of lipase activity
of 1.04 mm (Figure 3.4). A complete absence ofsigoactivity was observed in 3 out
of the 12 SCV isolates examined.

3.3.2.4Growth rate analysis

Growth rate analysis revealed changes in parentaratycline selected SCV growth
profiles. As shown in Figure 3.5 the SCVs of ATCB8923 and EMRSA 15 in the
presence of doxycycline, tetracycline and oxytefche all exhibited increases in the
duration of the lag phase of growth. The duratibitag phase in parent strains was
approximately 1.5 hours in comparison to an averafel4 hours for the 6
representative SCVs shown in Figure 3.5. Furtheen®CVs also reached lower
maximum cell densities reflected by the lower agitidensity values (Figure 3.5).
Viable counts revealed that on average SCVs reaaghmdximum cell density of 2.7
X 10° CFU/mL. In comparison both parent strains reachagher average cell
densities of 5 X 1DCFU/mL.

3.3.2.5Susceptibility profiles

MICs of parent and SCV isolates were obtained fibrtetracycline antibiotics
examined as well as for a fluroquinolone (ciprofiom), an aminoglycoside
(gentamicin) and a B lactam (oxacillin) accordiogQLSI guidelines (Table 3.3).
SCV isolates exhibited an increase in MIC for athB8mbers of the tetracycline class
of antibiotics regardless of the tetracycline antib used for selection. For example
ATCC 25323 DOX (selected for in the presence ofydggline) exhibited an 8 fold
increase in doxycycline susceptibility, as wellaad fold increase in tetracycline and
oxytetracycline susceptibility (Table 3.3). SCVsakhowed reduced susceptibility to
gentamicin and oxacillin. Gentamicin MICs for SC3blates were 2-8 fold higher
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Figure 3.4 DNase and lipase activity in SCVs and oesponding parent strains
A) - DNase zones represent hydrolysis of DNA anttaeellular DNase activity;
B) - Lipase activity zones representing breakdowhpids. Results are the means of
three independent replicates and three biologiegliaates. Error bars represent

standard error.

89



A)

Optical Density (630 nm)

—  Wildtype
0 ‘ ‘ ‘ ‘ ‘
0.0 100 20.0 30.0 40.0 50.0 DOX SCV
Time (Hours)
B) TET SCV
——  OXY Scv

Optical Density (630 nm)

0.0 10.0 20.0 30.0 40.0 50.0
Time (Hours)

Figure 3.5 Tetracycline selected SCVs and parent gwth dynamicsA) - ATCC
25923 and SCV derivatives B) - EMRSA 15 and SC\wagives. SCVs exhibited
extended lag phases and reached lower maximumdeaBities in comparison to
parent strains. Results are the means of threepémdient replicates and three
biological replicates. Error bars represent stashéaror.

90



Table 3.3 MIC (mg/L) for SCV isolated in the presene of various tetracycline antibiotics and their caesponding parent strains

Strain DOX TET OXA CIP GEN OXA
ATCC 25923 0.25 0.5 1 0.75 0.25 0.5
ATCC 25923 SCV DOX 2 2 4 0.5 1 2
ATCC 25923 SCV TET 15 2 3 0.75 15 1
ATCC 25923 SCV OXY 2 2 4 0.75 1 1
NCTC 6571 0.5 0.5 2 0.5 0.125 0.5
NCTC 6571 SCV DOX 2 15 5 0.5 1 15
NCTC 6571 SCV TET 2 2 4 0.75 0.75 1
NCTC 6571 SCV OXY 2 2 4 0.5 1 1
N315 0.5 1 2 0.75 0.5 NT
N315 SCV DOX 2 2 5 0.75 15 NT
N315 SCV TET 2 2.5 5 0.75 2 NT
N315 SCV OXY 2 2 4 0.5 2 NT
EMRSA 15 0.25 0.5 1 0.75 1 NT
EMRSA 15 SCV DOX 2 2 3 0.5 2 NT
EMRSA 15 SCV TET 15 15 4 0.75 2 NT
EMRSA 15 SCV OXY 2 2 4 0.75 3 NT

CIP - Ciprofloxacin; DOX - Doxycycline; GEN - Gemtgcin; OXA - Oxacillin; OXY - Oxytetracycline; TET Tetracycline; NT - not tested.
Modal MIC values are presented. Modal values wétained from three independent replicates and thadependent biological replicates.
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Figure 3.6 Typical SCV and parent RAPD profilesL - Hyperladder 1; 1 — ATCC
25923; 2 — ATCC 25923 SCV DOX; 3 — ATCC 25923 SCX¥YQ4 — ATCC 25923
SCV TET. RAPD analysis of SCVs selected in the gmes of various tetracyclines

showed SCVs displayed identical profiles in comguamito parent strains with three
different primer sets.
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than parent MICs and 2-4 fold increase in SCV gudodity to oxacillin
susceptibility was also recorded. MICs for the DNw&plication inhibitor
ciprofloxacin showed no consistent variation in gamson of parent and SCV
isolates. Although though increases in MIC for&@V isolates were detected in 5 out
of the 6 antibiotics tested none of the increasexeiarge enough to classify them as

resistant according to CLSI guidelines.

3.3.2.6RAPD profiles

RAPD fingerprints for SCVs isolated from differetdtracycline antibiotics were

identical to parent fingerprints generated fromtlatee primer sets (Figure 3.6). The
same banding patterns were also observed betwedhisifates (from the same

parent strain) recovered from different selectiankgrounds.

3.3.2.716S rRNA sequence analysis
Sequence analysis of the 16S rRNA showed a 99.@d6esice similarity between
S aureus parent strains. Sequence compassiaof afireus parents and SCVs selected

in the presence of tetracycline however revealedifierence in 16S rRNA sequence.
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3.4 Discussion

Exposure of wildtype cultures to doxycycline, teyeline and oxytetracycline
resulted in the selection of SCVs in both MSSA aRSA strains. SCVs isolated
displayed morphological characteristics that cateelwith other studies that report
SCV as non-pigmented microcolonies that take 2hd&s to appear on solid agar
(Panet al., 2002; Seamast al., 2007). The appearance of these atypical phenstype
(in comparison to wildtype strains) was attributedlefects in thé&. aureus electron
transport chain (ETC).

Auxotrophy for haemin and menadione was regulagheced (75 % of total isolates)
in the tetracycline selected SCVs isolated thiglytulAuxotrophy for haemin and
menadione has been widely reporte@.iaureus SCVs as well as SCVs isolated from
several other bacterial species (Colwell, 1946;a8aanet al., 1970). Haemin and
menadione are both crucial components of the bat#€rC. Haemin is required for
the synthesis of cytochromes and menadione isesgiated to form menaquinone
and is the acceptor of electrons framotinamide adenine dinucelotide (NADH) and
flavin adenine dinucelotide (FAD# (von Eiff et al., 2001b; Batet al., 2003). The
inability to produce menaquinone and haemin in ®€Vs selected for by
tetracyclines results in a disrupted ETC resultingreduced ATP levels. The
reduction in cellular ATP levels results in the m&@weristic non-pigmented
microcolonies observed. The production of pigmeng.iaureus requires energy to
drive carotenoid biosynthesis, whilst ATP is essérb driver cellular process such
as protein and cell wall synthesis (Proatbel., 2006). The attenuated production of
catalase, coagulase, DNase and lipase productieeswith previous research which
shows that SCVs produce lower amounts of extrdeellhccessory proteins (Proctor
et al., 2006; Seamast al., 2007). Many of these proteins are under the obofrthe
accessory gene regulat@ag() and staphylococcal accessory regulasarA) which
has been shown to be downregulated in SCVs (Kahl., 2005). The reduction in
various extracellular accessory proteins suggestexpression of global regulators is
also altered in tetracycline selected SCVs. Thectien of SCVs following exposure
to tetracyclines may act as a survival mechanismhith the switching to the SCV
phenotype renders the loss of certain functionsnmgt importantly permits survival

and persistence.
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All SCVs were also examined for the presence oimidine auxotrophy. Thymidine
auxotrophy has been reportedSnaureus SCVs and has been associated with SCVs
recovered from cystic fibrosis patients (CF) (Kad#tl al., 1998). Thymidine
auxotrophic SCVs share characteristics with haeaniosh menadione auxotrophs but a
link between thymidine auxotrophy and exposureitodthoprim sulphamethoxazole
(SXT) is apparent (Gilligaret al., 1987). SXT is commonly used to treat CF and
thymidine auxotrophic SCVs are commonly recoverethfCF patients. Exposure to
SXT results in mutations ithyA which encodes thymidylate synthaseSnaureus
(Besieret al., 2007). The failure to detect thymidine auxotrophshis and previous
studies (Chapter 2) suggests that thymidine augbtras not accountable for the
SCV phenotype following exposure to aminoglycosidesl tetracycline. However
analysis of isolates from different sources (susltlaical derived specimens) may
yield thymidine auxotrophs. In several of the SO%sated, no auxotrophy profile
was detected. Various studies have reported thktiso of SCVs where no
auxotrophy profile can be detected including SC¥&ded in the presence of
linezolid, sparfloxacin and triclosan (Gaioal., 2010; Paret al., 2002; Seamasd al.,
2007). Possible candidates for the site of auxbtyopre unsaturated fatty acid

biosynthesis or in thegF-ATPase as discussed previously (section 2.4).

SCVs commonly display reduced susceptibility to ariety of antimicrobial
compounds as a direct result of the SCV phenotype.SCVs isolated in this study
showed reduced susceptibility to tetracyclines ali as gentamicin and oxacillin in
comparison to parent strains. It is well documerted SCVs are less susceptible to
aminoglycosides antibiotics such as gentamicindf®erat al., 1998). The presence of
an electrochemical gradient across the bacteriahlon@ne is essential for the uptake
of positively charged molecules such as aminogigess (Balwitet al., 1994). As
SCVs have a reduced electrochemical gradientuletsske of these positively charged
molecules occurs, resulting in reduced susceptibilihe reduced susceptibility to 13-
lactam antibiotics observed is has been relatethéoslow growth rate of SCVs
reducing the effectiveness of these cell wall &cawtibiotics (Schnitzest al., 1943;
Youmanset al., 1945). Although tetracycline selected SCVs preduatypical
growth profiles, following the extension of lag geaonly subtle differences were

observed in growth rate, which suggests others amgsims are responsible for
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reduced oxacillin susceptibility. The thickening thle SCV cell wall observed in
electron micrographs may be responsible for redscesdeptibility to oxacillin. Cell
wall thickening has been observed @B aureus strains displayed reduced
susceptibility to vancomycin (Cugt al., 2003) and has also been shown to be
responsible for reducing susceptibility to 3-lactantibiotics (Morikaweet al., 2001).
Thickening of the cell wall may impact on the peagbn of cell wall specific
antibiotics (such as oxacillin), which must croke tell wall in order to reach their
cellular target (Lambert, 2002). No difference wseeptibility between SCV and
parent strains to the DNA gyrase/topoisomerasebitdriciprofloxacin was observed.
Similarly to the reduced susceptibility to R-lactaamtibiotics, it would be
hypothesised that a slower growth rate would resulteduced susceptibility to
ciprofloxacin due to lower rates of DNA synthedike similarities in growth rate and
ciprofloxacin susceptibility suggest that DNA syedis in the exponential phase is

proceeding at similar levels in parent and SCVisra

RAPD has been applied to study and track the epalegy of S. aureus in both
clinical and environmental settings (Lee, 2003; 8¢amBerghet al., 1999). RAPD
was successfully applied to SCV isolates which Ibeeh selected for in the presence
of various tetracyclines. SCV isolates displayedgédirprint patterns that were
identical to their parent counter parts and idetimgerprints of SCV isolated from
different tetracyclines were also observed configrihe clonality of the tetracycline
selected SCV isolates. Although RAPD is not as pbweas other molecular
techniques for studying epidemiology (such as pfitdd gel electrophoresis; PFGE)
the homology observed between SCV isolates andhpateins confirms clonality is

associated with tetracycline selected SCVs.

In order to identify the genetic basis for the ntiotas that give rise to the SCV
phenotype investigators have sequenced genes tawgtb® potential targets for
mutations. Norstronet al., (2007) have shown that fusidic acid can selectSiGVs

via mutations infusA and rplF (ribosomal protection protein). Fusidic acid tasget
protein synthesis through preventing the releageaotlation elongation factor EF-G
(Bodleyet al., 1969). Mutations ifiusA reduce the affinity of fusidic acid for its target
where as mutations nplF results in alteration (directly or indirectly) tife structural

conformationsof EF-G on the ribosome (Norstroet al., 2007). These mutations
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represent novel mechanism for fusidic acid thaegige to the SCV phenotype. In
this study we sequenced the 16S rRNA sequencereffppand SC\S. aureus isolates

in order to identify mutations that may be respbiesifor the tetracycline selected
SCV phenotype. However no alterations in the DNAussices were detected.
Studies have reported an absence of mutation(dhengene(s) targeted by the
selecting antibiotic that results in SCVs. An omeoof this is no known genetic basis
for the SCV phenotype. For example Mitsuyastaal., (1997) demonstrated that
pazufloxacin (a broad spectrum fluoroquinolonegsid forS. aureus SCVs but no
mutations were detecting in the quinolone resisgaghetermining regions of either
DNA gyrase of topoisomerase IV. Therefore the agthsuggest that the
fluoroquinolone resistance may follow a similar fmm&gcism of resistance to
aminoglycosides in SCVs i.e. reduced uptake duedaced electrochemical gradient
across the bacterial membrane. The mechanismsloted tetracycline susceptibility
in SCVs may follow the similar mechanism. Uptakdeifacycline in susceptibile.
coli involves both energy dependent and energy indegrensl/stems (McMurry &
Levy, 1978). Furthermore the uptake of tetracyclineE. coli has been partially
attributed to the presence of a proton motive f¢8mith & Chopra, 1984). As SCVs
are deficient in the generation of a proton motioece (due to electron transport
chain interruption), this may be responsible faeduction in tetracycline uptake in
tetracycline selected SCVs, reducing their susb#ipyi in comparison to parent

strains.

The findings in this chapter illustrate the abilitfyseveral members of the tetracycline
class of antibiotics to select for SCWs vivo. Although several other antibacterial
compounds have been shown to select for SCVsgltieifirst case to our knowledge
where tetracyclines have been demonstrated totsiele¢he SCV phenotype. The
SCVs isolated shared similar characteristics whtbsé that have been reported in
various other studies. The ability of tetracyclioeselect for SCVs raises concerns
regarding the clinical use(s) of tetracycline. Ailtigh large reductions in
antimicrobial susceptibility were not observed, siadection of SCVs is unfavourable
due to their ability to hide inside host cells, ahican serve a reservoir for chronic
and therapy-refractive infections (Tuchschetral., 2011b).
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3.5 Conclusions

Doxycycline, tetracycline and oxytetracycline catest forS aureus SCVs at a
range of concentrations.

Exposure to X 0.5 MIC results in the highest SCyhfation frequencies in the
three tetracyclines analysed.

Tetracycline selected SCVs display increased call thickness and irregular
septum formation.

Auxotrophy for haemin and menadione was widely okes in SCV isolates
correlating to defects in electron transport.

Tetracycline selected SCVs show attenuated catat@asgulase and heamolysis
activity and reduced production of extracellulazymes.

Tetracycline selected SCVs showed reduced susdaptibo a range of
tetracycline, gentamicin and oxacillin.

Reduced tetracycline susceptibility in SCVs is rglated to mutations in 16S
rRNA.

Tetracycline selected SCVs and parents producedtiocdgé RAPD profiles

indicating clonality.
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4 CHAPTER 4: BIOFILM FORMATION IN STAPHYLOCOCCUS
AUREUS SMALL COLONY VARIANTS

4.1 Introduction

4.1.1 Biofilms

Bacteria have the ability to produce a protectiydrated matrix of polysaccharide
and protein, forming a slimy layer known as a iofi(Stewartet al., 2001). A
biofilm can be further defined as an ‘assemblagmicfobial cells that is irreversibly
associated (not removed by gentle rinsing) witlhidase and enclosed in a matrix of
primarily polysaccharide material’ (Donlan, 200Zhis polysaccharide is composed
of extracellular polymeric substances (EPS) andsisté of a variety of different
biopolymers which immobilise biofilm cells, keepitigem within close proximity of
one another (Flemming & Wingender, 2010). Variowatérial infections in the
modern world are thought to involve biofilm fornati (Costertonet al., 1999),
underlying the importance of this area in the chwhisetting. Biofilms constitute a
protected mode of growth that allows survival ihastile environment and therefore
treatment of biofilm related infections dependslong term, high-dose antibiotic

therapies and may require the removal of indweldlagices (Fuxt al., 2005).

4.1.2 Staphylococcal biofilms

Saphylococcus aureus and S epidermidis biofilms are among the most commonly
encountered organisms in the clinical setting amel weesponsible for a large
proportion of biofilm-mediated device-related infeas (O'Gara & Humphreys,
2001). Staphylococci can form biofilms on frequgnised medical devices such as
catheters (Marrie & Costerton, 1984b), pacemakdiarie & Costerton, 1984a) and
prosthetic knee and hip joints (Roheteal., 2007). Staphylococcal biofilms represent
a focus of infection which may allow clusters ofl€d¢o detach from the biofilm,

resulting in bloodstream infection and metastatiead (Fitzpatriclet al., 2005).

4.1.2.1Staphylococcal biofilm formation

Staphylococcal biofilm formation is a two step pss, attachment of cells to a
surface, followed by accumulation of cells to foanmultilayered cell cluster (Gotz,
2002). Figure 4.1 shows that adhesion to a suifattee crucial transition stage from

free-floating planktonic cells to a biofilm and wolves the interplay of several
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adhesion molecules enabling the physico-chemic¢atantions between the cells and
the surface (Konget al.,, 2006). The transition from planktonic to multicédhr
lifestyle requires the co-ordinated expression @agety of specialised extracellular
and cellular components (Vakeal., 2003).

4.1.2.2Molecules contribution to adhesion

Adhesion to a surface in staphylococci is mulifeaito Interactions between the
bacterial surface, substrate surface and the suthnog environment all play a role
(Wanget al., 1995). Nutrient flow, pH and hydrodynamic floneaall examples of
environmental factors that contribute to the adiesprocess, although the
physiochemical properties of the bacterial and sates surface determine the non
specific interactions that determine attractiomegrulsion (Higashi & Sullam, 2006).

Although various environmental factors are playle,rbacterial surface proteins are
crucial for initial adhesion. Many surface protears produced in staphylococci and a
large proportion belong to the microbial surfacenponents recognising adhesive
matrix molecules (MSCRAMM) family (Higashi & Sullan2006), the majority of
which are anchored to cell wall peptidoglycan (Peitél., 1994). Fibronectin-binding
proteins (FnBPs), a collagen-binding protein, Garad clumping factor (CIf) are all
adhesins belonging to MSCRAMM family (Foster & Hodl©98). These components
bind to the extracellular matrix of host tissuesd amediate initial attachment.
S aureus also produces secreted proteins to facilitate adhe®ne such example is
extracellular adherence protein (EAP; Palehal., 1999) which is required for the
adherence o8 aureus to eukaryoticells and also facilitates internalisation (Haggar
et al., 2003). Although a variety of different surfacefgins exist they all share the
same principal role; bacterial adhesion. This aidmes crucial for the first step in

biofilm biogenesis to allow the subsequent stegsafilm formation to proceed.

4.1.2.3Molecules responsible for exopolysaccharide produicin

Following adhesion the next stage in staphylocobizdllm formation is the synthesis
of exopolysaccharide, which aids aggregation arhlilae adhesion. The principle
exopolysaccharide produced by staphylococci is qamlgharide intracellular adhesin
(PIA) (Mack et al., 1996) which is considered essential in mediataggjular
accumulation (Figure 4.1) and biofilm developme@biz, 2002). PIA, also termed
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polymeric N-acetyl glucosamine (PNAG), is composé@ polysaccharide fractions,
polysaccharide | (~ 80%) and polysaccharide 1l @20Mack et al., 1996).
Polysaccharide | is composed of linear 3 1, 6-khkeacetylglucosamine residues
containing up to 15% de-N-acetylated amino groups$ substitution with succinate
and phosphate residues introducing simultaneouwsitipe and negative charges into
the polysaccharide (Cramt@hal., 2001a; Cucarellat al., 2001; Macket al., 1996).
Polysaccharide Il is structurally related to pobdzaride | but has a lower content of
non N-acetylated D-glucosminyl residues (Gotz, 3002

4.1.2.4P1A production and the intracellular adhesin locus

PIA production is under the control of the intrdgkr adhesini¢a) operon (Figure
4.2), which was first identified ir& epidermidis (Heilmannet al., 1996). Using
transposon mutagenesis Heilmaginal., (1996) isolated a biofilm-negative mutant
with an insertional inactivation of theaABC gene cluster which had lost the ability
to form biofilms on a polystyrene surface. Complatagon with an
icaABC-carrying plasmid restored the mutant’s biofilerming capacity and the
expression of PIA. Théca operon was later identified i8 aureus and sequence
comparison with th&. epidermidisica genes revealed 59 to 78% amino acid identity
(Cramtonet al., 1999). Thaca operon consists of PIA biosynthesis genesADBC)
and a regulatori¢aR) (Higashi & Sullam, 2006)icaR is located upstream of
icaADBC (Figure 4.2) and is a member of tletR family of transcriptional regulators
that is divergently transcribed and functions amegative regulatory protein (Conlon
et al., 2002). IcaR binds thea operon promoter region close to the IcaA staroocod
and exerts its repressor activity by obscuring hiveling site of theica promoter
(Jeffersonet al., 2003; Jeffersoret al., 2004).1caADBC encode the biosynthetic
genes that are responsible for PIA biosynthesigA encodes a transmembrane
protein that synthesisds-acetyl-glucosamine oligomers (Gerkeal., 1998). The
surface-attached proteiincaB is then responsible for deacetylation of the N-
acetylglucosamine polymer (Vuorgy al., 2004b).IcaC is involved in translocation
and externalisation of the growing polysaccharmehie cell surface (O'Gara, 2007)
andicaD is thought to function as a chaperone, directimg torrect folding and
membrane of insertion of IcaA (Gotz, 2002).
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Figure 4.1 Formation of S. aureus biofilms Planktonic cells firstly attach to a
surface substrate, followed by cell proliferatigks cell numbers increase, PIA is
produced in increasing amounts encapsulating tbeeba in slime like matrix. With

time a large community of cells forms a mature ibioffrom which individual cells

may detach to initiate formation of other biofilm&dapted from Vuong & Otto

(2002).

102



PIA

$3-1,6 linkage of
N-acetylglucosaminyl
oligomers

|
|

ot C >\ >\ >\ >
| gl

B3-1,6 linkage of
N-acetylglucosaminyl

oligomers
UbP

N-acetylglucosamine

OUTSIDE

INSIDE

Figure 4.2 Organisation ofica locus in S. aureus Oligomers derived from UDP N-
acetylglucosamine are synthesised ibgA, which are then modified with longer
oligomers produced byicaD. Deacetylation of the poly-N-acetylglucosamine
molecule is carried out bigaB andicaC is finally responsible for translocation of the
completed PIA to the cell surface. Adapted fromkget al.,(1998) and Gotz (2002).
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4.1.2.50ther molecules involved in biofilm formation

As well as PIA, otherica-independent molecules are known to impact on
staphylococcal biofilm formation. The biofilm assded protein(Bap) was first
identified by Cucarella&t al., (2001) using transposon mutagenesis. The mutaainh st
displayed a significant decrease in attachmentéd surfaces, intercellular adhesion,
and biofilm formation. Bap is a multidomain surfexgsociated protein that promotes
both primary attachment to surfaces and intracail@dhesion (Lasa & Penades,
2006). Bap negative strains produce lower leveBI#&f however a PIA producing
aureus strain complemented with Bap produced PIA in digantly greater quantities
(Cucarellaet al., 2001). Staphylococcal isolates that contain Bagpsérong biofilm
producers (despite not containing thea operon) indicating Bap mediates a
alternative mechanism of biofilm development, tce thegular PIA-dependent

mechanism (Tormet al., 2005a).

4.1.2.6Influence of environmental stimuli and global reguétors on
staphylococcal biofilm formation

The role of environmental stimuli and their impaatbiofilm formation has been the
subject of much research. Certain environmentalditican induce changes in global
gene expression which can promote biofilm formatidhe diverse environmental
conditions encountered by staphylococci therefaeneeha direct impact on the extent
to which strains can form biofilms (Table 4.1). Thecessory gene regulat@gl)
effects the regulation of various virulence genesSiaureus and plays a role in
guorum sensingAgr is an example of a two component system consistirsgsensor
protein that subsequently activates a responsdategiprotein (Higashi & Sullam,
2006).Agr mutantsdisplay increased capacity to form biofilms, whagbpears to be
independent of PIA production (Vuorgy al., 2000). Increased biofilm formation is
attributed to the inability of cells to detach fraire mature biofilm, asgr plays a
role in the detachment process (Kat@l., 2006; Vuonget al., 2004a). Other global
regulators also affect biofilm formation in stapbgdcci, most notably the
staphylococcal accessory regulatsarfA; Tormo et al., 2005b; Valleet al., 2003)
and the alternative sigma facta (Knobloch et al., 2004).sarA mutants showed
down-regulation of tha@ca operon transcription and subsequent decrease An PI
production (Valleet al., 2003). Valleet al. (2003)suggesting thadar A enhancesca
operon transcription and suppresses transcripfi@npootein involved in the turnover
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of PIA. S. epidermidis mutants with mutations is® show an upregulation ééaR (the

repressor of theca locus), resulting in reduced PIA synthesis (Knahlet al., 2004).

4.1.2.7Antimicrobial resistance in staphylococcal biofilms

Formation of biofilms leads to a reduction in antirabial susceptibility in
staphylococci (Amorenat al., 1999). Even antimicrobial-sensitive bacteria ttiat
not have a known genetic basis for resistance dstraia reduced susceptibility
when they form a biofilm (Stewart & Costerton, 2D04. trait that which appears to
be multi-factorial. One mechanism is the failureanfagent to penetrate the full depth
of thebiofilm. Components of the biofilm (such as the palysaccharide matrix) can
limit the transport of antimicrobial agents to tbells within the biofiim (Mah &
O'Toole, 2001). Farbeat al., (1990) for example has demonstrated that adddfdh
epidermidis PIA to microdilution susceptibility plates increas the MIC of
glycopeptide antimicrobials, as these large moksuhre poorly absorbed. The
presence of an exopolysaccharide matrix can ciegtermeability barrier, meaning
the antimicrobial cannot penetrate the biofilm (&g, 1996).

Secondly, the growth rate of cells within a biofillm substantially reduced in
comparison with planktonic cells as cells growingpiofilms are commonly nutrient-
depleted (Mah & O'Toole, 2001). Reduced growthsréad to reduced susceptibility
to antimicrobials designed to target fast growiragtbria (Tuomaneset al., 1986).
Enget al., (1991) demonstrated that bacteria exposed toemitfimitation showed
reduced antimicrobial susceptibility to a rangeanfimicrobial classes. The reduced
metabolicactivity of cells embedded in the biofilms mimiagimutrient depleted state
correlating with reduced antimicrobial susceptipilin biofilms (Dunne, 2002)
Finally, it has been hypothesised that cells presea biofilm may induce a specific
‘biofilm phenotype’. This ‘biofilm phenotype’ hasebn likened to a spore-like state
entered into by some of the bacteria resultingeshuced susceptibility to antibiotics
and disinfectants (Stewart & Costerton, 2001). Redwuantimicrobial susceptibility to
3-lactams, quinolones and glycopeptides has begsergdd in biofilms formed b
aureus (Chuardet al., 1997). Specifically a recent study by Sirglal. (2010a) has
highlighted the poor penetration of certain antmoiigal agents through

staphylococcal biofilms. [3-lactam antibiotics (olacand cefotaxime) and a
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Table 4.1 Effect of environmental stimuli on biofim formation in staphylococci

Factor Effect Reference
Anaerobic conditions Stimulatea transcription, (Cramtonet al., 2001b)

increasing PIA production

Ethanol Reduced transcription of the  (Conlonet al., 2002)
icaR repressor

Supplementation with Increased adherence to surfaces (Macket al., 1992)

carbohydrates
Iron limitation Increased PIA production (Deight&rBorland,
1993)
Sodium chloride Increased biofilm formatioca (Lim et al., 2004)
independent mechanism
Subinhibitory Increasedca expression and (Rachidet al., 2000)
antibiotic PIA production

concentrations

High temperature Increasexh expression and (Rachidet al., 2000)

PIA production
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glycopeptide (vancomycin) show a significantly reeld penetration througls
aureus andS. epidermidis biofilms. Biofilms produced by aureus may also protect
against clearance by host immune systems. Pres#gniebA and biofilm formation
has been shown to protect cells from phagocytasiskdling by polymorphonuclear
leukocytes (Vuongt al., 2004c). Other studies have shown that althougkoleytes
can penetrate the biofilm matrix they are unablepémetrate bacterial cells and

promote phagocytosis due to unfavourable condit{besl et al., 2002).

4.1.3 Biofilm formation in small colony variants

As S aureus SCVs are frequently recovered from patients witlegtions typically
associated with biofilm formation (endocarditis, ftsdissue infections and
osteomyelitis) there is a suggestion that SCVs hiafilms may have a similar
underlying physiology (Higashi & Sullam, 2006). 8ead studies have shown that
SCVs from different bacterial species are capablimning biofilms (Al Lahamet
al., 2007; Hausslest al., 2003b; Sendet al., 2006; Singhet al., 2010b). For example
P. aeruginosa SCVs isolated from cystic fibrosis (CF) patientssé been shown to
display a marked increase in biofilm forming capa¢Hausslert al., 2003b). SCVs
also displayed increased binding to an eukaryogtt tne and increased npilli
mediated twitching motility which may play a role adaptation the CF environment.
In staphylococci SCVs biofilm formation has beetnilagited to various mechanisms.

Vaudauxet al. (2002) demonstrated th&t aureus SCVs increase surface display of
the MSCRAMMSs, in particular, fibronectin binding qteins FnBPs. Increased
transcript levels of clumping factor Acl{A) and fibronectin proteinflgn) were
responsible for the increased production of treigesins, and increased adhesion to
fibronectin coated surfaces. Mitchedt al., (2008) also demonstrated increased
expression of FnBPs in SCVs and an increased dgp&ei bind fibronectin.
Furthermore the authors showed the importanceenéliernative sigma factef’, on

the expression of FnBPs, suggesting that sustaifiedctivity in S aureus SCVs

locks SCVs into a constant state of colonisation.
Increased capacity to form biofilms has also be#nbated to PIA dependent

mechanisms it%. epidermidis SCVs (Al Lahamet al., 2007). The study demonstrated

that increased production of PIA (and augmentedesgion of theca operon) is
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responsible for increased adhesion to surfacesnanelased biofilm forming capacity
in SCVs. Reduced antimicrobial susceptibility hlso deen investigated in SCVS.
aureus SCVs exhibit more pronounced reductions in antioki@l susceptibility than
parent strains when adhering to a fibronectin serféChuardet al., 1997). SCVs
were highly resistant to the bactericidal actionvahcomycin and oxacillin whereas

the parent strain showed a reduction in viable rathbers.
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41.4 Aims

Several studies have examined the ability of S@eitm biofilms however a limited
number of studies are available regarding biofimnfation inS. aureus SCVs as well
as the susceptibility of SCV biofilms to antimicrabagents. The aims of this study

were to:

» Assess the ability db. aureus parent and SCV isolates to produce polysaccharide
using a simple agar screen.

* Quantify biofilm formation to provide a comparisai biofilm formation in
parent and SCV isolates.

* Examine antimicrobial susceptibility of parent aB@V biofilms to a range of
antimicrobial agents.

 Examine the mechanism for any difference in antibisusceptibility between
parent and SCV biofilms.
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4.2 Materials and methods

4.2.1 Bacterial strains

Methicillin-sensitiveS. aureus (MSSA) strains ATCC 25923 and NCTC 6571 and
methicillin-resistantS. aureus (MRSA) strains COL, EMRSA 15, EMRSA 16 and
N315 and their SCVs were all examined for theirligbito form biofilms.
Additionally S aureus strains Sa 6538 (biofilm positive) and Sa 5374of(lon
negative; Toteet al., 2008) were used as positive and negative contesigectively.
SCVs previously selected for in the presence ofageitin (SC\FE"Y) and tetracycline
(SCV'™E") were subject to multiplex PCR (as described jmasly) to confirm SCVs
were S aureus. Strains were maintained at -80°C in Mueller Hmt(MH) broth
supplemented with 8% dimethyl sulfoxide (DMSO) aedsolated on MH agar plates

when required.

4.2.2 Congo red agar screen

Before biofilm quantification was assessed a simpierphological screen was
performed using Congo red agar to detect polysaittshgoroduction inS aureus
(Freemaret al., 1989). Congo red agar was prepared by addings&@igpse and 10 g
of purified agar to 1 L of brain heart infusion tirdOxoid, UK). After autoclaving
the agar was cooled to 55°C and a filter steriliseldtion of Congo red (Sigma, UK;
0.8 g in 10 mL) added. Several individi&laureus colonies were used to inoculate
Congo red agar plates which were incubated at 3Xft€r 48 hours incubation plates
were examined for the presence of black crystallo@onies indicative of
polysaccharide production. Absence of polysacckamdoduction was recorded
following the appearance of pink colonies with atoaal darkening at the centre of

the colony.

4.2.3 Quantification of biofilms
Biofilms formed byS. aureus strains were quantified using the method of Tebtal .,
(2008). This assays uses the cationic dye dimetigihylene blue(DMMB) to

guantify biofilms as it binds specifically ® aureus PIA.

4.2.3.1Preparation of dimethyl methylene blue working soldion

DMMB (32mg) powder (Sigma, UK) was dissolved in 2& of ethanol and filter
sterilised. Two formic acid buffer (FAB) were prepaFAB1 was prepared by adding
4.77 g guanidine hydrochloride (Sigma, UK) and @.8odium formate (Sigma, UK)
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to 237 mL of ultrapure water, followed by the aduitof 0.5 mL formic acid (Sigma,
UK) and 12.5 mL ethanol to create a final workingume of 250 mL. FAB 2 was
prepared by adding 4.77 g guanidine hydrochloriat @5 g sodium formate to 49.5
mL of ultrapure water followed by the addition o50mL formic acid. The final
DMMB working solution was prepared by adding FABadd FAB 2 to 12.5 mL of
the filtered DMMB solution which was stored at rodemperature and protected

from light.

4.2.3.2Preparation of decomplexation solution

Decomplexation solution (DECQlas prepared by adding0 mL of 1- propanol
(Sigma, UK) to 500 mL of 50 mM sodium acetate buffehis was used to dissolve
380 g of guanidine hydrochloride to achieve a fe@icentration of 4 M.

4.2.3.3Biofilm growth

Several individualS aureus colonies were inoculated into MH broth suppleménte
with 0.5% glucose and incubated at 37°C with shgakdh150 rpm, until reaching a
start inoculum of 1 x 10CFU/mL. Bacterial suspensions (100 pL) were adabed

individual wells of 96 well flat bottom microtitrplates (Fisher, UK) with replicates

for each strain. Plates were incubated on a hai@tshaking platform for 72 hours at
37°C. Growth medium was discarded every 24 houds feesh medium added to

avoid the build up of toxic metabolites.

4.2.3.4Quantification of biofilms

Following 72 hours incubation, growth medium wascdrded and adhering biofilms
were washed twice with phosphate buffered salii@SjP DMMB working solution
(200 pL) was added to each individual well and bated at room temperature for 30
minutes whilst protected from light. DMMB was thdiscarded by centrifuging well
plates for 20 minutes at 6000 rpm. Wells were thashed with 200 pL of ultrapure
water to remove any unbound DMMB, before adding §&0of DECO solution.
Plates were incubated at room temperature for 3tutes and optical density was
measured at Of3 using a DYNEX Technologies MRXMicroplate Absorbance
Readewith Revelatiod" application programme.
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4.2.4 Adhesion to silicone

Adhesion ofS aureus to silicone was assessed using the method of Widliet al.,
(1997). Silicone catheter discs were prepared by cuttitigosie sheets to equal
dimensions (0.5 cfi. Discs were sterilised by overnight submersio®08% ethanol,
followed by 2 hour incubation at room temperataraltow the evaporation of excess
ethanol. OvernighS. aureus cultures grown in MH broth were adjusted to 1 X 10
CFU/mL and catheter discs were placed in the ssspenDiscs were incubated
statically at 37°C for 7 days hours to allow attaeimt of the bacteria. The discs were
aseptically transferred (ensuring adhering celleewmt disrupted) to fresh MH broth
every 48 hours to prevent build-up of toxic metébsl After 7 days incubation discs
were washed gently in PBS and transferred to fkdshbroth. In order to enumerate
bacteria, discs were sonicated for 5 minutes amtexed for a further 1 minute to
remove adherent bacteria. Serial dilutions werdopmed in PBS and viable counts

performed on the resulting suspensions, using doopts.

4.2.5 Cell-surface hydrophobicity

Cell-surface hydrophobicity has been implicatingiancing the ability of the SCVs
of P. aeruginosa to form biofiims and to influence cell clumping. i$hwas
investigated irS. aureus using a microbial adhesida hydrocarbons assay (Pemtz
al., 1998). Overnight culturedf S. aureus strains grown in MH broth, were pelleted
by centrifugation at 10,000 rpm for 5 min and sujsatly washed twice with PBS.
Cells were adjusted to an optical density of 0.©Bty and 2 mL mixed with 400 pl
xylene and vortexed for 2 min. After 30 min incubatat room temperature, the
agueouphase was collected carefully and its gjvas determined-he ODyo of the
agueous phase relative to the initial suspensemtaken as a measure of cell-surface

hydrophobicity (H%), which was calculated with fieemula:
H% = [(ODo — OD)/ODg] x 100

Where O and OD are the optical density before and aftelmeton with xylene.

4.2.6 Scanning electron microscopy

Biofilms were prepared on Thermanox glass covesslipisher Scientific, UK).
Coverslips were aseptically transferredSoaureus strains growing in MH broth.
Coverslips were incubated statically at 37°C fadays, with growth medium being
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changed every 48 hours. Biofilms formed on covpssivere fixed by the addition of

1.5% v/v glutaraldehyde (TAAB, UK), which was inaibd for 12 hours at 37°C.

Following fixation biofilms were washed twice in wlde distilled water (5 minutes

each wash) and subsequently dehydrated with gremtezkentrations of ethanol (50%,
70%, 90% and 100%) with each dehydration stepnigshi minutes. Samples were
then treated with three 5 mins applications of neethyldisilazane and sputter coated
with gold. Samples were then viewed with JEOL 84@Anning electron microscope
(JEOL Ltd, UK) with images recorded on SIS Imag8ujtware.

4.2.7 Activity of antimicrobial agents againstS. aureus biofilms

S aureus strains ATCC 25923 and EMRSA 15 and correspon8i@yy's were chosen
to investigate the effect of antimicrobial agents mofilms. A modification of the

DMMB assay was applied to determine the effecniiraicrobials on biofilms (Tote

et al., 2009). Biofilms were grown as described previgu&ection 4.2.3.3) and
culture medium carefully removed with a pipette,swing biofiims were not

disrupted. Ciprofloxacin, chloramphenicol, gentamictetracycline, rifampicin

(Sigma, UK) and triclosan (Ciba, Germany) were pred at the following

concentrations — X 16 MBC; X 8 MBC; X 4 MBC; X 2 MB MBC, and MIC. 50 pL

of the antimicrobial and 50 pL of MH broth were addto individual wells with

established biofiims. Due to the dilution with MHokth double the required
antimicrobial concentrations were prepared iniiallltrapure water was used to
replace antimicrobials for the formation of unteshtcontrol biofilms. Plates were
subsequently incubated on a horizontal shakinggsfat for 48 hours at 37°C and
biofilms quantified as described previously (seacti@d.2.3.4). Differences in

absorbance were used to quantify the % reducti@nimicrobial treated biofilms in

comparison with untreated controls.

4.2.8 Preparation of colony biofilms and susceptibility b antimicrobial agents

The method of Anderét al., (2000) was used to form colony biofilms which were
assessed for susceptibility to various antimicrolhigents.S. aureus strains were
grown in MH broth and adjusted to ~ 1 x’IOFU/mL and 10 pbf this suspension
was used to seed black polycarbomagnbrane filters (Fisher, UK; 13 mm diameter,
pore size 0.4 um). Filters were inverted and plameid MH agar and incubated at

37 °C for 4 days. Membrane-supporteidfilms were transferred to fresh culture
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medium every 48 hour$.ollowing incubation, biofilms were washed with PBS
remove non-adherent cells. Adherent bacteria wememerated by suspending
membranes in 1 mL PBS and vortexing at high spee@ min. PBS was used to
perform serial dilutions on the resulting suspensamd dilutions were plated onto
MH agar and incubated for 48 hours at 37°C. To emanthe effect of the
antimicrobial agents on biofilms formed. Colony filas were prepared as stated
previously and following incubation transferredMid agar containing ciprofloxacin,
chloramphenicol, gentamicin, tetracycline, triclosend rifampicin at concentrations
ranging from 0 — 256 mg/L. Plates were incuba#d37 °C for 48 hours and

antibiotic-treated biofilms were enumerated asestatbove for control biofilms.

4.2.9 Antimicrobial penetration through biofilms

The method of Singkt al., (2010a) was used to measure the penetrationeo$ii
antimicrobial agents examined previously throug§haureus ATCC 25923 and
EMRSA 15 and corresponding SCVs biofilms. This mdtlises zones of inhibition
to measure the penetration of antimicrobial ageéhteugh biofilms (Figure 4.3).
Colony biofilms were prepared as described preWof{section 4.2.8) and transferred
to MH agar plates inoculated wit8 aureus ATCC 25923 in order to provide
confluent lawn growth. A 6 mm diameter nitrocellsdgomembrane (Fisher, UK; pore
size 0.4 pm) was placed on the surface of eadiimialong with an antibiotic disc
(ciprofloxacin 5 pg, chloramphenicol 30 pg, gen@milO pg, rifampicin 5 pg,
tetracycline 30 pg, (Oxoid, UK) and triclosan 10).ugach disc was moistened with
24 uL of sterile polished water to prevent antigioghovement through biofilms via
capillary action. Control conditions were prepareglicating previous conditions
with sterile membrane filters being excluded sdiadilms were present. Plates were
incubated at 37 °C for 48 hours and the zone abititbn measured digitally using
IMAGE J (NIH). Inhibition zones produced by controbnditions were taken to
represent 100% penetration througlaureus biofilms.

4.2.10 Statistical analysis
Analysis of significant differences between biofilfarmation and antimicrobial
susceptibility of SCV and parent biofilms was perfed using the statistical analysis

described previously (section 2.2.9.8).
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Figure 4.3 Schematic displaying experimental setugo examine antibiotic
penetration through S. aureus biofilms Adapted from Singh et al., (2010a).
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4.3 Results

4.3.1 Congo red agar screen

Eight S. aureus strains and their SCV derivatives (selected fotha presence of
gentamicin or tetracycline) were investigated togit ability to form biofilms using

an agar screen. All parent strains grown on Corgg agar produced a black
crystalline morphology, except the biofilm negati8a 5374 strain which produced
pink colonies. Black crystalline colonies indicatetthe ability to produce

polysaccharide and were recorded as biofilm pasitéll SCV strains (including

SCVs isolated from Sa 5374) produced a black diystamorphology. The positivity

of Sa 5374 SCVs was surprising, although subsequepdats confirmed Sa5374
SCVs produce polysaccharide. SCV colonies weranditg smaller than parental
colonies but produced the black crystaline morpbggl associated with

polysaccharide production.

4.3.2 DMMB biofilm quantification and adhesion to silicone

A DMMB microtitre well plate assay was applied tetsame panel of strains using
optical density measurements to correspond toltsigsroduction. Biofilm formation
was observed in all parent strains (except thetheggeontrol; Sa 5374) and all SCVs
including Sa 5374 (Figure 4.4). Excluding the negatcontrol no significant
difference was observed in biofilm formation betwd&dRSA and MSSA strains (P =
> 0.05). Across all strains tested biofilm formatiwvas significantly increased in
SCVs compared to parents (P < 0.01; Figure 4.4Xh&aDMMB assay used directly
guantifies PIA production these results confirme fresences of increased PIA in
SCV biofilms. Similar results were also observethgssilicon catheter disc biofilm
guantification assay (Figure 4.4). Significanthegrer numbers of SCV viable cells
were recovered from silicone discs in comparisorpaoent strains (P = < 0.01).
Consistently lower numbers of Sa 5374 parent viablis (~ 1 x 16 CFU/mL) were
recovered from silicone discs compared to corregiponSCVs (~10CFU/mL).

4.3.3 Cell-surface hydrophobicity

In order to confirm that the difference in biofifarmation between SCV and parent
strains was related to differences in PIA producti@ather than cell surface
hydrophobicity, their ability to adhere to hydradoans was observed. No significant

difference in cell-surface hydrophobicity valuesgvebserved for SCV and parent
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Figure 4.4 Biofilm formation in S. aureus SCV and parent strainsA) - Biofilm formation assessed by DMMB assay; BBacterial counts
recovered from silicone catheter discs assessedable count. SCVs formed greater biofilms and cstestly higher numbers of SCVs were
recovered from silicone catheter discs in comparigo parent strains. Results are means valuesreé timdependent replicates and three

independent biological replicates. Error bars re@né standard error.
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strains (P = > 0.05); mean H% = 65.2 (£3.2) in S&ENins and 67.7 (x4.8) parent

strains.

4.3.4 Scanning electron micrograph analysis of biofilms

Dense multilayered biofilms were observed in SCWhesed to Thermanox

coverslips (Figure 4.5 C). Although clustering agtjregation of cells was observed
in parent biofilms, an absence of multilayer clustef cells is apparent (Figure 4.5
A). SEM images at increased magnification (Figure B and D) demonstrate the
presence of extracellular polysaccharide in SCMilms which appears absent in
biofilms formed by parent strains. The SCV cellutauster (Figure 4.5 D) is clearly

covered in a ‘slimy’ extracellular polysaccharidgbstance whereas parent biofilms
lack this substance (Figure 4.5 B).

4.3.5 Susceptibility of biofilms to antimicrobial agents

The effect of antimicrobial treatment on establébéfilms was evaluated using the
DMMB method. Six different antimicrobial agents werapplied at various
concentrations tdS. aureus parent ATCC 25923 and EMRSA 15 biofilms, and
biofilms formed by their corresponding SCVs. Botirgnt and SCV biofilms showed
reduced susceptibility to concentrations of antrofical agents that normally
inhibited planktonic cells (Tables 4.2 and 4.3).phApation of MIC and MBC
concentrations to both parent and SCV biofilmsltedun no reduction of established
biofilms in both strains. Furthermore treatmenthwit 2 MBC concentrations of all
six antimicrobials tested resulted in no reduct@nEMRSA 15 parent and SCV

biofilms.

Comparison of the effects of antimicrobial agemsSELV and parent biofilms SCV
biofiilms revealed SCV biofilms were significantlyess susceptible to all six
antimicrobial compounds tested (P = < 0.01). Amglan of X 2 MBC of

ciprofloxacin, triclosan and rifampicin to ATCC 253 parent biofilms resulted in
reduction in biofilms in comparison to control; hewer the same concentrations
produced no reduction in ATCC 25923 SCV biofilmslfle 4.2). Similar results
were observed in EMRSA 15 biofilms. Application ¥f 4 MBC ciprofloxacin,

tetracycline and rifampicin resulted in a reduct@rEMRSA 15 parent biofilms, but

the same concentrations produced no effect on S@fifnhs (Table 4.3).
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Figure 4.5 Scanning electron micrographs o8. aureus SCV and parent biofilms
formed on Thermanox coverslipsimages A and B show wildtype biofilms, and
SCV biofilms are displayed in images C and D. Inzage and C x 2000
magnification, scale bar represents 10 micronsgéad and D x 4000 magnification,

scale bar represents 1 micron.
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Table 4.2 Effect of antimicrobial agents on biofilmformation in S. aureus ATCC 25923 SCVs and corresponding parent strain

Ciprofloxacin

Chloramphenicol

Gentamicin

Tetracycline

Triclosan

Rifampicin

15+2

17+3

X2 MBC
SCVeE

0

S CVTET

0

P
11+1

X4 MBC

SC\FEN
0

SCVTET
8x1

11+2

P
27 %2

18+3

14+3

385

X8 MBC
SCVeEN
18+2

X 16 MBC
SCV'ET P SC\EN  scVET
24+3 79+ 47 +4 55+ 3
0 29+ 2 0 0
0 32+4 0 0
0 68+2 39+441+3
8+1 79+6 4 19+2
32+ 87+4 69+3 74 +2

MIC and MBC concentrations showed no activity aga# aureus SCV 25923 and parent biofilms. Data shown is %ucédn from control

conditions (untreated biofilms) and is the mearight replicates and two independent biologicalicafes.
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Table 4.3 Effect of antimicrobial agents on biofilmformation in S. aureus EMRSA 15 SCVs and corresponding parent strain

X 4 MBC X 8 MBC

P SCVEN  scvET P SCVEN

Ciprofloxacin 9+2 0 0 33+4 15+2
Chloramphenicol 0 0 0 19+2 0
Gentamicin 0 0 0 17+1 0
Tetracycline 11+1 0 0 35+2 0

Triclosan 0 0 0 292 14+1

Rifampicin 15+2 0 0 41+5 31+3

ScV'®’ P
9+1 67%3
0 39+4
0 312
0 59 + 4
0 66 + 2
24+3 85+3

X 16 MBC

SCVeE
41+2

38+3

31+4

67+6

SCV'ET
374

27+2

21+1

57 +

MIC, MBC and X 2 MBC concentrations showed no attiegainstS. aureus EMRSA 15 SCV and parent biofilms. Data shown iseduction

from control conditions (untreated biofilms) andhe mean of eight replicates and two independehbdical replicates.
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Concentrations of X 16 MBC ciprofloxacin, tetradgel, triclosan and rifampicin and
triclosan produced the greatest reduction (73 2%.%) in biofilm formed by parent
strains. Application of the same antimicrobial cemications to SCV biofilms resulted in
a reduction, however the reduction (43 + 3 %) wgaificantly lower in comparison to
parent biofilms (P = < 0.01). The highest concditns of chloramphenicol and
gentamicin examined produced a 33 = 3 % reductiorparent biofilms. The same
concentrations however resulted in no reductioB©@Y biofilms.No single antimicrobial
agent completely eradicated parent and SCV biofith®ll concentrations examined.
Rifampicin was the most active antimicrobial inwetion of both SCV (67 = 3.25 %) and
parent (86 + 3.5 %) biofilms in both strains exaadir{Tables 4.2 and 4.3).

4.3.6 Effect of antimicrobial agents on colony biofilms

A colony biofilm assay was implemented to deterntime total viable bacterial burden
within a biofilm and to allow the detection of al§CV disseminating from parent
biofilms. The six antimicrobial agents tested poengly were tested against parent and
SCV isolates. Initial observations showed that ificgmtly higher numbers of SCVs (~ 1
x 10 CFU/mL) were recovered from colony biofilms forméxy both strains in
comparison to parent colony biofilms (~ 1 x>X0FU/mL; P = < 0.01). Ciprofloxacin,
rifampicin, tetracycline and triclosan all reducadble cell counts in ATCC 25923 and
EMRSA 15 parent biofilms, although no antimicrobcaincentration tested completely
eliminated viable cells (Figure 4.6 and Figure 4Mipble cell counts showed that the
highest concentrations of the four antimicrobiasteéd achieved an average 3.8:4og

reduction in CFU/mL in comparison to controls.

Chloramphenicol and gentamicin were less activenag@arent biofilm with the highest
concentrations examined achieving a mean 1.3% legluction in viable cell counts.
Similarly to parent strains, chloramphenicol andtgeicin showed the lowest reduction
in SCV viable cell counts (1.175 lggreduction). Ciprofloxacin and rifampicin showed
the greatest reduction in viable counts of SCVidth strains. The highest concentration
of ciprofloxacin produced an average 2.75;4agduction, where as treatment with the
highest rifampicin concentration resulted in averdgl5 logy reduction in SCV viable
cell counts (Figures 4.6 and 4.7). Although highembers of SCVs were recovered from
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Figure 4.6 Effect of exposure to six antimicrobial®n colony biofilms formed byS. aureus ATCC 25923 SCVs and corresponding parent
strain Exposure to various concentrations of ciproflora@entamicin, tetracycline and triclosan yieldedVS in 25923 colony biofilms
represented by #. Results are means values of gigbpendent replicates and two independent bicébgieplicates. Error bars represent
standard error
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Figure 4.7 Effect of exposure to six antimicrobial®n colony biofilms formed byS. aureus EMRSA 15 SCVs and corresponding parent
strain Exposure to various concentrations of ciprofloxagentamicin, tetracycline and triclosan yieldedVS@ EMRSA 15 colony biofilms

represented by #. Results are means values of gidapendent replicates and two independent bicdbgieplicates. Error bars represent
standard error.
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Table 4.4 Penetration of antimicrobial agents throgh S. aureus ATCC 25923 and EMRSA 15 SCV and parent biofilms

Control inhibition 25923 parent biofilm 25923 SCV®"biofilm 253923 SCVF' biofilm

Antimicrobial Concentration (ug)
zone (mm) zone diameter zone diameter zone diameter
Ciprofloxacin 5 27 £1.05 25+0.45 24 £ 0.64 24 46
Chloramphenicol 30 24 £ 0.55 <13 <13 <13
Gentamicin 10 22+0.71 <13 <13 <13
Rifampicin 5 32+1.22 29+1.02 28 +£1.27 27.15
Tetracycline 30 28 +0.64 25+0.74 12 +£0.76 5 +10.52
Triclosan 10 32+1.88 28 +1.09 19+1.51 2P
Antimicrobial Concentration (pg) Control inhibition EMRSA 15 Parent EMRA 15 SC\FE" EMRSA 15 SCVF'
zone (mm)
Ciprofloxacin 5 27 £1.05 24 +£1.63 22 +1.38 28.67
Chloramphenicol 30 24 £0.55 <13 <13 <13
Gentamicin 10 22+0.71 <13 <13 <13
Rifampicin 5 32+1.22 27 +1.25 28 +0.87 26 4.
Tetracycline 30 28 £0.64 25+1.17 19+ 0.87 17,83
Triclosan 10 32+1.88 26 21 +1.59 18+1.12

Limit of detection was 13 mm due to the presencéhefmembrane filter that biofilms were grown oResults are means values of three

independent replicates.
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biofilms, the reductions achieved by ciprofloxacinfampicin, tetracycline and
triclosan were significantly lower in SCV biofilme comparison to parents (P = <
0.05). SCVs were not detected in any of the coriroliims and were only detected
in the presence of higher antimicrobial concerdratiof ciprofloxacin, gentamicin,
tetracycline and triclosan (Figures 4.6 and 4.Hor example in parent biofilms
treated with gentamicin no SCVs were observed upsstment with concentrations
of 0-16 mg/L, but SCVs were subsequently detectedZ 64 and 128 mg/L
concentrations in ATCC 25923 biofilms. No SCVs wdsgected in biofilms treated

with chloramphenicol and rifampicin.

4.3.7 Antimicrobial penetration of biofilms

As differences in the efficiency of antimicrobiasreducing biofilms and viable cell
counts were observed the penetration of antibidhicsugh biofilms was examined
using the method of Sing#t al., (2010a). The penetration of chloramphenicol and
gentamicin through SCV and parent biofilms of bstifains was significantly reduced
in comparison to control conditions (Table 4.4; P.85). No significant difference
was observed in the penetration of ciprofloxadiiajmpicin, tetracycline and triclosan
through parent biofilms formed by ATCC 25923 and EBA 15 (P = > 0.05).
Ciprofloxacin and rifampicin also showed no sigeaft reduction in the penetration
of SCV biofilms formed by both strains (P = > 0.0%ble 4.4). In contrast to parents
the penetration of tetracycline and triclosan tigtoCV biofilms was significantly
reduced (P =<0.01).
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4.4 Discussion

S aureus is well known for its ability to form biofiims on aange of materials
including indwelling catheters (Marrie & Costertol984b) and prosthetic devices
(Litzler et al., 2007; Rohdest al., 2007). This study has identified the ability of
severalS. aureus parent and SCV strains to form biofilms usingrafde agar screen.
In addition quantification of biofilms was achieveging DMMB biofilm assay
developed by Toteet al., (2008). Although biofilm formation in staphylococ
involves various steps and stages the accumulatiotellular aggregates and the
ability to form biofilms is dependent on the protlac of exopolysaccharide
(Heilmannet al., 1996). In staphylococci this is dependent ongiaaluction of PIA
which is regulated by theecaADBC genes (making up thiea operon). This study
demonstrates that SCVs produced significantly grehtofiims in comparison to
parent strains. As the DMMB assay directly quaesifiPlA and SCVs showed no
difference in cell surface hydrophobicity theseutesssuggest that PIA production in

increased is SCVs and hence they exhibit an inedeeapacity to form biofilms.

Anaerobic conditions are known to increase the e&sgion of PIA irS. aureus, which
has been attributed to increasea gene transcription (Cramtab al., 2001b). As the
SCV phenotype draws parallels wihaureus when it is grown anaerobically (Balwit
et al., 1994), increasedca transcription may be responsible for the increaled
production in SCVs observed in this study. Inhdnitiof the TCA cycle has been
shown to impact on PIA production i epidermidis (Vuong et al., 2005).
Subsequently this has been suggested as the mgchfmmiincreased PIA production
in aS epidermidis SCV constructed mutant (Al Lahaehal., 2007) and menadione
auxotrophicS aureus SCV (Singhet al., 2010a). As part of this study a lack of
utilisation of carbohydrates was observed (Chap)elrhis suggests inhibition of the
TCA cycle may also play a role in increased PIAdoution in the SCVs studied for

biofilm formation.

SCVs display important differences in their expi@sgprofile in comparison to parent
strains (Seggewisst al., 2006) and therefore it is feasible that variationgene
expression may relate to differences in biofiimdurction. Perhaps the most attractive

candidate to explain the difference between biofiormation in parent and SCV
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strains is the staphylococcal accessory regulatnA). Studies have shown thserA
can influence the expression of tlea operon (Beenkemt al., 2004; Valleet al.,
2003). In S aureus sarA mutantsica transcription is decreased, decreasing PIA
production.S. aureus SCVs (recovered following aminoglycoside exposin@yever,
show increased expression levelssafA (Mitchell et al., 2010a). Alterations in the
expression ofsarA may be therefore responsible for increaseal transcript and

subsequent increased PIA production.

Antimicrobial susceptibility ofS. aureus biofilms is notably reduced in comparison
with planktonic cells (Amorena&t al., 1999). This has been attributed to several
factors including the presenceexfopolysaccharide matrix and a reduced growth rate
(Mah & O'Toole, 2001). Coupled with resistance natbms such as biofilm
exopolysaccharide and slow growth rate of cellswgng within biofilms, S. aureus
biofilms provide a unique mechanism for colonisatiand reduced antimicrobial
susceptibility. In this study, SCV and parent W8 displayed reduced susceptibility
to ciprofloxacin, chloramphenicol, gentamicin, &etycline, triclosan and rifampicin
at concentrations normally bactericidal to planktoncells. Antimicrobial
susceptibility testing showed antimicrobial agemds have significantly smaller
inhibitory effect on SCV biofilms in comparison baofilms formed by parent strains.
These results agree with previous studies that Baegvn SCV biofilms to exhibit
reduced susceptibility to antimicrobials in compan with parents (Chuare al.,
1997; Williamset al., 1997).

Antibiotic penetration was shown to be an imporfactor in the reduction of biofilm
mass and cell quantity by antimicrobial agents.o@rhphenicol and gentamicin
showed a significant reduction in penetration afepaand SCV biofilms correlating
with the lowest overall reduction in biofilm massdaviable cell count. A difference
in the penetration of antimicrobial agents was ol between parent and SCV
strains; no significant reduction in penetratiorteifacycline and triclosan penetration
was observed in parent biofilms however the opposds apparent in SCV biofilms.
The differences in responses between SCV and paraay be explained by the
difference in PIA production observed, which is wmoto reduce the activity of
various antimicrobials (Souli & Giamarellou, 1998)creased PIA production in

SCVs may limit the diffusion and/or inactivate taetibiotics examined, accounting
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for the differences observed between SCV and pateains. Furthermore SEMs in
this study show a difference in biofilm structumerhed by SCV and parent strains.
The multilayered complexity of SCV biofilms may ¢obute to reduced antibiotic
penetration and the observed reduction in antirbiatosusceptibility observed.
Rifampicin proved to be the best agent in redudiggilm mass and also reducing
viable counts in both SCV and parent biofilms. Rves studies have shown that
rifampicin can penetrate biofilms formed Byepidermidis (Zheng & Stewart, 2002)
and that PIA does not inhibit rifampicin activingduli & Giamarellou, 1998).
Biofilms formed by both parent and SCV strains sedwo significant effect on the
penetration of rifampicin which may account for thetivity of rifampicin against

parent and SCV biofilms observed in this study.

Although differences in the susceptibility of SChdaparent biofilms to antimicrobial
agents was observed, no single antimicrobial ageatticated biofilms or completely
eliminated viable cells. The remaining cells endeted may represent the formation
of biofilm-specific, drug-resistant or drug-toletamphysiologies, including the
presence of persister cells (Stewart & Costertod)1®. Persisters represent a
subpopulation of bacteria that exhibit the abitiysurvive at lethal concentrations of
antimicrobials without any clear resistance meckranfLewis, 2005). A recent study
has shown large numbers of persisters to be prasé&taureus biofilms that confer
resistance to various antimicrobials (Singhal., 2009). Persisters may explain the
ability of parent biofilms to withstand elevatedhcentrations of antimicrobials tested

in this study.

Although this study did not actively assay for j&ess, SCVs were isolated from
parent biofilms. The presence of SCVs in biofilnas lneen observed i aeruginosa
(Haussleret al., 2003b) ands. pneumonia (Allegrucci & Sauer, 2007) which as well
as persisters may contribute to the reduced antmigl susceptibility of biofilms.
Singh et al., (2009) have suggested that SCVs contribute sggmfly to reduced
susceptibility inS. aureus biofilms. Although we did not observe the presewnte
SCVs in biofilms that were not treated with antiroloial agents their presence would
clearly result in further reduced antimicrobial sgstibility. S aureus SCVs display
reduced susceptibility to cell wall specific antitics and aminoglycosides as a direct

result of interruption of the electron transporaichand slow growth characteristics
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(McNamara & Proctor, 2000). As SCVs already exhibituced susceptibility in their
planktonic state this would suggest that in a binfthis reduced susceptibility would
be further amplified. A biofilm formed completelyf &CVs would exhibit further
reduced susceptibility in comparison to a biofilomposed solely of parent/wildtype
cells. This may also contribute to the reduced ejpidaility of SCV biofilms to

antimicrobial agents observed in this study.

The enhanced biofilm forming capacity of SCVs mayrelate to their ability to cause
persistent and recurrent infections. The ability5@fVs to form biofilms on materials
such as silicone (frequently used in catheter; dahel., 2006) may provide an
increased opportunity to cause disease and pardise hospital setting. SCVs have
been isolated from CF pulmonary infections, osteelitig, and prosthetic device
related infections (Proctat al., 2006) all of which have been linked to the presen
of biofilms (Costertoret al., 1999). This suggests that SCVs may play a sganti
role in biofilm related infections. Currently notamicrobial drug has been found that
completely eradicates adherent microbial populatiomeaning biofilm infections are
rarely resolved and usually persist until the realaxf the effected medical device
(Cos et al.,, 2010). Novel approaches to combat biofilm asgediainfections
including antibiotic lock therapy, inhibition of qtum sensing, and degradation of
biofilms by genetically engineered phage are prospe treatment options (Agarwal
et al., 2010). The enhanced resistance of SCVs may mdantribute to thadverse

therapeutic outcome in these infections (Siaigdl ., 2009).
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4.5 Conclusions

* The Congo red agar screen is a useful method ées@olysaccharide production
in S aureus SCVs.

e S aureus SCVs have an increased capacity to form biofilmsemparison to
parent strains

* No difference in cell surface hydrophobicity betweSCV and parent strains
suggest increased PIA production is the mechaniem iricreased biofilm
formation in SCVs.

« S aureus biofilms are less susceptible to ciprofloxacin,locamphenicol,
gentamicin, tetracycline, triclosan and rifampithan planktonic forms.

* SCVs are present i aureus biofilms following treatment with antimicrobial
agents.

* SCV biofilms display further reductions in antimobial susceptibility which can

be attributed to reduced antibiotic penetratioouigh biofilms.
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5 CHAPTER 5: SUSCEPTIBILITY , RESISTANCE INDUCTION
AND SYNERGISTIC EFFECTS OF VARIOUS PLANT
ANTIMICROBIALS AGAINST STAPHYLOCOCCUSAUREUS
SMALL COLONY VARIANTS

5.1 Introduction

5.1.1 Issues surrounding antibiotic discovery

Following the development of the sulphonamideshie 1930s and penicillin in the
1940s many new classes of antibiotics have beeald®d, however in the past 30
years only two new classes of antibiotics (the okdimones and lipopeptides) have
been developed (Norrlg al., 2005; Silver, 2011). Various challenges to ardibaal
drug discovery have kept the output of new clasgéemtibacterial agents extremely
low. These difficulties have further exacerbate@ tturrent crisis of increasing
antibiotic resistance in clinically-relevant bacdeiOne of the key problems regarding
the discovery of novel antibacterial agents is thatmajority of targets which allow
selective toxicity have already been exploited (Mewang, 2011). Furthermore, the
difficulty and the time taken to develop novel agemean a huge financial
investment by the pharmaceutical industry. Pagtrat., (2007) estimate that for each
individual agent, from the initial target ident#iton to the file to launch procedure
takes an average of 14 years. In addition the esgmerassociated with the
pharmaceutical research and development of eadhidndl agent is $400 - $800
million (DiMasi et al., 2003). This has resulted in several large glpbarmaceutical
companies (GlaxoSmithKline, Eli Lilly and Proctonca Gamble,) reducing their

investment in or completely deserting antibiotisativery (Overbye & Barrett, 2005).

Further issues have arisen regarding the regukatimhich govern antibiotic
development, and the bodies that control the agpraflvnew antibiotics agents have
received criticism. The Food and Drugs Administmat{FDA) in the US has been
accused of ‘shifting the goalposts’ in antibiotggpaoval after changing the approval
criteria for antibiotics (Lancet, 2006). In addrtjahe lack of clinical trial guidelines,
difficulties in recruiting sufficient subjects foclinical trials and the ambiguity
surrounding the acceptability of model based ewdeprovide further hindrances
(Spellberget al., 2008). Consequently it is not surprising that thienber of novel
agents in the antibiotic pipeline are far and fetnwzen.
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5.1.2 Plant products as antimicrobials

The rapid decline in the development of novel ariaobial has resulted in alternative
approaches to antimicrobial development being sbublatural products offer
potential for the development of new antibactedaligs and a new avenue to
overcome the productivity crisis facing those emghgn drug discovery and
development (Newmast al., 2003). Plants are rich in a wide variefiysecondary
metabolites, such as tannins, terpenoids, alkglawld flavonoids, many of which
display antimicrobiapropertiesn vivo (Cowan, 1999). Approximately 420,000 plant
species are present on earth (Vuomtlal., 2004), with only 5% of known plants
being systematically investigated for the presesfdgioactive compounds (Verpoorte
et al., 2000). Therefore plants may represent a hugervaseof potential new

compounds, which remains untapped.

5.1.3 Essential oils

Essential oils (EOs) are aromatic oily liquids ai¢a from a variety of different plant
materials including bark, flowers, leaves and rodBurt, 2004). The main
constituents of EOs are mono- and sesquiterpeneliding carbohydrates, alcohols
and ethers) which are responsible for the frag@md biological properties of
aromatic plants (Kalemba & Kunicka, 2003). They &equently liquid, volatile,
rarely coloured, and soluble in organic solventakigli et al., 2008). EOs are used in
the food industry as flavour additives and for pneservation of foodstuffs (Bouhdid
et al.,, 2010) and EOs and their components have beenetksafe for use in food
and beverages by the FDA (USFDA, 2009). Previoassybave seen a revival in the
use of EOs in protecting livestock and food froreedise, due to their spectrum of
antibacterial activity (Dorman & Deans, 2000).dtwell documented that EOs posses
antibacterial, (Deans & Ritchie, 1987; Holley & &la2005), antimycotic (Azzouz &
Bullerman, 1982) and antiparasitic activity (Paneesl., 2000).

Although the exact antimicrobial effects of EOs éawt been determined, it is
accepted that the action is dependent on the lipomharacter of their hydrocarbon
skeleton and the hydrophobic character of theirctional groups (Kalemba &
Kunicka, 2003). As EOs are composed of severatifft chemical compounds, their
antibacterial activity is not attributed to one afie mechanism and there are several

known targets in the bacterial cell. EOs are knadencause degradation of the
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bacterial cell wall (Helandeet al., 1998), damage the cytoplasmic membrane
(Sikkemaet al., 1994) and damage membrane proteins (Uitee, 1999).

Gram positive and Gram negative bacteria displégrinces in susceptibility to EOs
due to differences in there cellular compositiohe Duter membrane (OM) of Gram
negative bacteria contains lipopolysaccharide (LR8lecules, providing the bacteria
with a hydrophilic surface (Nikaido, 1994), which furn serves as a penetration
barrier to hydrophobic EO$seudomonas aeruginosa for example displays intrinsic
resistance to a variety of EOs due to the hydraphdture of it's OM.

5.1.3.10regano —Origanum vulgare

Oregano EO is composed of two main antibacteriahpmments; thymol and
carvacrol, the precursors of which are the moneteephydrocarbon molecules,
terpinene andg>-cymene (Nostraet al., 2004). Thymol and carvacrol are phenolic
compounds known to posses bacteriostatic or bautaliactivity depending on the
concentration (Dorman & Deans, 2000). Thymol isucurally very similar to
carvacrol, the major difference being a differexgation of the hydroxyl group on the
phenolic ring (Burt, 2004). Carvacrol is the magomponent of oregano EO fraction
(60 — 74%) (Ulteeet al., 1999) with thymol concentrations ranging from 33%
(Faleiro et al., 2005). The compositions can vary greatly dependipon the
geographical region, variety and age of the pléme, method of drying and the
method of extraction of the oil (Jerkdwt al., 2001).

Several studies have shown a wide range of humtrogens to be susceptible to
oregano oil, includingandida albicans, Escherichia coli Staphylococcus aureus, and
Salmonella typhimurium (Dorman & Deans, 2000; Friedmahal., 2002; Hammeet
al., 1999). Oregano EO, thymol and carvacrol havebae#n shown to disrupt the
bacterial cell membrane, causing increased perritgatbi the nuclear stain ethidium
bromide (Lambertt al., 2001). Studies iBacillus cereus have also shown carvacrol
to interact with the cell membrane, dissolving @itespholipid bilayer, increasing
membrane fluidity (Ulteest al., 2000; Ulteeet al., 2002). Interaction with the lipid
bilayer of the cytoplasmic membrane results in leakafeellular material such as
ions, ATP and nucleic acid (Helandetral., 1998; Trombettat al., 2005).
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5.1.3.2Cinnamon —Cinnamomum zeylanicum (Synonym: Cinnamomum verum)
Many species of cinnamon yield volatile oils ontidletion (Chericoniet al., 2005).
Variability in the composition of EOs from the san@nnamomum species is
common and is related to the geographical sourcelait (Chenget al., 2004).
Cinnamomum zeylanicum is one of the worlds most commonly exported spgeoie
cinnamon and its primary constituents are cinnaetgtde from the bark oil, eugenol
from the leaf oil, and camphor from the root-baik (Wijesekera & Chichester,
1978). Cinnamaldehyde, an aromatic aldehyde isrii@ component of bark extract
(Ali et al., 2005) and has been demonstrated to display s@atibacterial activity
against a range of bacterial pathogens inclugidgcobacter pylori (Ali et al., 2005),
P. aeruginosa and S aureus (Bouhdidet al., 2010). Eugenol is also present in bark
oil (but at lower concentrations) and has a similange of activity to
cinnamaldehyde, with activity against human pathsgsuch as. coli, Listeria
monocytogenes (Friedman et al., 2002), S aureus and Klebsiella pneumonia
(Prabuseenivasast al., 2006).

Cinnamaldehyde induces changes in the membranedbes not result in the
disintegration of OM (Helandeat al., 1998). Treatment of exponentially growiBg
cereus cells with cinnamaldehyde results in filamentatéond strong inhibition of cell
separation (Kwonret al., 2003). Further studies have shown that cinnarhgtie
inhibits FtsZ which is responsible for the regudatiof bacterial cell division
(Domadiaet al., 2007).

5.1.3.3Ginger (Zingiber officinale)

Ginger is used in pharmaceutical, cosmetic, and fowd beverage industries and it's
EO has applications as an analgesic, anti-inflamangaaind antirheumatic (de Meéb
al., 2011). Ginger oil contains considerable concéiotma of phenolic compounds
including eugenol, gingerol and zingerone (Sirghal., 2008). The antibacterial
activity of ginger EO is related to these phenalienpounds and although an exact
mechanism of action has not been establishedliket to involve the synergistic

action of all constituents.

5.1.4 Green tea Camélliasinensis)
Camellia sinensis belongs to the ‘non-fermented’ class of tea inchihthe leaves are
dried and steamed in the manufacturing processréCadi al., 2006). The chemical
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composition of green tea is complex and contairdivarse array of amino acids,
carbohydrates, vitamins, minerals and pigmentseffnan, 2007). The polyphenol
fractions have been widely investigated for theitimicrobial properties, of which
the simplest compounds are catechins. Approximdi@¥s of green tea is made up of
catechins, of which 4 main compounds are preseitagechin (EC), epigallocatechin
(EGC), epicatechin gallate (ECG), and epigallodategallate (EGCG) (Hamilton
Miller, 1995). Green tea catechins exert antimi@blactivity against human
pathogens such & aureus, S epidermidis, Vibrio cholerae (Toda et al., 1989),
Clostridium spp. (Ahnet al., 1991) andP. aeruginosa (Yi et al., 2010). Similarly to
EOs, several cellular targets have been proposedréen tea. Targets include the
Fabl and FabG reductase steps in Eaeoli fatty acid elongation cycle (Zhang &
Rock, 2004) and DNA gyrase (Gradisaral., 2007). Certain green tea catechins
(EGC and EGCC) can also inhibit bacterial effluxmps Tet (K) (Roccarat al.,
2004) and NorA (Gibbonet al., 2004), which reduced susceptibility to tetraayeli
and norofloxacin respectively. Green tea has anlshown to reverse methicillin
resistance in methicillin-resistanc& aureus (MRSA), inhibiting the synthesis of
penicillin binding protein 2’ (PBP2’; Yaret al., 1998).

5.1.5 Candicidin

Candicidin is a unique antimicrobial produced amdmiulated by Cultech Ltd.,
composed of a variety of EOs including; oreganoyvelleaf oil, ginger oil and
wormwood oil. The main antibacterial component tdve leaf oil derived from
Eugenia carophyllus is eugenol (Faragt al., 1989) which shows activity against
various pathogenic bacteria (Sanla-Ehdl., 2011). Clove oil possesses antioxidant
properties and shows potential as a natural praseevor as a source of natural
antioxidants for use in pharmaceutical applicati@iaiebet al., 2007). Wormwood
oil is derived fromArtemisia absinthium, and has antibacterial activity against
pathogens such as. pneumonia (Viljoen et al., 2006). The monoterpene ketone
thujone is considered as the main ‘active ingradigrachenmeier, 2010) however

limited information regarding its antibacterial &ippation are available.
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5.1.6 Synergy between plant antimicrobials and antibiotis

Formulations of different antibacterial compoundistt complement each others’
action offers a strategy to overcome the problem amitibiotic resistance
(Hemaiswaryeet al., 2008). For example, the combination of a R-lactartibiotic
together with R-lactamase inhibitor will render tRdactamase enzyme redundant
allowing the antibiotic to remain active. Synergythe term used to described when
the combined effect of two compounds is greaten tih@ sum of the effects of each
compound alone (Berenbaum, 1978; Ramdl., 1993). Several examples in the
literature have demonstrated successful combimatafnplant antimicrobials with
many different classes of antibiotics. Shietaal. (2000) demonstrated that extract
from the petals ofRosa canina (rose red) significantly increased the [3-lactam
susceptibility of MRSA strains. Erybraedin and enya isolated from the roots of
Erythrina zeyheri (member of the~abaceae plant family, found in South Africa)
decreased the susceptibility of vancomycin resistenterococci (VRE) to
vancomycin (Satet al., 2004). Furthermore, certain plant compounds hsn@mvn
synergy with multiple antibiotics such d&nica granatum (pomegranate) which
displayed a synergistic relationship with chloramplol, gentamicin, tetracycline,
and oxacillin against MRSA (Brag#hal., 2005).
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5.1.7 Aims

Cultech Ltd. produces various naturally derived poonds which are available in the
form of EOs and emulsified powders. This studyhis first to examine the action of
naturally-derived plant EOs and plant compoundsrnag)&. aureus SCVs. AsS
aureus SCVs are difficult to treat in the clinical setfimand can be selected for in the
presence of various antibiotics (Chapters 2 anac&@yrally derived compounds may
offer an alternative method for treatment of SCMtexd infections.

* Examine the susceptibility of a range @&f aureus parent and SCV strains to
various EOs and green tea using a disc diffusiotihaake

* Apply the CLSI broth dilution method(s) to obtain@®and MBC values for plant
antimicrobial powders againSt aureus parent and SCV strains.

» Investigative time kill dynamics to validate planritimicrobial MBC values.

* Examine the ability o5 aureus parent and SCV strains to develop resistance to
plant antimicrobial compounds.

* Investigate synergistic relationships that may teRetween plant antimicrobials

and various classes of conventional antibiotics.
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5.2 Material and methods

5.2.1 Essential oils and powders

Cinnamon bark, oregano and ginger oils and gresifGeltech Ltd.) were examined
for there antibacterial activity againStaureus SCV and parent strains using a disc
diffusion method. Emulsified powders of cinnamomkband oregano oil as well as
candicidin and green tea (Cultech Ltd.) were usmdnficrodilution susceptibility
testing. The major known antibacterial constituenfsEOs and the emulsified
powders used in this study are shown in TableS&tdck solutions (100,000 mg/L) of
the powders candicidin, cinnamon, green tea angboi@were prepared by dissolving
1 gram of each powder in 10 mL of sterile deioniseater. Suspensions were
vortexed thoroughly for 5 min followed by centritegy for 10 min at 10, 000 rpm.
Dilutions of stocks were prepared in sterile desedi water and stock stored at 4°C

for a maximum of 7 days.

5.2.2 Bacterial strains

Several reference methicillin sensitive aureus (MSSA) strains and well
characterised MRSA strains were used to investitpanti-staphylococcal effects of
plant antimicrobials (Table 5.2). SCVs derived frimse strains following antibiotic
exposure, as well as laboratory constructed SC\Wsa®CV human isolates were
also examined (Table 5.3). Strains were maintaate80°C in Mueller Hinton (MH)
broth supplemented with 8 % dimethyl sulfoxide (D®MSand re-isolated on MH agar

plates.

5.2.3 Disc diffusion

Disc diffusion method was carried out following deiines from the British Society
of Antimicrobial Chemotherapy (BSAC) standardiseidcdsusceptibility testing

method (Andrews & Susceptibility, 2009). Individualaureus colonies (3-4) were

inoculated into cation adjusted Mueller Hinton brfCAMHB) and incubated at

37°C with shaking at 150 rpm. Cultures were grdaithe end of logarithmic phase
and cell densities were adjusted to match thediiybof a 0.5 McFarland standard at
625 nm. Occasionally SCV strains failed to reach tlensities required by the
McFarland standard, in which case densities of marains were adjusted
accordingly to ensure similar inoculum concentraioA sterile cotton swab was

dipped into the suspension and spread evenly treesurface of MH agar plate. This
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procedure was shown to consistently produce senfiumnt lawns recommend by the
BSAC for susceptibility testing. Sterile filter ds (5mm diameter) were applied to
the centre of the agar onto which 5 pL of plantraigrobial stock solutions (100,000
mg/L) were dispensed. Plates were allowed to dry 1@ minutes before being
incubated (24 hours for parent and 48 hours for §GW 37°C. Following incubation

inhibition zones were measured digitally using IMAG (NIH).

5.2.4 Determination of minimum inhibitory concentrations

Minimum inhibitory concentrations (MICs) were detened according to Clinical
Laboratory Standard Institute (CLSI) guidelines described previously (section
2.2.3) As no information regarding the susceptibility &f aureus SCVs to plant
antimicrobials was available, a wide range of pkmtimicrobial concentrations were
tested. Stocks of plant antimicrobials were usegrépare concentrations double the

required concentration to allow for dilution by timeculum.

5.2.5 Determination of minimum bactericidal concentrations
Non turbid wells from MIC experiments were useddaiermine MBCs as described

previously (section 2.2.4).

5.2.6 Time kill assays

Time kill assays were performed for two reasonststly to confirm that
concentrations obtain from well plate based MBCagssreached the required
reduction in inoculum and secondly to assess tteeabwhich bactericidal activity
was achieved. Overnight cultures®faureus parent and SCVs strains were prepared
in CAMH broth and then inoculated into 50 mL of CA (in 250 mL narrow neck
conical flasks) to achieve a starting density of B> CFU/mL. Required volumes of
plant antimicrobial agents were then added so dlasbntained bactericidal
concentrations of plant antimicrobials and incubate37°C with shaking at 150 rpm.
Samples were taken every 2 hours for 10 hoursalSéitutions were performed in
phosphate buffered saline (PBS) and dilutions wéated onto MH agar. Plates were
incubated at 37°C and colonies were enumerated48taours.
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Table 5.1 Composition of the major antibacterial components of plant antimicrobials used in this invetggation

Essential oil/powder
Candicidin powder

Oregano oll

Oregano powder

Cinnamon bark oil

Cinnamon bark powder
Green tea powder

Ginger oil

Antibacterial composition
7.6 % (v/v) oregano oll
3.6 % (v/v) clove leaf oll
3.6 % (v/v) ginger oil
3.6 % (v/v) wormwood oil

74.3 % (v/v) carvacrol
0.35 % (v/v) thymol

25 % (w/v) oregano oil emulsified with tapioca star

70 % (v/v) cinnamaldehyde
4.5 % (v/v) eugenol

33 % (w/v) cinnamon bark oil emulsified with tapgostarch
45 % EGCG

84 % (v/v) gingerol
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Table 5.2 MSSA and MRSA strains used in this study

Strain Description
ATCC 25923

NCTC 6571 S aureus reference strain
MRSA COL Genome sequence early MRSA strain origyriablated in
1960s
EMRSA 15 Epidemic MRSA type 15 —isolated in 198gvalent in
UK hospitals
OMB 299 Revertant of SCV isolated from wound itif@c
N315 Genome sequenced MRSA strain isolated in 1982

S aureus reference strain

Resistance(s) Source/Reference
- ATCC
- NCTC
TET, OX Dykeet al., 1966 (Dykeset al.,
1966); Gillet al., 2005 (Gillet al .,
2005)
OX Richardson & Reith, 1993
ERY University Hospital Minster,
Germany

ERY, NEO, OX Kurodeet al., 2001 (Kurodaet al.,

2001)

ATCC - American Type Culture Collection; NCTC — Matal Collection of Type Cultures; ERY- ErythromgciNEO — Neomycin; OX —

oxacillin; TET - Tetracycline
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Table 5.3S. aureus SCV strains used in this study

Strain
ATCC 25923
SC\CEN
ATCC 25923
SCVN
NCTC 6571
SC\CEN
NCTC 6571
SCVTET
MRSA COLhemB
MRSA COL menD
EMRSA 15
SC\VCEN
EMRSA 15
SC\EC
OMB 299 SCV
N315 SC\PEN
N315 SCVE'

Description
SCV derived from ATCC 25923 following gentamicin
exposure
SCV derived from ATCC 25923 following kanamycin
exposure
SCV derived from NCTC 6571 following gentamicin
exposure
SCV derived from NCTC 6571 following tetracycline
exposure
Laboratory generated SCV mutant of MRSA COL
Laboratory generated SCV mutant of MRSA COL
SCV derived from EMRSAL15 following gentamicin
exposure
SCV derived from EMRSA15 following neomycin
exposure
SCV isolated from wound infection
SCV derived from N315 following gentamicin expasur
SCV derived from N315 following tetracycline expos

Auxotrophy
Hemin

N/D
Menadione
Menadione

Hemin
Meond
Menadione
N/D
Hami

N/D
Haemin

Source/Reference
This study

This study
This study
This study

vonEiff et al., 1997
Batest al., 2003

This study

This study

University Hospital Mlnster, Germany

This study
This study

N/D — No auxotrophy detected. SCVs recovered ¥ahg antibiotic exposure were previously confirngss. aureus via multiplex PCR.
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5.2.7 Short-term resistance training by exposure to a sigle sub-lethal
concentration of plant antimicrobials (Cooperet al., 2010)

S aureus strains ATCC 25923 and MRSA COL and their respec&CVs ATCC
25923 SCVE" and MRSA COLhemB were examined to test if resistance to the plant
antimicrobials could be induced. 250 mL conicatklaontaining X 0.5 MIC (in 50
mL CAMHB) candicidin, cinnamon bark, green tea amggano powders were
prepared. Starting densities of 5 x°1GFU/mL were prepared by appropriate
dilutions of overnight parent and SCV cultures.skiawere incubated at 37°C with
shaking at 150 rpm. On 10 successive days, simifadpared flasks were inoculated
with 40 pL from each preceding day's culture. TheCMfor each strain was
determined every day preceding subculture to assgsshange in susceptibility after

continuous exposure.

5.2.8 Effect of plant antimicrobials on antibiotic suscepibility of S. aureus

The chequerboard method was used to determinatir@active effects between plant
antimicrobials and antibiotics (Whie al., 1996). The range of plant antimicrobial
and antibiotic concentrations to be examined wasrdened in accordance with
previously defined MIC values.

Suspensions of cinnamon, green tea and oregano prepared at four times the
required final concentration in CAMHB, in order atlow for dilution by inoculum
and antibiotic. Increasing concentrations of thanplantimicrobial suspensions (50
ML volumes of each) were dispensed into each colwhra microtitre plate,
increasing from right to left (Figure 5.1). Increws antibiotic solutions (50 pL
volumes of each) were dispensed into each roweasing in concentration from top
to bottom. Optically adjuste8. aureus parent and SCV inoclua (1 x GFU/mL)
were prepared as described previously (sectio@Rahd 100 uL inoculated into each
individual well. This resulted in final total volumof 200 uL containing 5 x20
CFU/mL. Control wells were prepared by replacing tplant antimicrobial and
antibiotic with 100 pL of CAMHB. Microtitre platesere incubated statically at 37°C
for a total of 24 hours for parent strains. Theulmation period was extended to 48
hours for SCV strains. Following incubation frac@b inhibitory concentrations
(FICs) and FIC indices (FICi) were calculated udimg following formula, in order to

determine the interactions between plant antimiatand antibiotics.
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FICi = FIC (Plant antimicrobial) + FIC (Antibiotic)

Where:

MIC of plant antimicrobial in combination
FIC (Plant antimicrobial) = MIC of plant antimicrobial alen
FIC (Antibiotic) = MIC of antibiotiic combination

MIC of antibiotic alone

Synergism was defined by a FKE€D.5. Indifference was defined as an FIC index of
> 0.5 but of < 4. Antagonism was defined as aniRt&x of >4 (Whiteet al., 1996).

S aureus N315 and its corresponding SCV N315 SCV are resistant to
erythromycin, neomycin and oxacillin so these sgaivere chosen to investigate
synergy with the plant antimicrobials in this stu@ aureus MRSA COL and its
corresponding SCV MRSA COhemB are resistant to oxacillin and tetracycline and

therefore these strains were also selected totigaés synergy.

5.2.9 Statistical analysis

Analysis of significant differences between susitéiites of SCV isolates and parent
strains was performed using the statistical anslykscribed previously (section
2.2.9.8).
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Increasing plant antimicrobial concentration

v

Increasing antibiotic concentration

Figure 5.1 Layout of plant antimicrobial and antibiotic solutions in

chequerboard plates
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5.3 Results
5.3.1 Anti-staphylococcal effects of EOs and green tea

5.3.1.4Disc diffusion

The antimicrobial action of candicidin, cinnamorrigaginger grass, green tea and
oregano oil againsk aureus SCVs and their parent strains was assessed using a
simple disc diffusion method. Cinnamon bark oihggr grass, green tea and oregano
oil antimicrobials produced inhibition zones in &ICVs and their respective parent
strains examined (Figure 5.2). Candicidin showedantivity against all isolates
examined. Oregano oil produced the largest inlmbitzones in SCV and parent
strains (mean 36 mm), followed by cinnamon bark(®l mm), green tea ( 17 mm)
and ginger grass oil (11 mm). No significant difilece was observed in diameter of
inhibition zones produced by all plant antimicrdbimm MRSA and MSSA strains (P

= > 0.05). Mean inhibition zones produced by cinoanbark oil (Figure 5.2 A),
green tea (Figure 5.2 C) and oregano oil (FiguBel®. were significantly greater in
SCVs in comparison to inhibition zones in parerdias (P = < 0.05). No significant
differences in the diameter of inhibition zonesduweoed by ginger grass oil were
detected between SCV and parent strains (P = 3.0.05

5.3.1.5Microdilution susceptibility

Emulsified forms of candicidin, cinnamon bark aleen tea and oregano oil were
employed for microdilution testing against the sgmeelS. aureus SCV and parent
strains. Although no guidelines to determine sensitand resistance for plant
antimicrobials are available, all SCV and pareraiss showed susceptibility to the
concentrations examined (Table 5.4). Across ther foompounds tested, per
milligram green tea produced the lowest MICs (5260 mg/L) in allS. aureus SCV
and parent strains. Candicidin produced the highH€ls across all stains (2250 —
3000 mg/L; Table 5.4). Comparison of MICs betwee@iVSand parent strains
demonstrated that SCVs were more sensitive than plagents to cinnamon bark,
green tea and oregano which agreed with previosss diffusion results. A trend in
susceptibility of SCVs compared to parent stramsandicidin was not observed.
MBCs correlated with previously determined MICsthwgreen tea producing the
lowest mean MBCs followed by oregano and cinnamemk bespectively (Table 5.4).

MBCs of cinnamon bark, green tea and oregano vesverlin SCVs in comparison to
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Table 5.4 Plant antimicrobial MICs and MBCs (mg/L) of S. aureus SCVs and their parent strains

Strain Candicidin Cinnamon Bark Green Tea Oregano
MIC MBC MIC MBC MIC MBC MIC MBC
ATCC 25923 3000 5500 2000 3250 175 1250 1250 2000
ATCC 25923 SCVEN 3250 6000 1250 2000 75 750 750 1500
ATCC 25923 sc¥™N 3000 6250 1000 2500 75 750 750 1250
NCTC 6571 2750 5000 2250 2750 150 1500 1500 2500
NCTC 6571 SCVEN 3000 5500 1750 2250 75 1000 1000 1500
NCTC 6571 SCVF' 3250 6000 1750 2500 50 750 750 1250
MRSA COL 2500 5750 2000 3250 250 1750 1750 2750
MRSA COLhemB 2500 5750 1250 1750 125 1000 1000 1500
MRSA COL menD 2500 6000 1000 1500 150 1000 1000 1750
EMRSA 15 2250 5750 3000 3750 200 1500 1500 2250
EMRSA 15 SC\EN 2500 6000 2250 3000 125 1000 1000 1500
EMRSA 15 SC\/'E° 2500 5250 2500 3250 150 750 750 1250
OMB 299 3250 6250 2500 3000 175 1750 1750 2500
OMB 299 SCV 3000 6000 1750 2250 125 1500 1500 1750
N315 3500 6000 3000 4000 150 1500 1500 2250
N315 SC\FEN 3250 6250 2000 2750 125 1250 1250 1500
N315 SCVET 3500 6250 2250 2750 125 1000 1000 1250

Modal MIC and MBC values are presented. Modal v&lere obtained from three independent replicaidgtaee independent biological

replicates.
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parent strains. Although green tea showed the loiéS and MBC values across
the panel of strains examined, average MBCs wagkt dold greater than MICs.
Average MBCs for cinnamon bark, oregano and caduticivere 1.3, 1.5 and 2

times greater than MIC values.

5.3.1.6Time kill assays

Four plant antimicrobials (as above) were testalrnsgS. aureus ATCC 25923 and
MRSA COL and their corresponding parent SCVs tcewheine the rate at which
plant antimicrobials achieved bactericidal actiwiging time Kill assays (Figure 5.3).
All previously determined MBCs (derived from the amatitre method above)
achieved the required 99.9 % reduction (from tlagtisig inoculum) required by the
CLSI to be classed as bactericidal. Differencethentime required for bactericidal
activity to be achieved varied between plant argiobials and difference between
SCV and parent strains were also observed for inedempounds (Figure 5.3).
Although all compounds examined achieved bactaicattivity within 10 hours,
oregano (Figure 5.3 D) showed a substantially greitl rate, reaching the 99.9 %
reduction level in 4 hours for both SCV and pareindins. Green tea achieved the
second most rapid time kill of between six and elgiurs for SCV and parent strains
respectively (Figure 5.3 C). Candicidin took 10 tsoto achieve elimination of both
SCV and parent strains. Differences in the timeetakor green tea to exert the
required reduction from the initial inoculum wengparent between SCV and parent
strains. ATCC 25923 SC¥" and MRSA COLhemB reached the bactericidal
threshold within 6 hours where as both respectaremqt strains took a further 2 hours
to reach the same reduction. Similar contrastimg tkill kinetics were apparent when
exposing SCV and parent cultures to cinnamon beidh{ hours for SCV and ten
hours for parents). Uniform time Kkill kinetics weobserved for candicidin between
SCV and parent strains, which both reached theimegjueduction in 10 hours.
Strains were also analysed for their responsesoseire to plant antimicrobials at
previously defined MICs. All four plant antimicra@ts over the 10 hour period
showed no increase in viable cell count from thertisty inoculum density. No

increase in viable count is comparable with thgioal MIC determination.
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Figure 5.3 Time Kkill curves of plant antimicrobials against S. aureus SCVs ATCC 25923 SCV® and MRSA COL hemB and their

corresponding parent strains A) — Candicidin; B) - Cinnamon Bark; C) - Green;tBa — Oregano. Dotted line represents limit ofedébn.
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5.3.1.7Synergy between plant antimicrobials and antibiotis

Synergistic relationships between three plant etdrgcinnamon, green tea and
oregano) and four conventional antibiotics (erythycin, neomycin, tetracycline and
oxacillin) were examined in tw&. aureus and SCV strains (Tables 5.5 and 5.6).
Various synergistic relationships were observed witeen tea displaying the largest
number of synergistic relationship (three antilwg}ti In the combinations in which
synergy was reported the same trends were obsenve&ICV and parent strains.
Cinnamon and oxacillin consistently showed a syistogrelationship achieving a FICi
< 0.05 in both N315 and MRSA COL parent and SCYis$. All plant antimicrobial-
antibiotic indifferences observed in SCVs were aksported in corresponding parent
strains. Green tea showed a synergistic relatipnstih both neomycin and oxacillin in
N315 SCV its parent strain and with tetracyclinel axacillin in MRSA COLhem B
and its parent strain. No antagonistic combinati@ti€i > 4) were observed in all of

the plant antimicrobial-antibiotic combinationstess(Tables 5.5 and 5.6).

5.3.2 Resistance induction

Two strains ofS. aureus (one SCV and one parent of each) were exposedbtéethal

(X 0.5 MIC) concentrations of candicidin, cinnamuerk, green tea and oregano for 10
days (Figure 5.4). An alteration of MIC of both S@wd their respective parent strains
to all four plant antimicrobials was observed. Mi@fsall four strains tested displayed
increasing MICs after exposure to candicidin, cmoa bark and green tea. This was
with the exception of MRSA COL exposed to greenaed oregano the MIC of which
remained the same after 10 days continuous exp@Bigere 5.4). Exposure of SCVs
and parent strains to green tea and candicidinugextismall changes in MIC (0.26 and
0.15 fold increase respectively) after 10 days. dsype of ATCC 25923 parent and
SCV strains to cinnamon saw a two fold increas#i@. The two fold increase was
apparent in the MRSA CObhemB mutant; however the parent strain showed a lower
1.375 fold increase. Inversely exposure to oregamsulted in an increase in
susceptibility in ATCC 25923 SCX#" and parent strains as well as the MRSA COL

hemB mutant.
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Table 5.5 The effects of plant antimicrobials on erythromycin neomycin and

oxacillin susceptibility of S. aureus N315 SC\PEN and its corresponding parent

strain expressed as FICi

N315 SC\PEN
MICs (mg/L)
Combination tested Plant Anti.  Antibiotic FICi Relationship
Cinnamon and 2000 64 1.39 Indifference
erythromycin
Cinnamon and neomycin 2000 128 1.85 Indifferéhce
Cinnamon and oxacillin 2000 64 0.20 Synetgy
Green tea and erythromycin 125 64 2.15 Indifferénce
Green tea and neomycin 125 128 0.15 Synkrgy
Green tea and oxacillin 125 64 0.36 Synétgy
Oregano and erythromycin 1250 64 2.8 Indifferénce
Oregano and neomycin 1250 128 1.9 Indifferénce
Oregano and oxacillin 1250 64 0.21 Synetgy
N315 Parent
MICs (mg/L)
Combination tested Plant Anti.  Antibiotic FICi Relationship
Cinnamon and 3000 64 1.25 Indifference
erythromycin
Cinnamon and neomycin 3000 128 1.57 Indifferéhce
Cinnamon and oxacillin 3000 64 0.41 Synetgy
Green tea and erythromycin 150 64 2.5 Indifferéhce
Green tea and neomycin 150 128 0.37 Synkrgy
Green tea and oxacillin 150 64 0.25 Synétgy
Oregano and erythromycin 1500 64 1.72 Indifferéhce
Oregano and neomycin 1500 128 2.1 Indifferéhce
Oregano and oxacillin 1500 64 0.33 Synetgy

Indifference ) was defined as an FIC index of > 0.5 but of Synergism") was defined by

a FICi< 0.5. Antagonism was defined as an FIC index of\WAite et al., 1996).
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Table 5.6 The effects of plant antimicrobials on cacillin and tetracycline

susceptibility of S. aureus COL hemB and its corresponding parent strain

expressed as FICi

MRSA COL hemB

MIC’s (mg/L)

Combination tested Plant Anti.  Antibiotic FICi Relationship
Cinnamon and oxacillin 1250 128 0.32 Synetgy
Cinnamon and tetracycline 1250 64 1.57 Indifferéhce
Green tea and tetracycline 125 64 0.32 Synkrgy
Green tea and oxacillin 125 128 0.22 Synérgy
Oregano and tetracycline 1000 64 1.96 Indifferéhce
Oregano and oxacillin 1000 128 0.17 Synétgy

MRSA COL Parent
MIC’s (mg/L)

Combination tested Plant Anti.  Antibiotic FICi Relationship
Cinnamon and oxacillin 2000 128 0.27 Synetgy
Cinnamon and tetracycline 2000 64 1.25 Indifferéhce
Green tea and tetracycline 250 64 0.25 Synkrgy
Green tea and oxacillin 250 128 0.27 Synérgy

Oregano and tetracycline 1750 64 2.15 Indifferéhce
Oregano and oxacillin 1750 128 0.24 Synétgy

Indifference ) was defined as an FIC index of > 0.5 but of yinergismY) was defined by

a FICi< 0.5. Antagonism was defined as an FIC index ofWAite et al., 1996).
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5.4 Discussion

Disc diffusion has been implemented to assess ttieniarobial susceptibility of
several different bacterial species to various E&st & Reinders, 2003; Kalemba &
Kunicka, 2003). In this study disc diffusion wasphbgd to a collection ofs. aureus
SCV and parent strains, and inhibitions zones nreasents were successfully
obtained for all plant antimicrobials except camtlit EOs contain a mixture of
several different components and their antibadtesiéect is poorly understood
(Holley & Patel, 2005). Consequently efforts hawecused on identifying the

individual components of EOs to develop an undaditey of antibacterial activity.

Oregano oil produced the largest mean inhibitionesoin comparisons to the other
EOs examined. The main component of the oreganaus®dd in this study was
carvacrol, with the active compound making up 74.8ftthe total composition.
Carvacrol is responsible for the antibacteriahaistiof various EOs (thyme, savory as
well as oregano) and has been shown to disrupéfiaictell membranes (Lambestt
al., 2001). The disruption of the cell membrane causes leakage of cellular
constituents resulting in bacterial death. SCVsensdrown to be more susceptible to
oregano compared to parent strains in both the digasion and broth dilution
method. This may be related to the differences @mibirane potentiaA¥') and ATP
availability. Studies inB. cereus have shown that exposure to carvacrol results in
depletion of the intracellular ATP pool, howeveistivas not attributed to leakage of
ATP through the membrane (Ulteeal., 1999). Ulteeet al. (1999) also showed that
carvacrol induces membrane damage but concludédita is not lost through this
damage but is affected due the effect of carvaamn@d¥. SCVs have a reducedl as

a direct consequence of their phenotype (Badtvél., 1994), thus it can be postulated
that carvacrol increases lethality in SCVs, aslewéATP diminish at quicker rate in

comparison to parent strains.

The main component of the cinnamon bark used idystvas cinnamaldehyde (70 %
of total composition). All SCV and parent strainsamined were shown to be
susceptibile to preparations of cinnamon bark, \Bi@Vs producing larger inhibition

zones and lower MIC and MBC values. Although cinaltehyde acts on the
bacterial membrane, unlike carvacrol treated ce#fls treated with cinnamaldehyde
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do not show depletion of intracellular ATP or disgration of the membrane
(Helanderet al., 1998). Cinnamaldehyde has been shown to inhHigZ which is

responsible for the regulation of bacterial cellision (Domadiaet al., 2007)

therefore it is surprising that SCVs show increasestceptibility to cinnamon. SCVs
exhibited reduced rates of cell wall synthesis andncrease in cell wall thickness in
comparison to parent strains, which results in cedususceptibly to antibiotics that
target cell wall synthesis. Slower rates of celliglon would suggest that SCVs
would exhibit reduced susceptibility to antimicralsi targeting the cell division

process. Other cellular components may therefotédéarget of cinnamaldehyde.

Green tea exerts strong antibacterial activity @gfaa range of bacterial pathogens,
which is related to its composition of polyphenatatechins, one of which is EGCG
(Friedman, 2007). Several different targets for @inébacterial activity of green tea
catechins have been published. Examples includé&dah& and Fabl reductase steps
in the E. coli fatty acid elongation cycle (Zhang & Rock, 2004gll division
machinery (Wesgt al., 2001) and DNA gyrase (Gradisaral., 2007). Similar to the
effects of cinnamon and oregano SCVs were also maseeptible to green tea. As
the exact mechanism of activity of green tea istgebe eluded, the difference in
susceptibility between SCV and parent strains fficdit to postulate. If green tea
targets cell division or DNA gyrase, increased sp#bility in SCVs is striking as
SCVs would be expected to be more susceptibile, tduthe slower growth rate

observed in many SCVs.

Combined use of antibiotics with plant antimicrdalmampounds may offer a strategy
to overcome the problem of increasing antibiotgig&nce through synergism; where
the combined effect of two compounds is greaten th& sum of the effects of each
compound alone (Berenbaum, 1978; Rena., 1993). Many studies have proven the
synergistic action of EO fractions from differemapts with synthetic drugs as well as
antifungal agents (Hemaiswargh al., 2008). This study has identified synergistic
relationships between several antibiotics and @atimicrobials. Green tea displayed
the highest number of synergistic relationshipsboth SCV and parent strains;
include synergy with neomycin, oxacilin and teyrdme. The synergistic
relationship between green tea and oxacillin has lexplained by Zhaet al. (2001).
EGCG of green tea directly binds to peptidoglycanttee cell wall interfering with
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the integrity of the cell wall. The action of grewa directly facilitates the action of

cell wall specific antibiotics, such as oxacillin.

Tetracycline resistance B aureus is often related to active efflux of tetracyclitieis
reducing the accumulation of tetracycline molecwlghin the cell. One example of
this efflux pump is the Tet(K) efflux pump, whick widespread in staphylococcal
species. Synergy between the EGCG and tetracytlase been observed via the
inhibition of the Tet(K) efflux pump, drasticallyedreasing the MIC of tetracycline
(Roccaroet al., 2004). The strain tested for green tea andadgttme synergy in this
study (MRSA COL) also possess the tetracyclineieflump Tet(K) , confirming the
inhibition of tetracycline efflux by green tea (L& Pop, 2009). Synergy between
green tea and neomycin was also observefl sureus N315 SCV and the parent
strain. Resistance to various aminoglycosidesSinaureus N315 is due to the
presences of nucleotidyltransferases, enzymestbdifies the antibiotics rendering
them inactive (Kurodeet al., 2001). The mode of synergy may involve green tea
catechins, such as EGCG, inhibiting the activitypooduction of these modifying
enzymes. EGCG can inhibit antibiotic modifying emss (Zhacet al., 2003) and in
this case may inhibit activity of aminoglycoside difging enzymes (AMES),
allowing an active aminoglycosides to exert antibaal activity. The observation
that green tea has a synergistic relationship witee separate antibiotic classes
makes it an attractive candidate for further ingegton. This is supported by
evidence that the components of green tea havbaatgrial activity against various
human pathogens (Anaretl al., 2006; Gordon & Wareham, 2010; Osterbetal.,
2009) and are also active agaisaureus SCVs. SCVs display reduced susceptibility
to cell wall specific antibiotics (such as R-lac&dmnand protein synthesis inhibitors
(aminoglycosides) as a direct result of their phgme. Although the mechanisms
surrounding the synergistic relationships may retiectly applicable to combating
the reduced susceptibility mechanisms in SCVs,stiseeptibility of SCVs to green

tea may have potential in treatment of SCV infewio

Among the other plant antimicrobials examined cmaoa and oregano both showed
synergy with oxacillin. The literature provides ees examples of other plant
antimicrobials that present synergy with 3-lactamibéotics. For example, baicalin (a

flavonoid used in traditional Chinese medicine) basn shown to inhibit 3-lactamase
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activity (Liu et al., 2000). Oxacillin is an example of a B-lactam laiotic that is

resistant to the action of 3-lactamase enzymesrenine [3-lactam ring is protected
from hydrolysis. Therefore if cinnamon and oregame not involved in enzymatic
inactivation, they may disrupt the integrity of tbell wall facilitating the action of (3-

lactam antibiotics in a similar manner to green tea

Bacterial resistance to antibiotics and biocidesvédl documented and patterns of
resistance are closely observed by clinicians agaltiincare workers. The European
Committee on Antimicrobial Susceptibility TestingCAST) state that a clinically
resistant organism is one in which the level ofrarrobial susceptibility has a high
likelihood of clinical failure (EUCAST, 2009). Orgesations such as EUCAST and
the CLSI publish breakpoints that can be used nheroto interpret whether an
organism is susceptible or resistant to a certaitibiatic. Such guidelines are
unavailable for plant antimicrobial compounds, raitue to their lack of use in the
clinical setting. The breakpoints stipulated by BESI usually specify an four to
eight fold difference in MIC between sensitive aadistance organisms. For example
S aureus strains that are classified as susceptible tadgtline have an MIC < 4
mg/L where as strains classified as resistance haVBC > 16 mg/L. Increases in
MIC for candicidin, cinnamon, and green tea wer¢éected although the largest
increases across the panel of four strains wasihlidg in the MIC against cinnamon
of S aureus ATCC 25923. Therefore none of tiseaureus strains examined in this

study would meet the criteria for a ‘resistant’ssdication.

Classical mechanisms of resistance to antibioticdude enzymatic inactivation,
efflux or modification of the target site (Almasaudt al., 1991). Although these
mechanisms may be applied to combat the antibattezffects of plant
antimicrobials, studies have shown a lack of raas to plant antimicrobials such as
garlic and honey (Coopest al., 2010; Wood, 2009). It is likely that the bactéria
resistance encountered today is due, in part, dootleruse of antibiotics in clinical
and agricultural setting. The lack of resistancelant antimicrobials may be partly
due to the lack of implementation in treating baatenfections and consequently the
opportunity for bacteria to develop and evolve sesice mechanisms has not arisen.
Another explanation may be the combination effeei®erted by the different

components of plant antimicrobials. EOs containesalv groups of chemical
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compounds resulting in multi-factorial antibactésaetivity and therefore have several
targets in the bacterial cell (Burt, 2004). Fostance, the main component of the
cinnamon used in this study is cinnamaldehyde; Weweugenol is also present at
lower concentrations. The multi-target nature o&npl antimicrobial compounds

suggests resistance is less likely to occur in @ispn to exposure to an individual

antimicrobial agent.

The problem of bacterial resistance to clinicaitypbrtant antibiotics has resulted in
national and local surveillance networks being ldisthed to monitor antibiotic
resistance trends (Nwosu, 2001). At present, péartimicrobials are not used as
systemic antibiotics due to their low level of atti, especially against Gram-
negative bacteria. The reported M&often orders ahagnitude higher than those of
common broad-spectrum antibiotitem bacteria or fungi (Tegoa al., 2002). The
MICs of the plant antimicrobials assessed in thiglg are substantially higher than
MICs for conventional antibiotics, although thisidy demonstrates that inhibition of
aureus SCV and parent strains can be achieved. Additiptialoughout the course of
susceptibility testing it was observed that nonehef plant antimicrobials examined
selected for SCVs in parent strains. This is anmodldeantageous characteristic of the
plant antimicrobials examined as SCV selection lea to persistent and recurrent
infections. Whether or not these concentrations aat@evable in the treatment of
infections requires further investigation. An attree option is the use of plant
compounds as a topical agent for the treatment dewn burns. Manuka honey is a
plant derived antimicrobial that offer potentiatsthis particular application (Cooper
& Molan, 1999; Coopeet al., 1999; Dunfordet al., 2000). Plant antimicrobials may
also be implemented in the decolonisation of p&diemho are known carriers of
MRSA to prevent dissemination and spread of nosamoimfection (Caelliet al.,
2000; Drydenet al., 2004). Coupled with the lack of resistance arel ginergistic
combinations with several commonly used antibigtfdant antimicrobials offer an
attractive avenue for antimicrobial chemotherapyord research is required to
understand the complete molecular mechanism odiing action in the presence and
absence of the natural compounds, as well as thbiligt, selectivity and
bioavailability of these natural products (Hemaisyazet al., 2008).
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5.5 Conclusions

S aureus SCV and parent strains are susceptible to candjctihnamon bark,
ginger, green tea and oregano as confirmed by dioaton of disc diffusion and
microdilution methods.

S aureus SCVs exhibit larger zones of inhibition and/or EnMIC and MBCs of
candicidin, cinnamon bark, green tea and oregano.

Resistance to candicidin, cinnamon bark, greenateh oregano could not be
induced in SCV or parent strains following shortteexposure to MIC.
Cinnamon and oregano combined with oxacillin pre&duca synergistic
relationship againsd. aureus SCV and parent strains.

Green tea combined with neomycin, oxacillin andramtcline produces a
synergistic relationshif. aureus SCV and parent strains.
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6 CHAPTER 6: SMALL COLONY VARIANTS IN SPECIES OTHER
THAN STAPHYLOCOCCUSAUREUS

6.1 Introduction

6.1.1 Small colony variants of bacterial species other #n S. aureus

SCVs have been extensively studiedSiaphylococcus aureus, however SCVs have
been isolated from a variety of other bacterialcgggehave been isolated (Table 6.1).
These species include important Gram-negative pati® such a$seudomonas
aeruginosa and Gram-positive pathogens such Bsterococcus faecalis and

Streptococcus pneumonia.

6.1.1.1Escherichia coli

E. coli is rod shaped facultatively anaerobic bacteriunt ifha normal component of
the intestinal flora of humans. Althoudh coli is generally viewed as a commensal,
certain strains have acquired virulence factors alaw colonisation of novel niches
and the ability to cause disease in otherwise Iedibsts (Kapert al., 2004).
Different pathovars oE. coli have been described including enteropathogénaoli
(EPEC), enterohaemorrhagte coli (EHEC), and uropathogenik. coli (UPEC)
(Croxen & Finlay, 2010). EPEC and EHEC cause des@athe small bowel and large
bowel, respectively, where as UPEC colonises thdd#r causing cystitis which can
lead to kidney failure if left untreated. Compansaf a benign laboratory strain (K12)
and an enterohaemorrhagic strain (0157:H7) idextifihe presence of 4.1 Mb
sequence highly conserved between strains, regaslede backbone of the coli
chromosome (Hayashet al., 2001). Genome analysis concluded that O157:H7
diversified from a common lineage via the acqusitiof foreign DNA, much of
which encodes virulence related functions accogntiior the difference in

pathogenicity between strains.

SCVs of E. coli have been isolated from patients suffering froraspretic joint
infections and chronic urinary tracts infectionso@g@enkampet al., 1998; Tappest
al., 2006). Analysis of isolates revealed they shfveoli SCV share characteristics

associated with the conventional SCV phenotyperobdgdanS. aureus including the
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Table 6.1 Small colony variants isolated from varias bacterial species

Species
Brucella abortus
Burkholderia cepacia

Burkholderia
pseudomallei

Brucella melitensis
Cryptococcus
neoformans
Enterococcus faecalis

Enterococcus faecalis

Neisseria gonorrhoea

Salmonella enterica

serovar Typhimurium

Streptococcus
pneumoniae

Isolated fromS. pneumonia

Reference
Jacobet al., (2006)
Haussleset al., (2003a)

Source of isolation Observations assoeidiwith SCV phenotype

Mouse model of infection  Slow growth rate, incepersistence in mouse model

Lung transplant in CF Increased serum resistance

patient

Invitro exposure to Identical biochemical, PFGE and electron microscopy Haussleset al., (1999a)
ceftazidime, ciprofloxacin profiles; reduced susceptibility to various antirolwals
and gentamicin
Bacterial endocarditis
(blood culture)

Reduced streptomycin susceptibility through Hall & Spink (1947)

development of SCV phenotype

Negative result for cryptococaatigen; implications in Toetal., (2006)

identification

Chronic meningitis

Identical PFGE and MLST profiles to WT; increased  Petersert al., (2008)

virulence and persistence

Amyloid arthropathy in
chickens

Identical PFGE profile to WT; auxotrophy for haemin (2009) Wellinghaused al.,
abnormal cell wall and cell size

Chronic aortioralve
endocarditis

Gonorrhoea patient Reversion to WT following sujusnt culture

Increased intracellular persistence; reduced viaden Canoet al., (2003)

mice model; reduced susceptibility to aminoglycesid
Increased adherence, aggregation and biofilm foomat Allegrucci & Sauer (2007)

Prolonged intracellular
fibroblast infection

biofilms during initial
attachment phase

CF - cystic fibrosis; PGFE — pulse field gel eleptnoresis; MLST - multilocus sequence typing; SGvhall colony variant; WT - wildtype
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production of microcolonies, slow growth, reducedirsoglycoside susceptibility and
auxotrophy. In cases of infection wih coli SCVs, infection duration and persistence
are increased (Roggenkamghb al., 1998; Sendiet al., 2010) which has been
documented in patients with aureus SCV infection (Kahlet al., 1998; von Eiffet
al., 1997a). Laboratory studies have shown that aatobial agents such as
gentamicin can select fd. coli SCVs (Lewiset al., 1991). These variants showed
similar characteristics associated with the SCVhnplype and auxotrophy for haemin
was attributed to mutations hemB.

6.1.1.2Pseudomonas aeruginosa

P. aeruginosa is a rod shaped motile bacterium. On solid agéonees often appear
as green-blue in colour, characterised by the mtolu of the pigments pyocyanin
and pyoverdin (Pier & Ramphal, 2010). Genome segjugrof severaP. aeruginosa
strains has revealed the presence of a large geriérde- 6.6 Mb) that permits
nutritional versatility and environmental adaptapi{Stoveret al., 2000; Winstanley
et al., 2009). A large proportion of genes I aeruginosa encode environmental
sensors and transcriptional regulators that aightatianal response to environmental
fluctuations (Stoveet al., 2000).P. aeruginosa is responsible for various community
acquired infections (ear infections and keratiteg)d is also the causative agent of
nosocomial infections of the respiratory tract,nary tract and burns (Rossolini &
Mantengoli, 2005). Intrinsic resistance to a ranfjantimicrobial agents (quinolones,
chloramphenicol, tetracycline, trimethoprim andpsiwnamides) due the presence of
multidrug efflux systems (Poole, 2001) results imited treatment options folP.

aeruginosa infections.

SCVs ofP. aeruginosa have been isolated from vitro exposure to aminoglycosides
as well as experimental models of infection (GerkeCraig, 1982; Gerbeet al.,
1982). Common characteristics of SCVs included cedwptake of aminoglycosides,
reversion to the wildtype phenotype and changebiachemical profiles. Chronic
pulmonary infections in CF patients are also a s®wf P. aeruginosa SCVs. The
link between the prevalence of SCVs in CF patidras been linked to the use of
ventilator administered antimicrobials, which mayduce the SCV phenotype
(Haussler et al., 1999b). These isolates showed reduced suscéptibib

antipseudomonal agents and are associated witleeddung function in comparison
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with patients infected with wildtypP. aeruginosa strains.P. aeruginosa SCVs also
display many characteristics corresponding to nath@ptation with the lungs of CF
patients. These characteristics include increagetiinb formation and increased
association with a eukaryotic cell line (Hausséeral., 2003b). Auxotrophy for
compounds such as haemin, menadione and thymidasenbt been previously

reported inP. aeruginosa SCVs.

6.1.1.3Staphylococcus epidermidis

S epidermidis is a member of the coagulase negative staphylo¢G@iNS), which
are differentiated fronS. aureus by an inability to coagulate rabbit plasma (i.e.
coagulase negativelr epidermidis shares a core set of 1,681 open reading frames
with S aureus but lacks many of the genomic islands that encaddewice factors
such as toxins (Gilet al., 2005). Recently the importance &f epidermidis as an
opportunistic pathogen has been recognised. Itgradabiche on the human skin
permits access through implanted devices resultin§ epidermis being the most
common source of infections associated with indwglinedical devices (Rogees
al., 2009). This opportunistic pathogen is one of méstguently recovered
microorganisms in the hospital environment, showimgh levels of incidence in
nosocomial bloodstream infections, cardiovascutdections, and infections of the
eye, ear, nose, and throat (Vuong & Otto, 2002k &ffinity of S epidermidis for
foreign materials commonly used in modern meditiae further contributed to the
increased incidence in nosocomial infections (Heeb& Goldmann, 1999).
Antibiotic resistance is also prevalent$nepidermidis and other coagulase negative
CoNS. Recent surveillance studies in North Ameaiod the UK reported a high rate
of ciprofloxacin, erythromycin penicillin, and oxHin resistance (Hopet al., 2008;
Streitet al., 2004).

SCVs of S epidermidis have been isolated from pacemaker-related infest{@on
Eiff et al., 1999), and SCVs of other CoNS species includihgapitis and S
lugdunensis have been isolated from prosthesis related irdest{Seiferet al., 2005;
von Eiff et al., 1999). Prosthetic device related infections cduseS. epidermidis
SCVs respond poorly to antimicrobial chemotheraften resulting in the removal of
the prosthesis. Similarly t& aureus SCVs, identification of CoONS SCVs is a

challenge due to their abnormal colony phenotysésy growth rate and altered
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biochemical characteristics; amplification and seoe analysis of 16S rRNA is vital
for accurate species identification (von HEdffal., 1999). Recently a link has been
postulated between CoONS SCVs and patients sufferingm myalgic

encephalomyelitis (known as chronic fatigue synd¥pi@FS). CFS is a condition
characterised by long periods of fatigue, shormtaremory loss and musculoskeletal
pain (Fukudeet al., 1994). Increased carriage of CoNS on skin andothsence of

atypical macrococci in blood cultures from CFS @atis (unresponsive to antibiotic
treatment) allude to the involvement of a SCV phgoe (Onyangoet al., 2008;

Tarello, 2001). The presence of a SCV phenotype exajain the persistence and
duration of the disease as SCVs frequently pewsittin host cells and abate the

immune response.

The construction of a stabl8 epidermidis hemB laboratory mutant (via allelic
replacement) has aided the study of SCVs of thesisp. Stabl&. epidermidis SCVs
have permitted developments regarding the undefistgnof pharmcodynamic
responses to antistaphylococcal agents (#ual., 2009). This approach has
demonstrated that SCVs 8fepidermidis show reduced susceptibility to vancomycin
in comparison to wildtype strains due to enhanaditksion properties. Furthermore,
increased capacity to form biofilms 8 epidermidis hemB mutants has been reported
(Al Lahamet al., 2007). Increased expressioncdA resulted in increased production

of polysaccharide intracellular adhesin and thenftron of large clusters of cells.
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6.1.2 Aims

SCVs of E. coli, P. aeruginosa and S epidermidis have been isolated and
characterised, however the majority of cases haen hisolated from the clinical
environment. The following work aimed to investigathether various antimicrobial
agents could select for SCWUsvitro and characterise these isolates to determine if an
overlap was present between lab and clinicallyvaeriisolates through the following

aims:

 Examine the ability of several antimicrobial agents select for SCVs in
E. coli, P. aeruginosa andS. epidermidis.

» Characterise any SCVs using species specific assays

« Determine antimicrobial susceptibility profiles 8€V isolates.

* Analyse biofilm formation in SCV isolates.

» Generate RAPD profiles for SCV isolates and comparent RAPD profiles.
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6.2 Materials and methods

6.2.1 Bacterial strains and growth medium

E. coli ATCC 25922 and NCTC 10418, aeruginosa ATCC 27853 and PAO1 and
S epidermidis LTN (obtained from Heath Hospital, Cardiff) werkk maintained on

Mueller Hinton (MH) agar and grown in MH broth af°®€ with shaking (150 rpm)
unless otherwise stated. All growth medium was iabthfrom Oxoid (UK), with the
exception of purified agar which was obtained frdbifco (UK). Additional

components required for certain agar assays weagnei from Sigma (UK).

6.2.2 Preparation of antimicrobial agents

Ampicillin, ciprofloxacin, chloramphenicol, gentaocm, tetracycline were obtained
from Sigma Aldrich (UK) and triclosan from Ciba @ity Chemicals (Germany).
Ciprofloxacin, chloramphenicol, gentamicin and deticline powders were dissolved
in sterile deionised water. Saturated NaHGGlution was used to dissolve ampicillin
and triclosan was dissolved in dimethyl sulfoxiBeduced strength stocks were made
where required in deionised water and all stockitsms were stored at 4°C for a

maximum of 4 days.

6.2.3 Determination of minimum inhibitory concentrations
MICs were determined using Clinical Laboratory a®thndards Institute (CLSI)

guidelines as described previously (section 2.2.3).

6.2.4 SCV selection assays

Following the determination of MICs, strains thhbwed susceptibility were exposed
to antimicrobial agents to examine their abilityselect for SCV$n vitro. E. cali, P.
aeruginosa and S. epidermidis cultures were prepared by inoculating 3-4 indiaidu
colonies into cation adjusted Mueller Hinton br&@AMHB and incubating at 37°C
with shaking at 150 rpm. Cultures were grown to nexponential phase and
antimicrobial agents added at concentrations détecnas the MIC in previous
susceptibility testing (section 6.2.3). Followingubation for a further 6 hours, 100
pL of culture was spread over the surface of a & @late (containing X 2 MIC the
selecting antimicrobial agent), using a sterilesgleod. Plates were incubated for 48
hours at 37°C. The presence of colonies with altgrieenotypic appearances were

suspected as SCVs and chosen for further analysis.
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6.2.5 Characterisation of SCVs

6.2.5.1Growth rate analysis

Overnight cultures oE. coli, P. aeruginosa and S. epidermidis parent and SCV
strains were used to inoculate 250 mL conical 8agkntaining 50 mL of MH broth at
a starting density 1 X £CFU/mL. Flasks were incubated at 37°C with shakiksp
rpm) for 48 hours. Optical density was measurebi8@tnm and used to calculate lag
time and growth rate. Lag time was recorded adithe taken for to the culture to
reach the beginning of exponential growth fromiahitnoculation. Growth rate was
calculated using the formulmNT — InNNO/ TIME. Viable counts were obtained
following the end of growth rate experiments byfpening relevant serial dilutions
in phosphate buffered saline (PBS) and enumeratiig on MH agar.

6.2.5.2Auxotrophy
Auxotrophy profiles of E. coli, P. aeruginosa and S epidermidis SCVs were

determined as described previously (section 2.2.9.6

6.2.5.3Antimicrobial susceptibility testing of SCVs

Initially susceptibility testing was planned to Ikievestigated via microdilution
methods using CLSI guidelines. However the productf cellular aggregates and
biofilms were frequently observed during microtitsesceptibility testing lead to
inconsistencies and errors in observations. Thegeftne British Society for
Antimicrobial Chemotherapy (BSAC) standardised digsceptibility testing method
(section 5.2.3) was applied which improved resutktipretation and consistency. Disc
impregnated with antimicrobial agents were all otgd from Oxoid (UK). The
antimicrobial discs used were 10 pg ampicillin, 8§ chloramphenicol, 5 ug
ciprofloxacin, 10 pg gentamicin, 30 pg tetracycline

6.2.5.4S. epidermidis DNA extraction
DNA extraction fromS. epidermidis isolates was performed as described previously
for S aureus (section 2.2.7).

6.2.5.5E. coli and P. aeruginosa DNA extraction
DNA was extracted using the GenElute Bacterial GandNA Kit (Sigma Aldrich,
UK), according to manufactures instructions. Owghhicultures were centrifuged at

10,000 rpm in microfuge tubes to pellet cells. 380 of lysis buffer was used to
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resuspend pellets and create a homogenous mixiine. was followed by the

addition of 20 pL of Proteinase K, which was sulbseqly incubated for 30 minutes
at 55°C. Manufactures specific lysis C solution Q2aL) was then added and
incubated for a further 10 minutes at 55°C. DNAdmmg columns were optimised for
binding using ethanol followed by the addition bktpreviously prepared lysate.
Samples were centrifuged at 8,000 rpm for 1 minéddowed by 2 additional

washing steps before eluting bound DNA by the aaldlibf 200 pL manufactures
elution solution. Finally, samples were centrifugeddl minute at 10,000 rpm and the

remaining eluate (regarded as pure genomic DNA)st@®d at 4°C until required.

6.2.5.6Biofilm formation assay

SCVs isolated fronk. coli, P. aeruginosa andS. epidermidis were analysed for the
ability to form biofilms using a standardised mukil microtitre plate assay (O'Toole
et al., 1999). Overnight cultures of SCV and parent staiere adjusted to 1 x .0
CFU/mL in fresh medium (Luria Broth fd. coli andP. aeruginosa and tryptone soy
broth forS epidermidis) supplemented with 0.5 % glucoged 200 puL was dispensed
into wells of 96 microtitre well plates (Fisher, YKMicrotitre plates were incubated
at 37°C for 48 hours and subsequently stained With% safranin (dissolved in,B
and filter sterilised). Biofilms were stained fds fninutes at room temperature before
being washed twice with PBS to remove unattachdd aad residual dye. To elute
safranin from biofilms 200 pL of solvent was addedndividual wells (95% ethanol
for P. aeruginosa andS. epidermidis and 80% ethanol, 20% acetone Eorcoli) and
incubated at room temperature for 30 minutes. Sylesdly optical density was
measured at Ofg using a DYNEX Technologies MRXMicroplate Absorbance

Readewith Revelatiod" application programme.

6.2.5.7Cell-surface hydrophobicity
The microbial adhesioto hydrocarbons assay described previously (secti@rb)

was used for determine cell-surface hydrophobicity.

6.2.5.8Random amplified polymorphic DNA analysis
RAPD was carried out as described previously (seci2.5.9) with the inclusion of
the additional primers 228 (5-GCTGGGCCGA-3’) anthd5-TGCGCGCGGG-3)).
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6.2.6 Characterisation of P. aeruginosa SCVs

P. aeruginosa is a motile organism therefore various motilitgags were employed

to compare flagella and pili activity in SCV and@at strains.

6.2.6.1Swarming assay (Rashid & Kornberg, 2000)

Swarming plates (0.5% purified agar, 8 g/L nutriémoth, 5 g/L glucose) were
prepared and allowed to dry overnight before beised. SCV and parent strains were
adjusted to 1 X 0CFU/mL in PBS and 5 uL inoculated onto the cenfrswarming
agar plates. Plates were incubated at 30°C foratBshand the furthest branching

point from the initial point of inoculation measdre

6.2.6.2Swimming (Rashid & Kornberg, 2000)

SCV and parent strains were adjusted to 1 X @6U/mL in PBS and used to
inoculate tryptone swim plates (10 g/L tryptoneg/a NaCl, 0.3 % purified agar).
Tryptone swim plates were inoculated with the ugeaosterile toothpick and
incubated at 30°C for 48 hours. Swimming motilitasvassessed by examining the
circular turbid zone formed by the bacterial cetigrating awayrom the initial point

of inoculum.

6.2.6.3Twitching (Darzins, 1993; Deziekt al., 2001)

SCV and parent strains were adjusted to 1 X @6U/mL in PBS and used to
inoculate thin (3 mm) LB agar plates. Using a &eanothpick cells were stabbed into
the agar so the toothpick reached the Petri disfacei Bacterial growth at the
interface between the plastic surface and thevagameasured by removing agar and
staining with 1 % crystal violet. Twitching motifitvas determined by measuring the

diameter of the crystal violet stained area.

6.2.6.4Pyocyanin assay (Schabeat al., 2004)

SCV and parent strains were grown in glycerol alaminimal (GA) medium (1 %
glycerol, 6 g/L L-alanine, 2 g/L MgS£0.1 g/L KHPQO,, and 0.018 g/L FeS{pto
investigate pyocyanin production. Overnight SCV apdrent cultures were
centrifuged at 10,000 rpm for 5 minutes and theesugtant collectedindividual
strain supernatants (5 mL) were mixed with 5 mLoobform and left at room
temperature for 5 minutes to allow separation. fi®@ lower organic layer 1.5 ml

0.2 M hydrochloric acid was added and the pyocyaicim organic layer was
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separated. The absorbance of the extracted layemveasured at Q) to quantify

pyocyanin production.

6.2.6.5Elastin Congo red assay

To quantify elastolytic activity the method of Sdhet al., (1987) was applied.
Supernatants of SCV and parent strains grown inwdBe collected as described
previously (section 6.2.6.4) and 100 pL added tol 2f 10 mM NaHPQ containing
30 mg elastin Congo red (Sigma Aldrich, UK). Thexture was incubated at 37 °C
for 14 hours, centrifuged at 10,000 rpm for 5 masutand released Congo red

measured at 495 nm.

6.2.7 Characterisation of E. coli SCVs

6.2.7.1Biochemical analysis

APl 20E strips (Biomerieux, France) were used tongare biochemical profiles
betweenE. coli SCV and parent isolates. A direct colony suspensibSCV and
parent cells was prepared in APl suspension medRiomerieux, France), and 200
puL used to inoculate CIT, GEL and VP reactions dnder to fill both tube and
cupule) with 100 pl being added to all remainingest Anaerobic conditions were
created by the overlaying of mineral oil to ADH, CDODC, HS and URE tests.
Wildtype test strips were incubated at 37°C for Hurs where as the incubation
period was extended to 48 hours for SCV isolateowing incubation various tests
required the addition of reagents which can be douanthe Appendix. The catalogue
of the enzymatic reactions tested and resultingurathanges are seen in Appendix 1.

6.2.7.2Swimming motility
Swimming agar used fd?. aeruginosa (section 6.2.6.2) was used to assay swimming
motility in E. coli SCVs and parents.

6.2.8 Characterisation of S. epidermidis SCVs

6.2.8.1Catalase production
Catalase production was determined by the addibbdO uL hydrogen peroxide
(Sigma, UK) to glass slides containing a homogenaousture of several

S epidermidis colonies. The production of bubbles was indicatiffeatalase activity.
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6.2.8.2Biochemical analysis
APl Saph strips (Biomerieux, France) were used as descrestiously (section
2.2.9.1).

6.2.9 Statistical analysis
Analysis of significant differences between chagastics of SCV isolates and parent

strains were performed as described previouslyti(ge2.2.9.8).
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6.3 Results

6.3.1 SCV selection

E. coli ATCC 25922 and NCTC 10418 strains showed suscéftibd ampicillin,
ciprofloxacin, chloramphenicol, gentamicin, tetrelaye and triclosan and thus all
were analysed for their ability to select for SC\Iable 6.2).P. aeruginosa ATCC
27853 and PAO1 however displayed resistance (MIG2>mg/L) to ampicillin,
chloramphenicol, tetracycline and triclosan. Batlaies were sensitive to gentamicin
and ciprofloxacin which were used in SCV selectassays (Table 6.2). Finally,
S epidermidis LTN showed susceptibility to chloramphenicol, genicin and
tetracycline, which were employed in SCV selectassays.

SCVs were successfully isolated frof coli, P. aeruginosa and S. epidermidis.
Gentamicin was the only antimicrobial agent thdeced for SCVs in all three
species. Furthermore, SCVs were recovered afteysexp ofE. coli to ciprofloxacin
and chloramphenicol arfl epidermidis with tetracycline. Exposure to ampicillin, and
triclosan did not result in the detection of SCWeni any of the species examined.
Although the species examined exhibit morphologiitierences on solid agar, when
observing SCVs, colonies with a smaller diametercomparison to parent strains)
were consistently observed in all three speciegufei 6.1) E. coli andP. aeruginosa
SCV colonies also appeared less mucoid. SCV wemeedato reflect the selecting
antimicrobial. For examplé. aeruginosa PAO1 SCVEN was selected for after
exposure of strain PAOL in the presence of gentamic

6.3.2 Auxotrophy profiles

Auxotrophy for haemin, menadione and thymidine wested for in SCVs isolated
from E. coli, P. aeruginosa and S. epidermidis (Table 6.3). Autotrophy for haemin
was detected in alt. coli SCVs recovered from both ATCC 25922 and NCTC 10418
Menadione auxotrophy was observedsirepidermidis LTN SCVs. Auxotrophy was
not detected in any of the gentamicin selected S@ukted fromP. aeruginosa
ATCC 25922 or PAOL. Furthermore, no auxotrophy weatected in SCVs isolated
following exposure to ciprofloxacin and no SCVslaged showed auxotrophy for

thymidine.
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Table 6.2 Minimum inhibitory concentrations of E. coli, P. aeruginosa and S. epidermidis parent strains

Ampicillin Chloramphenicol Ciprofloxacin Gentamicin Tetracycline
E. coli 1 2 0.125 0.25 0.5
ATCC 25922
E. coli 2 4 0.25 0.25 1
NCTC 10418
P. aeruginosa > 32 > 32 0.5 1 > 32
ATCC 27853
P. aeruginosa > 32 > 32 1 2 > 32
PAO1
S. epidermidis > 32 4 > 32 0.5 1
LTN

Triclosan
0.125

0.125

> 32

> 32

Modal MIC values are presented. Modal values wetained from three independent replicates and tnadependent biological replicates.
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Al) B1) C1)

A2) C2)

Figure 6.1 Morphological differences between wildtge and SCV strainsAl) - E. coli ATCC 25922; A2) E. coli ATCC 25922 SCV=":
B1) - S epidermidis LTN; B2) - S. epidermidis LTN SCV®¥; C1) - P. aeruginosa PAO1; C2) -P. aeruginosa PAO1 SCVE". Colony
diameters are reduced in all SCVs. Additionallyoas! of a mucoid appearance Bn coli ATCC 25922 SCV®N and loss of pyocyanin

production inP. aeruginosa PAO1 SCV¥® is also apparent.
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6.3.3 Growth profiles

All SCVs isolated produced dissimilar growth pre§lto parent strains (Table 6.3). A
significant decrease in growth rate and an incre@dée duration of lag time was
observed in all SCV in comparison with parent sggiP = < 0.01) For example, lag
time duration fork. coli was 1.64 hours, in comparison to an average 40438 llag
time observed in SCV isolates (Table 6.3). Simiatension of lag times was
observed irP. aeruginosa andS epidermidis SCVs. The longest increased in lag time
was observed k. coli SCVs selected for in the presence of ciprofloxaReduced
maximum cell density was consistently observed agabisCVs from all species.
Wildtype strains consistently reached >°10FU/mL where as all SCV strains
produced significantly lower final cell density@mparison (P = < 0.01).

6.3.4 Antibiotic susceptibilities

The BSAC disc diffusion method was used to exartheesusceptibility oE. coli, P.
aeruginosa andS. epidermidis SCV and parent straink. coli SCVs (selected for in
the presence of chloroamphenicol, ciprofloxacin agdntamicin) produced
significantly smaller zones of inhibition for all &ntibiotics tested (Figure 6.2),
including those targeting cell wall synthesis (aoijn), DNA replication
(ciprofloxacin) and protein synthesis (chlorampleehi gentamicin and tetracycline)
(P = < 0.05).E. coli SCVs selected in the presence of ciprofloxaBincoli SCV-'")
displayed the most pronounced degree of reducedeptiBility, producing the

smallest inhibition zones for every antimicrobigkat examined.

Due to the intrinsic resistance &f aeruginosa to various antimicrobial agents,
susceptibility profiles were only determined for nggmicin and ciprofloxacin.
P. aeruginosa SCV°EN produced significantly smaller zone of inhibiticior
gentamicin (P < 0.01). Mean zones of inhibition égurofloxacin were smaller but
not statistically significantly (Figure 6.2% epidermidis SCVs showed a significant
reduction in the diameter of inhibition zones foengamicin (P = < 0.01).
S epidermidis LTN SCV'® produced significantly smaller zones of inhibitimnen
exposed to the antibiotic that had selected famtftetracycline).
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Table 6.3 Auxotrophy profiles and growth characterstics ofE. coli, P. aeruginosa, S. epidermidis SCV and parent strains

Strain/isolate Auxotrophy Lag time duration Growth rate Maximum cell density

(hours) (CFU/mL)

E. coli ATCC 25922 N/T 1.70 0.88 5.2 X 10

E. coli ATCC 25922 ScV™* Haemin 4.08 0.27 5.8 X {0
E. coli ATCC 25922 SCV* N/D 4.80 0.20 7.2 X 10
E. coli ATCC 25922 SCV=" Haemin 4.13 0.24 5.0 X 10

E. coli NCTC 10418 N/T 1.58 0.85 3.2 X910

E. coli NCTC 10418 SC¥* Haemin 4.23 0.31 1.5 x %o
E. coli NCTC 10418 SC%* N/D 4.87 0.22 9.5 X 10
E. coli NCTC 10418 SCY" Haemin 4.53 0.27 2.6 x 10

P. aeruginosa ATCC 27853 N/T 2.15 0.81 5.1 x310
P. aeruginosa ATCC 27853 SCV=N N/D 5.91 0.36 3.6x10
P. aeruginosa PAO1 WT N/T 2.06 0.77 2.8 X o
P. aeruginosa PAO1 SC\FEN N/D 5.68 0.41 6.3 X 10
S epidermidis LTN N/T 2.20 0.81 75X 10

S epidermidis LTN SCVCEN Menadione 5.21 0.34 2.2 X%0

S epidermidis LTN SCV'®' Menadione 5.46 0.30 4.3 X310

N/D — not detected; N/T — not tested
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6.3.5 Biofilm formation and cell-surface hydrophobicity

E. coli, P. aeruginosa and S. epidermidis all formed biofilms using the multiwell
biofilm assayS. epidermidis produced the greatest biofilm mass, wherg.a®li and
P. aeruginosa produced biofilm at similar levels (Figure 6.3)C\& of E. cali, P.
aeruginosa andS. epidermidis showed increased biofilm formation in comparison t
parent strains regardless of the selecting anitbi® = < 0.01; Figure 6.3). No
significant difference in cell-surface hydrophobyciwas observed betweeB.
epidermidis parent and SCV isolates (P = > 0.05; Figure 6.8V $olates of. cali
and P. aeruginosa however displayed a significant increase in celifase

hydrophobicity in comparison with parent strains=(R 0.01).

6.3.6 RAPD profiles

RAPD primers 228 and 272 produced reproducible ¢exnipanding patterns for both
E. coli and S epidermidis. SCV isolates for both species showed identicaPRA
profile regardless of the selecting agents, indigatlonality (Figures 6.4 and 6.5).
P. aeruginosa RAPD profiles lacked the banding complexity seerki coli and S,
epidermidis however parent and SCV isolates produced idenRé&?D profiles with
primers 268 and 270 (Figure 6.5).

6.3.7 Characterisation of P. aeruginosa SCV isolates

Various agar based motility assays were appliel. tmeruginosa SCVCEN isolates to
examine flagella and type IV pili activity. Twitalg motility was measured by crystal
violet staining growth at the interface between phestic surface of a Petri dish and
the agarP. aeruginosa SCVs isolated from PAO1 and ATCC 25923 strainsxgtba
significant increase in the diameter of this zoogalating to an increase in twitching
motility (P = < 0.01; Figure 6.6). Using the swanguimotility assay parent strains
demonstrated far reaching irregular branching pagtdn contrast SCV strains failed
to produce the complexity of branching patternseolesd and a significant reduction
in branching diameter was observed (P = < 0.01yrEi®.6). Similarly SCV isolates
were also deficient in swimming motility producismaller diameter concentric rings
(P = < 0.01; Figure 6.6) in comparison to paremtiss. Elastase activity was
measured via the release of Congo red from Comybwend elastin. SCVs produced
significantly lower elastolytic activity in compadn to parent strains (P = < 0.05;

Figure 6.6). On agar plateB. aeruginosa SCV isolates appeared deficient in
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Figure 6.5S. epidermidis and P. aeruginosa SCV and parent RAPD profilesL - Hyperladder 1; 1 S epidermidis LTN; 2 - S epidermidis
LTN SCV®: 3 - S epidermidis LTN™"; A1l - P. aeruginosa PAO1; A2 -P. aeruginosa PAO1 SC\E". RAPD analysis oS epidermidis
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pyocyanin production (Figure 6.1). Although the gemece of pyocyanin was
visualised with increasing incubation, quantitatiaealysis confirmed SCVs were
significantly deficient in pyocyanin production éP< 0.01). Parent strains produced
an absorbance of 0.31 (£0.08) in comparison tovemage of 0.11 (x 0.05) in SCV

strains.

6.3.8 Characterisation of E. coli SCV isolates

Biochemical analysis of wildtypeE. coli demonstrated the production of
B-galactosidase through the hydrolysis oftho-nitrophenyl-galactopyranoside
(Table 6.4). The production g¢f-galactosidase facilitates the hydrolysis of laetos
which is a common characteristic &f coli. All E. coli SCV isolates showed an
absence off-galactosidase activity even after prolonged intoba SCVs were
negative for mannitol fermentation, for which theldtype was positive. Other
differences between SCVs and wildtype were seemnimability to produce indole
(SCV® and SCVEY), and inability to ferment sorbitol (SCV and SCVY) and
melibioise (SCV"). Motility assays revealed that @l coli SCV regardless of the
selecting antimicrobial were deficient in swimmingotility (Figure 6.7). A
significant reduction in the mean average diamei®s observed in SCV isolates in

comparison to parent strains (P < 0.01)

6.3.9 Characterisation of S. epidermidis SCV isolates

S epidermidis SCVs (SCVEN and SCVE"), produced different biochemical profiles
in comparison to parent strains (Table 6.5). Fetateam of maltose and lactose was
not observed in both SCV isolates as well as addgikoduction alkaline phosphatase
production. Addition of hydrogen peroxide to wilgey strains resulted in rapid
bubbling indicative of the action of catalase. Hoereall SCV isolates showed a
weak catalase response. As the assay did not allguantitative parameter all SCVs
were regarded as weakly catalase positive.
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Table 6.4 Biochemical analysis dE. coli ATCC 25922 SCVs

Parent

E. coli SCV*"*

E. coli SCV™t

E. coli SCV°EN

ONPG

ADH

LDC

++]

ODC

CIT

1 + |+ 1

H,S

URE

TDA

IND

VP

GEL

GLU

MAN

INO

SOR

RHA

+ [+

+ [

SAC

MEL

+

+ |

AMY

ARA

AR

+

+ - Positive (enzyme activity, fermentation of caamigdrate); - =

Differences between SCV and parents are highligintegey.
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Figure 6.7 Swimming motility of E. coli SCV and parent strains.E. coli SCVs produced reduced zones of swimming motititpoth strains

examined. Results represent the mean of three émdiemt replicates and three independent biologegicate. Error bars represent standard
error
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Table 6.5 Biochemical profiles ofs. epidermidis LTN SCVs

Parent S. epidermidis SCVCEN S. epidermidis SCV'E'
GLU + + +
FRU + + +
MNE + + +
MAL + - -
LAC + - -
TRE - - -
MAN - - -
XLT - - -
MEL - - -
NIT + + +
PAL + - -
VP + + +
RAF - - -
XYL - - -
SAC + + +
MDG - - -
NAG - - -
ADH + + +
URE + + +
+ - Positive (enzyme activity, fermentation of caanigdrate); - = Negative (lack of enzyme activitgability to ferment carbohydrates).

Differences between SCV and parents are highligimeeld
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6.4 Discussion

This study orE. coli, P. aeruginosa andS. epidermidis illustrates that SCV formation
can be readily promoted by commonly used antilsotAdthough not all antibiotics
examined result in the selection of SCVs, SCV dmlac with antibiotics
(ciprofloxacin, chloramphenicol and tetracyclindjat have previously not been

known to select for SCVs, was observed.

Regardless of the bacterial species all SCVs solaroduced atypical phenotypic
characteristics in comparison with parent strainsd atherefore phenotypic
identification is prone to misidentification. Phéyyc variation has been well studied
in P. aeruginosa and is known to produce a diverse array of mormpdiohl
characteristics (Hogardt & Heesemann, 20H0)aeruginosa is easily recognisable
when grown on solid agar due to the productionyaicyanin, which was shown to be
attenuated in SCVs. The atypical morphology and/ gmwth rate of SCVs may lead
to them being misidentified or the determination afculture negative in the
laboratory testing. Similar problematic issues mayise during phenotypic
identification ofE. coli SCVs. Due to abnormalities in carbohydrate utilisaand
growth profiles, SCVs can be misidentified whenvgnoon selective differential
medium (Kippet al., 2005). MacConkey agar is commonly used for tleatidication

of lactose fermenting Gram-negative bacteria. Tilisation of lactose in the medium
results in an acidification of pH and a subsequetdur change. However &f. coli

SCV isolates were unable to utilise lactose whiey head to misidentification.

These results underline the importance of moledadkntification as gold standard. In
this study RAPD analysis was applied to determihether SCVs showed clonality
with parent strains. Consistent and easily intéginle banding patterns were
produced confirming clonality between SCVs and ptaelhese results are similar to
the findings found in RAPD profiles generated fr@naureus SCVs recovered
following exposure to tetracycline (Chapter 3). FOARnalysis has been applied to
P. aeruginosa isolates recovered from patients suffering from(@Rhenthiralingam
et al., 1996). Many of these isolates displayed altenatiocolonial morphology and
motility but continued to produce a consistent RARgerprints. The RAPD profiles

generated in this study are in agreement with tbhekvof Mahenthiralinganet al.,
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(1996), as the various differences alterations mieskin SCVs do not correspond to a
change in RAPD profiles. Although RAPD strain tygiis highly discriminatory, the
technique is subject to variability between laboras. There are alternative PCR
identification methods which could also be employedaid SCV identification.
SeveralP. aeruginosa specific gene targets are available &tfX (which encodes an
extracytoplasmic function sigma factor) has beemmatsstrated to be both
discriminatory and reliable (Lavenit al., 2007). Multiplex PCR protocols are
available for the identification oE. coli (Toma et al., 2003) which allows
differentiation of differentE. coli pathovars. Finally multiplex PCR allowing
identification ofS. epidermidis as well as differentiation fror& aureus (Zhanget al.,

2004) would permit accurate determinatiorSoépidermidis SCV isolates.

P. aeruginosa is intrinsically resistant to many antimicrobialesgs (mosg-lactams
the older quinolones, chloramphenicol, tetracyglimacrolides, and rifampin) and
thus very few antipseudomonas agents are avai(&uassolini & Mantengoli, 2005).
The observation that gentamicin can select for SGMbus important as it remains
one of the few agents available to tr@ataeruginosa infection. SCVs have been
implicated in persistent and recurrent infectioRedgenkampgt al., 1998; von Eiffet
al., 1998) and thus treatment with gentamicin (andsibbg other aminoglycosides)
may present risks through the selection of SCVsefé¢ antibiotics were also able to
select for SCVs oE. coli andS. epidermidis. Although these species do not show
intrinsic resistance to the same degreePasaeruginosa, antibiotic resistance in
isolates has become apparent (Arcigtaal., 2005; Mathaiet al., 2001). The
observation that various antibiotics can selecttf@e SCV phenotype therefore has

implications in treatment and management of infei

The bacterial signal molecule cyclic-diguanylate Bk¢-di-GMP) has been linked to
SCV phenotype irP. aeruginosa (Meissneret al., 2007). c-di-GMP controls several
cellular functions in many bacteria, but is priradlp related to the regulation and
transition of the motile to the sessile form (Je&alMalone, 2006). Further
investigation has shown that ti#BNR genes inP. aeruginosa produce a signalling
molecule that regulates c-di-GMP levels 1 aeruginosa (Malone et al., 2010).

Disruption of the YfiR (which regulates YfiN andtmequently c-di-GMP) leads to
the production of the SCV phenotype through inadas-di-GMP production.
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Antibiotics such as aminoglycosides influence tkpression of c-di-GMP (Hoffman
et al., 2005), which may explain the ability of gentamitd select for SCVs. Parallels
can be drawn between this mechanism and the aftersigma factor, sigma B%)

in S aureus which influences formation of the SCV phenotypeit(Mell et al.,
2010a). It is feasible that® activity governsSCV formation inS. epidermidis as
comparison of® between the two species show a similar organisatithough there

are variations in their role and function (Kazmiket al., 2005).

The identification of auxotrophy ifE. coli and S. epidermidis SCVs confirmed
disruption of the bacterial electron transport oh@TC). Auxotrophy is a common
occurrence in SCV isolates recovered from antibietiposure (Balwitt al., 1994;
Lewis et al., 1991). The resulting defects in electron transpesult in major energy
deficiencies resulting in atypical colony morphatsgand growth profiles. Although
auxotrophy was not detected h aeruginosa, SCV isolates shared characteristics
with SCVs from other species, suggesting defectsTi@ are responsible for the SCV
phenotype. Haemin and menadione both play rol®s &ruginosa electron transport
(Matsushitaet al., 1980), therefore defects in other componenthhefETC may be
responsible for the SCV phenotyge. coli andS. epidermidis SCVs also displayed
atypical biochemical characteristics in comparidon parent strains. This is an
agreement with previous analysiskn coli (Lewis et al., 1991) andS epidermidis
SCV (Al Lahamet al., 2007) This may be attributed to interruption loé £ETC and
inability to utilise the tricarboxylic acid cycl@ CA cycle; Proctor, 2006).

P. aeruginosa is a motile organism that can move via the procédsswvarming and
swimming; both functions are dependant on the aatidflagella (Henrichsen, 1972).
The observations in this study suggest faderuginosa SCVs are flagella deficient
in comparison to parent strainB. aeruginosa flagella have been shown to be an
important virulence factor, and are required far @stablishment of respiratory tract
infections (Feldmaret al., 1998). The loss of flagella activity may relate dn
adaption after infection has been established, whias been observed iR.
aeruginosa recovered from CF patients (Luzaral., 1985; Starkewt al., 2009). The
findings presented in this study suggest that ex@osfP. aeruginosa to gentamicin,
results in the production of the SCV phenotype Isimb that observed in CF, which

serves as an environmental adaptation.
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The various physiological changes that have beparted inP. aeruginosa isolates
from CF patients are often the result of adaptatiiothe CF lung (Smitlet al., 2006;
Sriramuluet al., 2005).P. aeruginosa SCVs recovered from CF patients have been
shown to exhibit similar characteristics suggestimgSCV phenotype may play a key
role in the pathogenesis & aeruginosa lung infection (Haussleet al., 2003b).
Although theP. aeruginosa SCVs isolates in this study share characteristits CF
SCV isolates, this study additionally reports redrcin pyocyanin production and
elastolytic activity. Pyocyanin mediatéssue damage and necrosis during lung
infection (Lauet al., 2004). This stimulates the immune system whiaeases the
number of macrophages, CD4 (+) T cells and neutlo@t the site of infection
(Caldwell et al., 2009). Elastase is a zinc metalloprotease sectst®. aeruginosa
that causes tissue destruction during infection doeits proteolytic activity
(Galloway, 1991). The reduced activity of theseuldnce factors shares common
features withS aureus SCVs which show reduced production of certain eingke
factors (Tuchschemt al., 2010). Reduction in virulence factors in the QRd serves
as an adaptation to a less aggressive lifestyleegdawards persistence (Hogardt &
Heesemann, 2010) whiéh aeruginosa SCVs are suited to. The SCV phenotype may
serve as a survival mechanism to respond to a ehangnvironment (exposure to

antibiotics), similar to adaptations that occuthia CF lung.

Disc diffusion assays were used to provide a meagtiantimicrobial susceptibility.
All SCVs (regardless of bacterial species or salgcagent) showed a reduction in
susceptibility to gentamicin. Auxotrophy was detina the majority of SCV isolates,
confirming that disruption of the ETC is presenttirese isolates. Disruption of the
ETC results in a decreases in the uptake of gentamirhe isolates in which
auxotrophy were not detected, reduced gentamicnegiibility may be attributed to
disruption of the ETC, since they share many charistics with the auxotrophic
SCV isolatesE. coli andS. epidermidis SCVs also showed reduced susceptibility to a
variety of different classes of antimicrobial ageimt comparison to parent strains. An
explanation for this reduced susceptibility is thduced growth rate observed in all
SCV isolates. Antibiotics target various bactecallular processes, including protein,
DNA and cell wall synthesis and thus altered ratelsacterial growth rate coincides
with the response to antimicrobial agents (Tuomaatea., 1986). As SCV isolates

displayed reduced growth rate these processes atogkslower rate thus reducing
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susceptibility. This is supported by the obsenmtibatE. coli SCV*" showed the
slowest growth rate in comparison to otltercoli SCV isolates and the greatest

reduction in susceptibility to all antibiotics exisued.

Hydrophobicity is an important factor in bacteralhesion to surfaces and to each
other (van Loosdrectldt al., 1987). Increased hydrophobicity has been ateithud
the abundance of pili in both. coli (Drummet al., 1989 andP. aeruginosa (Speert

et al., 1986. As E. coli and P. aeruginosa SCVs isolated in this study displayed
increased hydrophobicity, it is postulated thatséheéSCVs show an increased
abundance of pili in comparison to parent straiffss is further supported by the
increase in twitching motility observed B aeruginosa SCVs as twitching motility
in P. aeruginosa is dependent on the action of pilli (Bradley, 1p&hd mutants
defective in pili production are deficient in twhiag motility (Sharet al., 2004). The
increase in the abundance of pili may increase#pacity of SCVs to form biofilms.
P. aeruginosa mutants that are deficient in the synthesis oketyg pili are also
deficient in the formation of biofilms on abioitsurfaces (O'Toole & Kolter, 1998).
Similarly in E. coli, mutants deficient in pili production are alsoidieit in biofilm
formation (Pratt & Kolter, 1998). Although both diese studies show the crucial
importance of pili in biofilm formation it is imptant to note that the deficiencies in
different type pili systems impacts on differenagds of biofilm development.
Nevertheless the data shown in this study sugdestthe presence of pili may be
linked to biofilm formation inP. aeruginosa SCVs. An increased abundance of pili
has been reported iR. aeruginosa SCVs isolated from CF patients and linked to
biofilm formation (Haussleet al., 2003b) adding evidence to the links proposed.

In contrast, S. epidermidis SCVs displayed no difference in cell surface
hydrophobicity in comparison with parent strainst Istill showed an increased
capacity to form biofilms. The® mediated selection mechanism proposed previously
correlates with the enhanced biofilm capacity Snepidermidis SCVs. Previous
studies have demonstrated tigatepidermidis mutants constitutively expressing
displayed increased production of polysaccharittadellular adhesin (PIA) therefore
increasing biofilm formation (Jaget al., 2009). Increased expressiondf can be
proposed as the genetic mechanism for increasdithisdormation inS. epidermidis

SCVs. Biofilm formation inS. epidermis is considered as one of the organism’s key
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virulence factors in mediating device associatddciions (McCanret al., 2008). A
switch to the SCV phenotype may facilitate persiséethrough the increased capacity

to form biofilms.

The production of the SCV has been linked to peasce and survival i®. aureus
(Proctoret al., 2006). SCVs isolated from diverse bacterial sggedhat inhabit many
different environments share similar charactesstitat have come to be associated
with the SCV phenotype. The SCV phenotype appeaiseta common mechanism
utilised by bacteria to permit survival in the mese of antimicrobial compounds
which subsequently permits persistence via redacgunicrobial susceptibility and
biofilm formation. The switch from a fast growingrient phenotype to a slow
growing SCV seems a small price to pay for survival
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6.5 Conclusions

Exposure ofE. coli to ciprofloxacin and chloroamphenicol aBdepidermidis to
tetracycline results in selection for SCVs.

Exposure ofE. coli, P. aeruginosa and S. epidermidis to gentamicin results in
selection for SCVs.

E. coli, P. aeruginosa andS. epidermidis SCVs share known characteristics with
SCVs including atypical colony morphology and grbwtofiles.

E. coli andS. epidermidis SCVs are auxotrophic for compounds which havesrole
in electron transport.

Susceptibility to various antimicrobial agentsaduced in SCVs.

E. coli and P. aeruginosa SCVs have an increased capacity to form biofilms
which appears to be related to increased abunddrk.

RAPD analysis confirmed SCVs show clonality withigrd strains.

E. coli andS epidermidis SCVs display atypical biochemical profiles.

P. aeruginosa SCVs are deficient in swarming and swimming miytilas well as

deficient in the production of virulence factorigstase and pyocyanin.
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7 CHAPTER 7: GENERAL CONCLUSIONS AND DISCUSSION

7.1 Conclusions

The work presented in this study aimed to invegtigthe ability of various
antimicrobials to select fos aureus SCVs and investigate their capacity to form
biofilms as well as examine their susceptibility dorange of plant antimicrobial
compounds. Antibiotic selection for SCVs in otheacterial species was also
examined and these isolates were characterisedhairdcapacity to form biofilms
investigated. In this chapter the general conchsaf each main area of work will be

reiterated with respects to the aims mentionedhap@er 1.

* Various aminoglycosides can select f& aureus SCVs at a range of
concentrations.

* The formation of SCVs is a hindrance to accuraténagtycoside susceptibility
testing, which led to the development of a ‘minimu8CV prevention
concentration’, which ensures eradication rathenmtlSCV selection at higher
concentrations.

* Variations in carbohydrate utilisation, carotenoijsroduction, levels of
intracellular ATP, mutation frequency and ratesedMersion are apparent between
SCVs selected at different aminoglycoside concéotra.

* Members of the tetracycline family of antibioticncselect fos. aureus SCVs

» Tetracycline selected SCVs show attenuated catat@sgulase and heamolysis
activity and reduced production of extracellular & and lipase and reduced
susceptibility to various antimicrobial agents.

* S aureus SCVs show increased biofilm formation in compamiso parent strains
which appears to be linked to increased produaifgpolysaccharide intracellular
adhesin.

e S aureus SCV and parent biofilms show reduced suscepfjbitit various
antimicrobial agents in comparison to planktonildsce

* The reduction in antimicrobial susceptibility isrtfuer pronounced its. aureus
SCV biofilms which is linked to reduced antimicrabipenetration through
S aureus SCV biofilms.
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S aureus SCV and parents are susceptible to various plamimerobial
compounds of which SCVs are more susceptible toacimon bark, green tea and
oregano.

Resistance to plant antimicrobials was not detefttbalving continuous exposure
of S aureus SCVs to sub lethal concentrations.

Various plant antimicrobials display a synergisttationship agains®. aureus
with various antibiotics including oxacillin, neorig and tetracycline.
Gentamicin can select for SCVs kscherichia coli, Pseudomonas aeruginosa
and S epidermidis. Additionally exposure ofE. coli to ciprofloxacin and
chloramphenicol an8. epidermidis to tetracycline selected for SCVs.

SCVs from these bacterial species share charaasriwith S aureus SCVs
including altered growth and biochemical profilesjxotrophy for compounds
involved in electron transport, reduction in vinde factors and reduced
antimicrobial susceptibility.

All SCVs showed an increased capacity to form bitdicompared to their parent

strains.
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7.2 General discussion

7.2.1 Identification and treatment of SCV infections

Despite the observation th& aureus SCVs are often associated with infections
commonly caused by biofilms, planktonic cells atiéd of the utmost importance in
species and strain identification and determinisgsceptibility profiles in clinical
laboratories. However the identification of SCVgiddled with difficulty. It is well
documented that identification & aureus SCVs is difficult and automated systems
can misidentify SCVs (Seifed al., 1999; Spanwt al., 2005). Atypical growth rates
can lead to their presence being missed on agtesptand their atypical phenotypic
and enzymatic characteristics can also lead todemsification. In this study
multiplex PCR was successfully employed for thentdieation of S. aureus SCVs.
Molecular identification of SCVs has been appliedvously and proved successful
(Sendiet al., 2006; von Eiffet al., 1999). RAPD fingerprinting also showed that SCV
isolates showed clonality with parent strains. aitgh molecular diagnostics may
increase expense compare with conventional diagnostrobiology it overcomes

the uncertainty that may surround the identificatd SCVs.

In order for susceptibility testing to be performeditivation is required. When
investigating SCVs in species other tHaraureus conventional CLSI microdilution
susceptibility proved difficult due to the formatief biofilms in microtitre plates.
However the use of disc diffusion method of susbdjty overcame these associated
problems. Again these issues highlight difficultidsring susceptibility testing of
SCVs. Molecular determination of resistance deteamis such asecA may prove
useful for determining SCV susceptibility. Furthems, the instability of the SCV
phenotype represents further challenges. SCVs neythe causative agent of
infection, but the subsequent cultivation may resal reversion to the parent
phenotype which may have implications for the chaseatment regime. Taking into
account these issues, an awareness of the SCVtghenparticularly in the diseases
they have been associated with such as CF andnogddts) may aid accurate

diagnostics and change treatment course.

Research presented here documents for the firg ton the tetracycline class of

antibiotics to select foS aureus SCVs. The SCV phenotype represents a novel
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mechanism for reduced tetracycline susceptibilitySi aureus. As the uptake of
tetracycline is partially energy dependent (McMug&y.evy, 1978) and attributed in
part to the presence of a proton motive force (Br&itChopra, 1984), the reduced
susceptibility to tetracycline in SCVs may be rethto reduced uptake. Tetracycline
and other tetracycline antibiotics have been swsfalhg applied for the treatment of
MRSA infections (Ruhet al., 2005). A follow up of patients in the latter syudould
have provided an interesting observation to deteerfiany relapse of infection were
reported. This would perhaps correlate with thespnce of SCVs. Although the
selection of SCVs does not result in a large radaodn antimicrobial susceptibility,
the finding that tetracycline can select fdraureus (and alsoS. epidermidis) SCVs
may have implications in its clinical use. Inveatigg the ability of the recently
developed tigecycline to select for SCVs would bengeresting further investigation.

Exposure to several aminoglycosides at a wide rafigmncentrations also resulted
in the selection of. aureus SCVs. Although gentamicin has a long history ofVSC
selection this study was the first to address coinaBon dependent selection.
Interestingly the concentration of selecting amlgogside impacts on the
characteristic of the SCV selected for and a cleanrelation between
aminoglycosides concentration and SCV charactesistie apparent. The observation
that a broad range of concentrations selectSfaureus SCVs is also an important
finding. The concentrations examined range fromtdyaustatic to bactericidal,
however the distinction between bacteriostatic backericidal activity can often be
arbitrary in the clinical sense. Achieving bactelat activity is crucial for the
effective treatment of various bacterial infectiofl®ankey & Sabath, 2004). As
aminoglycosides are considered as bactericidaltagdrey may be employed a high
concentrations to treat infection. However the obactericidal concentrations can
select for a SCV population, hence the developnoérthe term ‘minimum SCV
prevention concentration’. This ensures eradicadnwildtype and thwarts the

selection of SCVSs.

7.2.2 SCV and persisters
Some overlap exists between the SCV phenotype asthta of bacteria termed
persisters which are often recovered following l@atic exposure. Persisters have

been described as a ‘subpopulation of dormant tiedis have been implicated in a
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range of chronic and recurrent infections throuigéirt ability to survive antibiotic
treatments’ (Jermy, 2011). Although persistersaatibiotic tolerant, they differ from
antibiotic resistance mutants as their antibiatierance is not hereditary and can be
reversed when grown in the absence of antibiofilaggraman, 2008). Persisters have
also been implicated in chronic infectious diseasesluding cystic fibrosis (CF)
patients infected witiPseudomonas aeruginosa andCandida albicans in oral thrush
patients (Lewis, 2010). The observation that SC¥sehalso been implicated in
persistent infections suggests that some simgargixist between the two phenotypes.
Some overlap in gene expression profiles in SCU$ persisters is apparent; for
instance, expression of stress response proteieat (hock, SOS response) and
operons involved in oxidative phosphorylation (NADHehydrogenaseATP
synthase, and cytochron@eubiquinole oxidase) are altered in persisters ¢Ket al.,
2004). Similarly in S aureus SCVs alteration in the expression of genes with
functions in electron transport and global regutatovolved in stress response and
virulence are altered (Moisagt al., 2006; Seggewisst al., 2006). An important
contrasting characteristic between SCVs and persiss growth rate. SCVs are
metabolically active although they exhibit atypigabwth profiles. On the other hand
persisters are regarded as non-growing, dormans dkht exist as a distinct
physiological state (Balabaal., 2004; Shalet al., 2006).

SCVs and persisters have been associated with iardbial resistance. Although
SCVs and persisters do not follow classical rest#amechanisms, there are
differences in the mechanisms that contribute toduced antibiotic
susceptibility/tolerance. In persisterskstherichia coli toxin-antitoxin (TA) modules
and other genes block translation in protein sygith@ereret al., 2004). This results
in the shutting down of cellular processes andetargvhich antimicrobial agents
required to be active in order to effective. Then4lividing state results in the
tolerance observed in persisters. In SCVs howeveduced susceptibility to
antimicrobial agents rather than tolerance is olexkrA perturbed electron transport
chain results in a reduced membrane potential gitdke of positively charged
antimicrobials such as aminoglycosides is redubedects in electron transport result
in a slower growing phenotype however cellular peses are still active in contrast

to persisters. As such, it is important to docuntbat although persisters and SCVs
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can both be linked to recurrent and refractory diites and some overlap exists

between the states, they must be viewed as seesuities.

7.2.3 Biofilm formation in SCVs

In this study SCVs from several bacterial specigpldyed an increased capacity for
biofilm formation in comparison to parent straiBsofilms have been suggested to be
the root of many chronic and persistent infectiand are associated with increasing
healthcare cost and morbidity. Furthermore, appnaxely 60% of bacterial
infections are thought to involve biofilms (Costertt al., 1999) yet the role of SCVs
in these biofilm-related infections remains largaljknown. The ability of SCVs to
form biofilms has clear implications in biofilm assated infections. It is well
documented that bacteria present in biofilms showaeduced growth rate which
contributes to reduced antimicrobial susceptibi(¥yah & O'Toole, 2001). Nutrient
limitation and oxygen limitation is thought to besponsible for slow growth rate in
biofilms (Brownet al., 1988). The SCV phenotype and the biofilm phenetgppear
to share similarities. SCVs were not detected frqoement biofilms, however it is
important to note that SCVs are frequently unstadohel reversion during plate
counting may have meant SCVs went undetected. S@¥s shown to disseminate
from S aureus parent biofilms that had been exposed to antirbiate and their
growth characteristics and biofilm forming capacg#yggest the SCV phenotype
permits an optimised phenotypic state for biofilmowth and proliferation of
biofilms. Couple with their reduced growth rate amdduced antimicrobial

susceptibility the formation of a SCV phenotypevesras an adaptive plasticity.

7.2.4 Novel biofilm treatment strategies

This study also demonstrates the reduced antimarausceptibility of biofilms.
Biofilms displayed reduced susceptibility to vasowantimicrobials which we
observed in several wildtyp® aureus strains. However, biofiims formed by SCV
isolates showed further reduced susceptibility amparison. One of the novel
approaches to treating biofilm associated infectio; the use of bacteriophage.
Bacteriophages are viruses that infect bacteria @ard follow a virulent lytic or
lysogenic lifestyle. The use of bacteriophage totiad device associated infections
offers several advantages over antimicrobial agéitstly, whilst older biofilms are

more difficult to eradicate using conventional amtrrobials, bacteriophage treatment
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is not affected by biofilm age (Amorerfal., 1999; Hanloret al., 2001). Hanloret
al., (2001) also documented that biofilm thickness dredpresence of polysaccharide
did not limit the diffusion of phage through biafis, which in the study antibiotic
penetration has a direct impact on antimicrobiakcsptibility. Finally, bacteriophage
can be engineered to express biofilm degrading reegy The treatment of biofilms
with such degrading enzymes, such as dispersin Bcfwcauses hydrolysis of
glycosidic linkages in biofilm polysaccharide) camadicate bacterial biofilms (ltcd
al., 2005) and use of bacteriophage expressing thesgnes enabled high levels of
anti-biofilm activity (Lu & Collins, 2007). Bactesphage K (a member of the
Myoviridae phage family) has been shown to inhibit variousicélly isolatedS
aureus strains and other staphylococcal species (O'Rhaleerl., 2005), although it
has yet to be tested on biofilims formed &yaureus. Bacteriophage K has been
demonstrated to reduce biofilm mass in biofilmsrfed byS. epidermidis (Cercaet
al., 2007). The engineering of bacteriophage K to pecediofilm degrading enzymes
such as dispersin B may offer an attractive optmrtombat SCV biofilms. Other
novel approaches for the eradication of staphyloabliofiims include the inhibition
of quorum sensing (Balabaah al., 2007) and the impregnation of biomaterials with
novel antibacterial compounds (such as usnic agkcondary lichen metabolite) to
inhibit biofilm formation (Francolingt al., 2004).

7.2.5 The SCV phenotype as a survival strategy

An overview of the research presented here andiaweof the literature implicates
the role of the SCV phenotype as survival mechamms8 aureus and other bacterial
species. The ability to switch to an altered phgoetn the presence of antimicrobial
agents is clearly favourable if it permits surviv@CVs ‘trade in’ many characteristics
that are associated with rapid growth in orderuxvise in unfavourable conditions.
Various reports of phenotypic switching have besported in the literature including
the formation of persisters, in the presence oibantics. Other examples include
variation of membrane surface lipoprotein antigeims Mycoplasma bovis
(Lysnyansky et al., 1996) and altered expression of surface detemtsnan
Burkholderia pseudomallei (Chantratitaet al., 2007). Formation of the SCV
phenotype inS. aureus can also be viewed as a phenotypic switching systhich
appears to be strongly influenced by the altereasigma factors® (Mitchell et al.,

2010a). The observation that SCVs characteristiceelates to the concentration of
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the selecting aminoglycoside suggests th&tis influenced in a concentration
dependent manner. Rates of reversion in SCV isolsbewed differentiation with
SCVs selected a higher concentrations remaininglestdn these variants® may
constantly upregulated thus locking them into tid/$henotype. The influence of
o® and the locking in of the SCV phenotype has beesewed inS aureus SCV
isolated from CF patients (Mitchedt al., 2008). Clearly® plays an important role in
the SCV phenotype ir& aureus SCVs and their selection in the presence of
aminoglycosides. Various other antimicrobial agemésknown to select f@ aureus
SCVs and it would be interesting to monitor therespion of® (via real time PCR)

to determine whether these antibiotics influeneedkpression of the global regulator

and are involved in SCV formation.

7.2.6 Novel antimicrobials for S. aureus and SCVs

The ability of S. aureus to develop resistance to variety of antimicrol@gents and
the ability to switch to the SCV phenotype resuttsliminishing therapeutic options
for treatment of these infections caused by thegamsms. As discussed previously
the difficulties surrounding antibiotic resistanaed the lack of novel antibiotics in
development have worrying implications in the Heedire setting. Cinnamon bark,
ginger grass, green tea and oregano all have gciigainstS. aureus as demonstrated
via disc diffusion and broth dilution methods. Bradlilution testing reveale&.
aureus SCVs to be more susceptible to cinnamon bark,ngrea and oregano which
is encouraging as SCV show reduced susceptibdityarious antimicrobial agents.
Another significant observation was that none @& ghant antimicrobials examined
showed selection fo&. aureus SCVs, which taking into consideration of previous
finding may be a consideration in the treatmen&.aureus infection. Although the
plant antimicrobials concentrations that were iitbity are a lot higher than the
concentrations of commonly used antibiotics, thesearch also highlights their
possible use in combination with antibiotics. Vasasynergistic relationships were
observed thus there is that these plant antimiatelffer a novel avenue to combat

antibiotic resistance.
The susceptibility ofs. aureus SCVs to plant antimicrobials may have applications

the treatment of biofilm associated infections. Ewample carvacrol and eugenol are

effective against biofilms formed blg. coli O157:H7 andListeria monocytogenes
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(Perez-Conesat al., 2011). Specifically carvacrol and thymol can bihithe first
step in biofilm formation (initial adherence) & aureus (Nostroet al., 2007). The
application of these compounds to biomaterials sischatheters and prosthetics may

provide a useful strategy to block biofilm formatio

204



References:

Abele-Horn, M., Schupfner, B., Emmerling, P., Waldrer, H. & Goring, H. (2000).
Persistent wound infection after herniotomy asgediavith small-colony variants of
Saphylococcus aureus. Infection 28, 53-54.

Abraham, E. P. & Chain, E. (1940).An enzyme from bacteria able to destroy penicillin
Nature 146, 837-837.

Acar, J. F., Goldstein, F. W. & Lagrange, P. (1978 Human infections caused by thiamine-
requiring or menadione-requiririjaphyl ococcus aureus. Journal of Clincal Microbiology 8,
142-147.

Agarwal, A., Singh, K. P. & Jain, A. (2010)Medical significance and management of
staphylococcal biofilmFEMS Immunology and Medical Microbiolology 58, 147-160.

Ahn, Y. J., Kawamura, T., Kim, M., Yamamoto, T. & Mitsuoka, T. (1991).Tea
polyphenols - selective growth-inhibitors @ffostridium spp.Agricultural and Biological
Chemistry 55, 1425-1426.

al - Masaudi, S. B., Day, M. J. & Russell, A. D. @91). Antimicrobial resistance and gene-
transfer inSaphylococcus aureus. Journal of Applied Bacteriology 70, 279-290.

Al Laham, N., Rohde, H., Sander, G. & other authorg2007).Augmented expression of
polysaccharide intercellular adhesin in a defiSeghylococcus epidermidis mutant with the
small-colony-variant phenotypdournal of Bacteriology 189, 4494-4501.

Ali, S. M., Khan, A. A., Ahmed, I. & other authors (2005).Antimicrobial activities of
Eugenol and Cinnamaldehyde against the human gastthogerHelicobacter pylori.
Annals of Clinical Microbiology and Antimicrobals 4, 20.

Alksne, L. E. & Projan, S. J. (2000)Bacterial virulence as a target for antimicrobial
chemotherapyCurrent Opinion in Biotechnology 11, 625-636.

Allegrucci, M. & Sauer, K. (2007).Characterization of colony morphology variantdased
from Streptococcus pneumoniae biofilms. Journal of Bacteriology 189, 2030-2038.

Almasaudi, S. B., Day, M. J. & Russell, A. D. (1991Antimicrobial resistance and gene-
transfer inSaphylococcus aureus. Journal of Applied Bacteriology 70, 279-290.

Alonso, A., Sanchez, P. & Martinez, J. L. (2001Environmental selection of antibiotic
resistance geneknvironental Microbiology 3, 1-9.

Amorena, B., Gracia, E., Monzon, M., Leiva, J., Otea, C., Pérez, M., Alabart, J.-L. &
Hernandez-Yago, J. (1999)Antibiotic susceptibility assay fataphylococcus aureusin
biofilms developed in vitraJournal of Antimicrobial Chemotheropy 44, 43-55.

Anand, P. K., Kaul, D. & Sharma, M. (2006).Green tea polyphenol inhibits
Mycobacterium tuberculosis survival within human macrophagésternational Journal of
Biochemistry and Cell Biology 38, 600-609.

Anderl, J. N., Franklin, M. J. & Stewart, P. S. (2@0). Role of antibiotic penetration

limitation in Klebsiella pneumoniae biofilm resistance to ampicillin and ciprofloxacin
Antimicrobial Agents and Chemotherapy 44, 1818-1824.

205



Andrews, J. M. & Susceptibility, B. W. P. (2009)BSAC standardized disc susceptibility
testing method (version 8ournal of Antimicrobial Chemotherapy 64, 454-489.

Anokhina, M. M., Barta, A., Nierhaus, K. H., Spiridonova, V. A. & Kopylov, A. M.
(2004).Mapping of the second tetracycline binding sitaf@ribosomal small subunit of
E.coli. Nucleic Acids Research 32, 2594-2597.

Arciola, C. R., Campoccia, D., Gamberini, S., DonatM. E., Pirini, V., Visali, L.,
Speziale, P. & Montanaro, L. (2005)Antibiotic resistance in exopolysaccharide-forming
Saphylococcus epidermidis clinical isolates from orthopaedic implant infects.
Biomaterials 26, 6530-6535.

Atalla, H., Gyles, C., Jacob, C. L., Moisan, H., Muin, F. & Mallard, B. (2008).
Characterization of &aphylococcus aureus small colony variant (SCV) associated with
persistent bovine mastitisoodbor ne Pathogogens and Disease 5, 785-799.

Atalla, H., Gyles, C. & Mallard, B. (2010a).Persistence of &aphylococcus aureus small
colony variants$ aureus SCV) within bovine mammary epithelial cel\eterinary
Microbiology 143 319-328.

Atalla, H., Wilkie, B., Gyles, C., Leslie, K., Mutharia, L. & Mallard, B. (2010b).
Antibody and cell-mediated immune responseSaphylococcus aureus small colony
variants and their parental strains associated gtline mastitisDevel opment and
Comparative Immunology 34, 1283-1290.

Atalla, H., Gyles, C. & Mallard, B. (2011).Saphyl ococcus aureus small colony variants
(SCVs) and their role in diseagsimal Health Research Reviews 12, 33-45.

Ayliffe, G. A. J. (1997).The progressive intercontinental spread of mdtimgiesistant
Saphylococcus aureus. Clinical |nfectious Diseases 24, S74-S79.

Azzouz, M. A. & Bullerman, L. B. (1982).Comparative anti-mycotic effects of selected
herbs, spices, plant-components and commerciafamyal agentsJournal of Food
Protection 45, 1298-1301.

Baba, T., Takeuchi, F., Kuroda, M. & other authors(2002).Genome and virulence
determinants of high virulence community-acquireRSA. Lancet 359, 1819-1827.

Bakkali, F., Averbeck, S., Averbeck, D. & Waomar, M (2008).Biological effects of
essential oils - A reviewrood and Chemical Toxicology 46, 446-475.

Balaban, N., Cirioni, O., Giacometti, A., Ghiselli,R., Braunstein, J. B., Silvestri, C.,
Mocchegiani, F., Saba, V. & Scalise, G. (2007)reatment otaphylococcus aureus
biofilm infection by the quorum-sensing inhibitorFR Antimicrobial Agents and
Chemotherapy 51, 2226-2229.

Balaban, N. Q., Merrin, J., Chait, R., Kowalik, L. & Leibler, S. (2004).Bacterial
persistence as a phenotypic wwitEhience 305 1622-1625.

Baltz, R. H. (2005).Antibiotic discovery from actinomycetes: will anasssance follow the
decline and fall’®M News 55, 186-196.

206



Balwit, J. M., Vanlangevelde, P., Vann, J. M. & Prator, R. A. (1994).Gentamicin-
resistant menadione and hemin auxotro@aphylococcus-aureus persist within cultured
endothelial-cellsJournal of Infectious Diseases 170, 1033-1037.

Barber, M. & Rozwadowskadowzenko, M. (1948)Infection by penicillin-resistant
staphylococcilLancet 255 641-644.

Barber, M. (1961). Methicillin-resistant Staphylococclournal of Clinical Pathology 14,
385-393.

Barrett, F. F., McGehee, R. F. & Finland, M. (1968)Methicillin-resistantSaphyl ococcus
aureus at Boston city hospital - bacteriologic and epiddogic observationdNew England
Journal of Medicine 279, 441-&.

Barrett, J. F. & Hoch, J. A. (1998).Two-component signal transduction as a target for
microbial anti-infective therapyAntimicrobial Agents and Chemotherapy 42, 1529-1536.

Bates, D. M., von Eiff, C., McNamara, P. J., Peterss., Yeaman, M. R., Bayer, A. S. &
Proctor, R. A. (2003).Saphylococcus aureus menD andhemB mutants are as infective as the
parent strains, but the menadione biosynthetic myt@rsists within the kidneyournal of
Infectious Diseases 187, 1654-1661.

Bauer, G., Berens, C., Projan, S. J. & Hillen, W.Z004).Comparison of tetracycline and
tigecycline binding to ribosomes mapped by dimethlidhate and drug-directed Fe2+
cleavage of 16S rRNAJournal of Antimicrobial Chemotherapy 53, 592-599.

Baumert, N., Von Eiff, C., Schaaff, F., Peters, GRroctor, R. A. & Sahl, H. G. (2002).
Physiology and antibiotic susceptibility 8faphylococcus aureus small colony variants.
Microbial Drug Resistance-Mechanisms Epidemiology and Disease 8, 253-260.

Beck, W. D., Berger-Bachi, B. & Kayser, F. H. (1986 Additional DNA in methicillin-
resistan&aphylococcus aureus and molecular cloning of mec-specific DNZaurnal of
Bacteriology 165 373-378.

Beenken, K. E., Dunman, P. M., McAleese, F., Macapal, D., Murphy, E., Projan, S. J.,
Blevins, J. S. & Smeltzer, M. S. (2004)slobal gene expression 8\aphylococcus aureus
biofilms. Journal of Bacteriology 186, 4665-4684.

Benner, E. J. & Kayser, F. H. (1968)Growing clinical significance of methicillin-resant
Saphylococcus aureus. Lancet 2, 741-&.

Bentley, S. D., Chater, K. F., Cerdeno-Tarraga, AM. & other authors (2002). Complete
genome sequence of the model actinomy8etptomyces coelicolor A3(2). Nature 417,
141-147.

Berenbaum, M. C. (1978)A method for testing for synergy with any numbgagents.
Journal of Infectious Diseases 137, 122-130.

Berger-Bachi, B. & Rohrer, S. (2002)Factors influencing methicillin-resistance in
staphylococciArchives of Microbiology 178 165-171.

Besier, S., Ludwig, A., Ohlsen, K., Brade, V. & Wihelhaus, T. A. (2007)Molecular

analysis of the thymidine-auxotrophic small colmayiant phenotype ditaphylococcus
aureus. International Journal of Medical Microbiology 297, 217-225.

207



Besier, S., Zander, J., Kahl, B. C., Kraiczy, P., Bde, V. & Wichelhaus, T. A. (2008a).
The thymidine-dependent small-colony-variant phgpetis associated with hyermutability
and antibiotic resistance in clinic&3iaphyl ococcus aureus isolates Antimicrobial Agents and
Chemotherapy 52, 2183-2189.

Besier, S., Zander, J., Siegel, E., Saum, S. H., ikfeld, K. P., Ehrhart, A., Brade, V. &
Wichelhaus, T. A. (2008b).Thymidine-dependerstaphyl ococcus aureus small-colony
variants: Human pathogens that are relevant ngtinrdases of cystic fibrosis lung disease.
Journal of Clinical Microbiology 46, 3829-3832.

Bischoff, M., Dunman, P., Kormanec, J., MacapagaD., Murphy, E., Mounts, W.,
Berger-Bachi, B. & Projan, S. (2004)Microarray-based analysis of tBephylococcus
aureus sigma(B) regulonJournal of Bacteriology 186, 4085-4099.

Bister, B., Bischoff, D., Strobele, M. & other autlors (2004).Abyssomicin C - A
polycyclic antibiotic from a maringerrucosispora strain as an inhibitor of the
aminobenzoic acid/tetrahydrofolate biosynthesisyway. Angewandte Chemie-International
Edition 43, 2574-2576.

Biswas, L., Biswas, R., Schlag, M., Bertram, R. & Gz, F. (2009).Small-colony variant
selection as a survival strategy faphyl ococcus aureus in the presence éfseudomonas
aeruginosa. Applied Environmental Microbiology 75, 6910-6912.

Bochner, B. R., Gadzinski, P. & Panomitros, E. (2Q0). Phenotype MicroArrays for high-
throughput phenotypic testing and assay of genetifum Genome Research 11, 1246-1255.

Bodley, J. W., Zieve, F. J., Lin, L. & Zieve, S. T(1969).Formation of ribosome-G factor-
GDP complex in presence of fusidic adiilochemical and Biophysical Research
Communications 37, 437-&.

Boucher, H. W. & Corey, G. R. (2008)Epidemiology of methicillin-resistant
Saphylococcus aureus. Clinical Infectious Diseases 46, S344-S349.

Bouhdid, S., Abrini, J., Amensour, M., Zhiri, A., Espuny, M. J. & Manresa, A. (2010).
Functional and ultrastructural change$#eudomonas aeruginosa andStaphylococcus
aureus cells induced b¥innamomum verum essential oilJournal of Applied Microbiology
109 1139-1149.

Bradley, A. J. (2002).Bovine mastitis: An evolving diseaséeterinary Journal 164, 116-
128.

Bradley, D. E. (1980).Function ofPseudomonas aeruginosa PAO polar pili - twitching
motility. Canadian Journal of Microbiology 26, 146-154.

Braga, L. C., Leite, A. A. M., Xavier, K. G. S., T&kahashi, J. A., Bemquerer, M. P.,
Chartone-Souza, E. & Nascimento, A. M. A. (2005Bynergic interaction between
pomegranate extract and antibiotics agaegthyl ococcus aureus. Canadian Journal of
Microbiology 51, 541-547.

Bronner, S., Monteil, H. & Prevost, G. (2004)Regulation of virulence determinants in

Saphylococcus aureus: complexity and applicationgems Microbiology Reviews 28, 183-
200.

208



Brouillette, E., Martinez, A., Boyll, B. J., Allen, N. E. & Malouin, F. (2004).Persistence of
a Staphylococcus aureus small-colony variant under antibiotic pressur@ivo. FEMS
Immunology and Medical Microbiology 41, 35-41.

Brown, D. F. J. & Reynolds, P. E. (1980)ntrinsic resistance to beta-lactam antibiotics in
Saphylococcus aureus. FEBS Letters122, 275-278.

Brown, M. R. W., Allison, D. G. & Gilbert, P. (1988. Resistance of bacterial biofilms to
antibiotics a growth-rate related effedturnal of Antimicrobial Chemotheropy 22, 777-780.

Bryan, L. E., Kowand, S. K. & Van Den Elzen, H. M.(1979).Mechanism of
aminoglycoside antibiotic resistance in anaerobitéria:Clostridium perfringens and
Bacteroides fragilis. Antimicrobal Agents and Chemotherapy 15, 7-13.

Burdett, V. (1986). Streptococcal tetracycline resistance mediatdidealevel of protein-
synthesisJournal of Bacteriology 165 564-569.

Burdett, V. (1996). Tet(M)-promoted release of tetracycline from ribogs is GTP
dependentlournal of Bacteriology 178 3246-3251.

Burt, S. (2004).Essential oils: their antibacterial properties gotential applications in
foods - a reviewlnternational Journal of Food Microbiology 94, 223-253.

Burt, S. A. & Reinders, R. D. (2003)Antibacterial activity of selected plant essentids
againstEscherichia coli 0157 : H7 Letttersin Applied Microbiology 36, 162-167.

Butaye, P., Cloeckaert, A. & Schwarz, S. (2003Mobile genes coding for efflux-mediated
antimicrobial resistance in Gram-positive and Graggative bacteridnternational Journal
of Antimicrobial Agents 22, 205-210.

Cabrera, C., Artacho, R. & Gimenez, R. (2006)Beneficial effects of green tea - A review.
Journal of the American College of Nutrition 25, 79-99.

Caelli, M., Porteous, J., Carson, C. F., Heller, R& Riley, T. V. (2000).Tea tree oil as an
alternative topical decolonization agent for matlieresistantSaphyl ococcus aureus.
Journal of Hospital Infection 46, 236-237.

Caldwell, C. C., Chen, Y., Goetzmann, H. S. & otheauthors (2009).Pseudomonas
aeruginosa exotoxin pyocyanin causes cystic fibrosis airwathpgenesisAmerican Journal
of Pathology 175 2473-2488.

Cano, D. A., Pucciarelli, M. G., Martinez-Moya, M.,Casadesus, J. & Garcia-del Portillo,
F. (2003).Selection of small-colony variants &l monella enterica serovar typhimurium in
nonphagocytic eucaryotic cellsifection and Immunity 71, 3690-3698.

Capitano, B., Leshem, O. A., Nightingale, C. H. & Molau, D. P. (2003)Cost effect of
managing methicillin-resistai@aphylococcus aureus in a long-term care facilitylournal of
American Geriatrics Society 51, 10-16.

Cerca, N., Oliveira, R. & Azeredo, J. (2007)Susceptibility ofStaphylococcus epidermidis
planktonic cells and biofilms to the Iytic actiohstaphylococcus bacteriophagelkétt Appl
Microbiol 45, 313-317.

Chaieb, K., Hajlaoui, H., Zmantar, T., Ben Kahla-N&bi, A., Rouabhia, M., Mahdouani,
K. & Bakhrouf, A. (2007). The chemical composition and biological activifyctove

209



essential oilEugenia caryophyllata (Syzigium aromaticum L. myrtaceae): A short review.
Phytotherapy Research 21, 501-506.

Chambers, H. F. (1988)Methicillin-resistant staphylococdClinical Microbiology Reviews
1, 173-186.

Chambers, H. F. & Deleo, F. R. (2009)Waves of resistanc&aphylococcus aureus in the
antibiotic eraNature Reviews Micraobiology 7, 629-641.

Chantratita, N., Wuthiekanun, V., Boonbumrung, K. & other authors (2007) Biological
relevance of colony morphology and phenotypic dviitg by Burkholderia pseudomallei.
Journal of Bacteriology 189, 807-817.

Chatterjee, 1., Herrmann, M., Proctor, R. A., Peters, G. & Kahl, B. C. (2007) Enhanced
post-stationary-phase survival of a clinical thyméldependent small-colony variant of
Saphylococcus aureus results from lack of a functional tricarboxylicidcycle.Journal of
Bacteriology 189 2936-2940.

Chatterjee, 1., Kriegeskorte, A., Fischer, A., Deiwck, S., Theimarm, N., Proctor, R. A.,
Peters, G., Herrmann, M. & Kahl, B. C. (2008)In vivo mutations of thymidylate synthase
(Encoded by thyA) are responsible for thymidineatefency in clinical small-colony
variants ofSaphyl ococcus aureus. Journal of Bacteriology 190, 834-842.

Cheeseman, K. E., Williams, G. J., Maillard, J. Y.Denyer, S. P. & Mahenthiralingam,
E. (2007).Typing of Saphylococcus aureus clinical isolates using random amplification of
polymorphic DNA method and comparison with antilt@usceptibility typingJournal of
Hospital Infection 67, 388-390.

Cheng, S. S., Liu, J. Y., Tsai, K. H., Chen, W. & Chang, S. T. (2004) Chemical
composition and mosquito larvicidal activity of essal oils from leaves of different
Cinnamomum osmophloeum provenanceslournal of Agricultural and Food Chemistry 52,
4395-4400.

Chericoni, S., Prieto, J. A., lacopini, P., CioniP. & Morelli, 1. (2005). In vitro activity of
the essential oil ofinnamomum zeylanicum and eugenol in peroxynitrite-induced oxidative
processeslournal of Agricultural and Food Chemistry 53, 4762-4765.

Chiang, S. L., Mekalanos, J. J. & Holden, D. W. (199). In vivo genetic analysis of
bacterial virulenceAnnual Review of Microbiology 53, 129-154.

Chopra, I. (1994).Tetracycline analogs whose primary target is hetltacterial ribosome.
Antimicrobial Agents and Chemotherapy 38, 637-640.

Chopra, I. & Roberts, M. (2001).Tetracycline antibiotics: Mode of action, applioat,
molecular biology, and epidemiology of bacteriaiseanceMicraobiol Molecular Biology
Reviews 65, 232-+.

Chuard, C., Vaudaux, P. E., Proctor, R. A. & Lew, D P. (1997) Decreased susceptibility
to antibiotic killing of a stable small colony vanit of Saphylococcus aureus in fluid phase
and on fibronectin-coated surfacdsurnal of Antimicrobial Chemotheropy 39, 603-608.

Clauditz, A., Resch, A., Wieland, K. P., Peschel,.A& Gotz, F. (2006).Staphyloxanthin

plays a role in the fithess 8taphylococcus aureus and its ability to cope with oxidative
stressinfection and Immunity 74, 4950-4953.

210



CLSI (1999). Methods for determining bactericidal activity aitimicrobial agents. M26-A.
Approved guidelineClinical and Laboratory Sandards Institute.

CLSI (2006). Methods for dilution antimicrobial susceptibilitgsts for bacteria that grow
aerobically. MO7-A7. Approved standard, 7th e@linical and Laboratory Standards
Institute.

Colley, E. W., McNicol, M. W. & Bracken, P. M. (196%). Methicillin-resistant
staphylococci in a general hospitishncet 1, 595-&.

Collins, M. D. & Jones, D. (1981)Distribution of isoprenoid quinone structural tgga
bacteria and their taxonomic implicatioMicrobiology Reviews 45, 316-354.

Colwell, C. A. (1946).Small colony variants discherichia coli. Journal of Bacteriology 52,
417-422.

Conlon, K. M., Humphreys, H. & O'Gara, J. P. (2002) icaR encodes a transcriptional
repressor involved in environmental regulationoaf operon expression and biofilm
formation inStaphylococcus epidermidis. Journal of Bacteriology 184, 4400-4408.

Connell, S. R., Tracz, D. M., Nierhaus, K. H. & Tajor, D. E. (2003).Ribosomal
protection proteins and their mechanism of tetrliogaesistanceAntimicrobial Agentsand
Chemotherapy 47, 3675-3681.

Cooper, R. & Molan, P. (1999)The use of honey as an antiseptic in managing
Pseudomonas infection.Journal of wound care 8, 161-164.

Cooper, R. A., Molan, P. C. & Harding, K. G. (1999) Antibacterial activity of honey
against strains diaphyl ococcus aureus from infected woundslournal of the Royal Society
of Medicine 92, 283-285.

Cooper, R. A., Jenkins, L., Henriques, A. F. M., Dggan, R. S. & Burton, N. F. (2010).
Absence of bacterial resistance to medical-gradeuk@honeyEur J Clin Microbiology and
Infectios Disease 29, 1237-1241.

Cooper, S. M. & Burge, S. M. (2003)Darier's disease - Epidemiology, pathophysiology,
and managemenAmerican Journal of Clinical Dermatology 4, 97-105.

Cos, P., Tote, K., Horemans, T. & Maes, L. (2010Riofilms: An extra hurdle for effective
antimicrobial therapyCurrent Pharmaceutical Design 16, 2279-2295.

Cosgrove, S. E., Sakoulas, G., Perencevich, E. Schwaber, M. J., Karchmer, A. W. &
Carmeli, Y. (2003).Comparison of mortality associated with methioitesistant and
methicillin-susceptibl&taphyl ococcus aureus bacteremia: A meta-analysfSlinical
Infectious Diseases 36, 53-59.

Costerton, J. W., Stewart, P. S. & Greenberg, E. K1999).Bacterial biofilms: A common
cause of persistent infectior&ience 284, 1318-1322.

Cowan, M. M. (1999).Plant products as antimicrobial agei@knical Microbiology Reviews
12, 564-+.

Cramton, S. E., Gerke, C., Schnell, N. F., Nichol§V/. W. & Gotz, F. (1999).The

intercellular adhesion (ica) locus is preserftaphylococcus aureus and is required for
biofilm formation.Infection and Immunity 67, 5427-5433.

211



Cramton, S. E., Gerke, C. & Gotz, F. (2001a)n vitro methods to study staphylococcal
biofilm formation.Microbial Growth in Biofilms, Pt A 336, 239-255.

Cramton, S. E., Ulrich, M., Gotz, F. & Doring, G. 001b).Anaerobic conditions induce
expression of polysaccharide intercellular adhesBiaphylococcus aureus and
Saphylococcus epidermidis. Infection and Immunity 69, 4079-4085.

Croxen, M. A. & Finlay, B. B. (2010).Molecular mechanisms @&scherichia coli
pathogenicityNat Rev Micro 8, 26-38.

Cucarella, C., Solano, C., Valle, J., Amorena, BLasa, |. & Penades, J. R. (2001Bap, a
Saphylococcus aureus surface protein involved in biofilm formatiodournal of Bacteriology
183 2888-2896.

Cui, L., Ma, X. X., Sato, K. & other authors (2003) Cell wall thickening is a common
feature of vancomycin resistanceSmaphylococcus aureus. Journal of Clinical Microbiology
41, 5-14.

Cundliffe, E., Bate, N., Butler, A, Fish, S., Gandcha, A. & Merson-Davies, L. (2001).
The tylosin-biosynthetic genes 8f eptomyces fradiae. Antonie Van Leeuwenhoek 79, 229-
234.

D'Costa, V. M., McGrann, K. M., Hughes, D. W. & Wright, G. D. (2006) Sampling the
antibiotic resistomeScience 311, 374-377.

Darouiche, R. O. & Hamill, R. J. (1994) Antibiotic penetration of and bactericidal actyit
within endothelial-cellsAntimicrobial Agents and Chemotherapy 38, 1059-1064.

Darzins, A. (1993).ThepilG gene product, required f&seudomonas aeruginosa pilus
production and twitching motility, is homologoustte enteric, single-domain response
regulator CheYJournal of Bacteriology 175 5934-5944.

Davies, J. & Davies, D. (2010rigins and evolution of antibiotic resistanbiécrobiology
and Molecular Biology Reviews 74, 417-+.

de Melo, G. A. N,, Grespan, R., Fonseca, J. P., Hana, T. O., da Silva, E. L., Romero,
A. L., Bersani-Amado, C. A. & Cuman, R. K. N. (201). Inhibitory effects of ginger
(Zingiber officinale Roscoe) essential oil on leukocyte migration wovand in vitro.Journal
of Natural Medicines 65, 241-246.

Deans, S. G. & Ritchie, G. (1987)Antibacterial properties of plant essential diig.Journal
of Food Microbiology 5, 165-180.

Deighton, M. & Borland, R. (1993).Regulation of slime production Baphyl ococcus
epidermidis by iron limitation.Infection and Immunity 61, 4473-4479.

Deora, R. & Misra, T. K. (1996).Characterization of the primary sigma factor of
Saphylococcus aureus. Journal of Biological Chemistry 271, 21828-21834.

Deplano, A., Witte, W., Van Leeuwen, W. J., Brun, Y& Struelens, M. J. (2000)Clonal

dissemination of epidemic methicillin-resist&aphyl ococcus aureus in Belgium and
neighboring countrielinical Microbiology and Infection 6, 239-245.

212



Deurenberg, R. H., Vink, C., Kalenic, S., Friedrich A. W., Bruggeman, C. A. &
Stobberingh, E. E. (2007)The molecular evolution of methicillin-resiste®aphyl ococcus
aureus. Clinical Microbiology and Infection 13, 222-235.

Deurenberg, R. H. & Stobberingh, E. E. (2008)The evolution oRaphyl ococcus aureus.
Infection Genetics and Evolution 8, 747-763.

Deziel, E., Comeau, Y. & Villemur, R. (2001)Initiation of biofilm formation by
Pseudomonas aeruginosa 57RP correlates with emergence of hyperpiliatetitaghly
adherent phenotypic variants deficient in swimmswarming, and twitching motilities.
Journal of Bacteriology 183 1195-1204.

Diep, B. A., Chambers, H. F., Graber, C. J. & otheauthors (2008).Emergence of
multidrug-resistant, community-associated, metleilesistantStaphyl ococcus aureus clone
USA300 in men who have sex with mémnals of Internal Medicine 148 249-257.

DiMasi, J. A., Hansen, R. W. & Grabowski, H. G. (203). The price of innovation: new
estimates of drug development codtsirnal of Health Economics 22, 151-185.

Domadia, P., Swarup, S., Bhunia, A., Sivaraman, & Dasgupta, D. (2007)Inhibition of
bacterial cell division protein FtsZ by cinnamalgéé. Biochemical Pharmacology 74, 831-
840.

Donlan, R. M. (2002) Biofilms: Microbial life on surface€merging Infectious Diseases 8,
881-890.

Dorman, H. J. D. & Deans, S. G. (2000Antimicrobial agents from plants: antibacterial
activity of plant volatile oilsJournal of Applied Microbiology 88, 308-316.

Drumm, B., Neumann, A. W., Policova, Z. & ShermanP. M. (1989).Bacterial-cell
surface hydrophobicity properties in the mediatbmvitro adhesion by the rabbit enteric
pathogerEscherichia cali strain RDEC-1Journal of Clinical Investigation 84, 1588-1594.

Dryden, M. S., Dalilly, S. & Crouch, M. (2004) A randomized, controlled trial of tea tree
topical preparations versus a standard topicairegifor the clearance of MRSA
colonization.Journal of Hospital Infection 56, 283-286.

Dunford, C., Cooper, R., Molan, P. & White, R. (200). The use of honey in wound
managementursing standard (Royal College of Nursing (Great Britain) : 1987) 15, 63-68.

Dunman, P. M., Murphy, E., Haney, S. & other authos (2001).Transcription profiling-
based identification ditaphyl ococcus aureus genes regulated by tlagr and/orsar A loci.
Journal of Bacteriology 183 7341-7353.

Dunne, W. M. (2002).Bacterial adhesion: Seen any good biofilms lat€lfical
Microbiology Reviews 15, 155-+.

Dyke, K. G. H., Jevons, M. P. & Parker, M. T. (196§ Penicillinase production and
intrinsic resistance to penicillins Blaphylococcus aureus. Lancet 1, 835-&.

Ehrenreich, A. (2006).DNA microarray technology for the microbiologiah overview.
Applied Microbiology and Biotechnology 73, 255-273.

213



Eng, R. H. K., Padberg, F. T., Smith, S. M., Tan, EN. & Cherubin, C. E. (1991).
Bactericidal effects of antibiotics on slowly grawgiand nongrowing bacteriantimicrobial
Agents and Chemotherapy 35, 1824-1828.

Enright, M. C. & Spratt, B. G. (1999). Multilocus sequence typindrends in Microbiol ogy
7, 482-487.

Enright, M. C., Day, N. P. J., Davies, C. E., Peach, S. J. & Spratt, B. G. (2000).
Multilocus sequence typing for characterizatiomathicillin-resistant and methicillin-
susceptible clones &aphylococcus aureus. Journal of Clinical Microbiology 38, 1008-
1015.

Enright, M. C., Robinson, D. A., Randle, G., FeilE. J., Grundmann, H. & Spratt, B. G.
(2002).The evolutionary history of methicillin-resista@iphyl ococcus aureus (MRSA).
Proceedings of the National Academy Science U SA 99, 7687-7692.

EUCAST (2009)EUCAST definitions of clinical breakpoints and epmiological cut-off
values.

Evans, R. P. & Nelson, C. L. (1993Gentamicin-impregnated polymethylmethacrylate
beads compared with systemic antibiotic-theraphéntreatment of chronic osteomyelitis.
Clinical Orthopaedics and Related Research 37-42.

Faleiro, L., Miguel, G., Gomes, S., Costa, L., Vem&io, F., Teixeira, A., Figueiredo, A.
C., Barroso, J. G. & Pedro, L. G. (2005)Antibacterial and antioxidant activities of essaint
oils isolated fromrhymbra capitata L. (Cav.) andOriganumvulgare L. Journal of

Agricultural and Food Chemistry 53, 8162-8168.

Fan, F., Yan, K., Wallis, N. G. & other authors (202). Defining and combating the
mechanisms of triclosan resistance in clinicalated ofStaphylococcus aureus.
Antimicrobial Agents and Chemotherapy 46, 3343-3347.

Farag, R. S., Daw, Z. Y., Hewedi, F. M. & ElbarotyG. S. A. (1989)Antimicrobial
activity of some Egyptian spice essential qltsurnal of Food Protection 52, 665-667.

Farber, B. F., Kaplan, M. H. & Clogston, A. G. (199). Staphyl ococcus epidermidis
extracted slime inhibits the antimicrobial actidrgtycopeptide antibioticslournal of
Infectious Diseases 161, 37-40.

Feldman, M., Bryan, R., Rajan, S., Scheffler, L., Binnert, S., Tang, H. & Prince, A.
(1998).Role of flagella in pathogenesis of Pseudomonagya®sa pulmonary infection.
Infection and Immunity 66, 43-51.

Fischbach, M. A. & Walsh, C. T. (2009)Antibiotics for emerging pathogerience 325,
1089-1093.

Fitzpatrick, F., Humphreys, H. & O'Gara, J. P. (20(b). The genetics of staphylococcal
biofilm formation-will a greater understanding athogenesis lead to better management of
device-related infection@linical Microbiology and Infection 11, 967-973.

Flemming, H. C. & Wingender, J. (2010).The biofilm matrix.Nature Reviews
Microbiology 8, 623-633.

214



Fluit, A. C., Florijn, A., Verhoef, J. & Milatovic, D. (2005).Presence of tetracycline
resistance determinants and susceptibility to yigkme and minocyclineAntimicrobial
Agents and Chemotherapy 49, 1636-1638.

Foster, T. J. & Hook, M. (1998).Surface protein adhesins &phylococcus aureus. Trends
in Microbiology 6, 484-488.

Francolini, I., Norris, P., Piozzi, A., Donelli, G.& Stoodley, P. (2004)Usnic acid, a
natural antimicrobial agent able to inhibit baaeéhiofilm formation on polymer surfaces.
Antimicrobial Agents and Chemotherapy 48, 4360-4365.

Freeman, D. J., Falkiner, F. R. & Keane, C. T. (198). New method for detecting slime
production by coagulase negative staphylocaeirnal of Clinical Pathology 42, 872-874.

Friedman, M., Henika, P. R. & Mandrell, R. E. (2003. Bactericidal activities of plant
essential oils and some of their isolated consittiagains€Campylobacter jejuni,
Escherichia coli, Listeria monocytogenes, andSalmonella enterica. Journal of Food
Protection 65, 1545-1560.

Friedman, M. (2007).Overview of antibacterial, antitoxin, antivirahcantifungal activities
of tea flavonoids and tedglolecular Nutrition & Food Research 51, 116-134.

Frost, L. S., Leplae, R., Summers, A. O. & ToussainA. (2005).Mobile genetic elements:
The agents of open source evolutibiature Reviews Microbiology 3, 722-732.

Fukuda, K., Straus, S. E., Hickie, I. & other authas (1994).The chronic fatigue syndrome
- a comprehensive approach to its definition andystAnnals of Internal Medicine 121, 953-
959.

Funada, H., Hattori, K. & Kosakai, N. (1978).Catalase-negativiescherichia-coli isolated
from blood.Journal of Clinical Micrabiology 7, 474-478.

Fux, C. A., Costerton, J. W., Stewart, P. S. & Statley, P. (2005) Survival strategies of
infectious biofiims.Trendsin Microbiology 13, 34-40.

Galloway, D. R. (1991)Pseudomonas aeruginosa elastase and elastolysis revisited: recent
developmentaMolecular Microbiolgy 5, 2315-2321.

Gao, W., Chua, K., Davies, J. K. & other authors (2@10). Two Novel Point Mutations in
Clinical Saphylococcus aureus Reduce Linezolid Susceptibility and Switch on $tiengent
Response to Promote Persistent InfectiRiroS Pathog 6, €1000944.

Gebhardt, K., Schimana, J., Muller, J. & other authors (2002).Screening for biologically
active metabolites with endosymbiotic bacilli igeld from arthropodg=ems Microbiology
Letters 217, 199-205.

Georgopapadakou, N. H., Smith, S. A. & Bonner, D. R1982).Penicillin-binding proteins
in a Staphylococcus aureus strain resistant to specific beta-lactam antibsxintimicrobial
Agents and Chemotherapy 22, 172-175.

Gerber, A. U. & Craig, W. A. (1982). Aminoglycoside-selected sub-populations of

Pseudomonas aeruginosa - characterization and virulence in normal anddgenic mice.
Journal of Laboratory and Clinical Medicine 100, 671-681.

215



Gerber, A. U., Vastola, A. P., Brandel, J. & CraigW. A. (1982).Selection of
aminoglycoside-resistant variantsRgeudomonas aeruginosa in anin vivo model.Journal of
Infectious Diseases 146, 691-697.

Gerke, C., Kraft, A., Sussmuth, R., Schweitzer, 0% Gotz, F. (1998).Characterization of
the N-acetylglucosaminyltransferase activity invaain the biosynthesis of the
Saphylococcus epidermidis polysaccharide intercellular adhesiournal of Biological
Chemistry 273 18586-18593.

Gerrits, M. M., de Zoete, M. R., Arents, N. L. A. Kuipers, E. J. & Kusters, J. G. (2002).
16S rRNA mutation-mediated tetracycline resistanddelicobacter pylori. Antimicrobial
Agents and Chemotherapy 46, 2996-3000.

Gibbons, S., Moser, E. & Kaatz, G. W. (2004)Catechin gallates inhibit multidrug
resistance (MDR) irtaphylococcus aureus. Planta Medica 70, 1240-1242.

Gill; S. R., Fouts, D. E., Archer, G. L. & other auhors (2005).Insights on evolution of
virulence and resistance from the complete genaralysis of an early methicillin-resistant
Saphylococcus aureus strain and a biofilm-producing methicillin-resist&taphyl ococcus
epidermidis strain.Journal of Bacteriology 187, 2426-2438.

Gilligan, P. H., Gage, P. A., Welch, D. F., Muszykg M. J. & Wait, K. R. (1987).
Prevalence of thymidine-depend&muphylococcus aureus in patients with cystic-fibrosis.
Journal of Clinical Microbiology 25, 1258-1261.

Gilmore, K. S., M.S., G. & Sahm, D. F. (2008 Methicllin resistance iitaphylococcus
aureus In Bacterial resistance to antimicrobials pp. 291-312. Edited by R. G. Wax, K. Lewis,
A. A. Salyers & H. Taber. New York: CRC Press.

Gomez-Gonzalez, C., Acosta, J., Villa, J., Barradd.., Sanz, F., Orellana, M. A., Otero,
J. R. & Chaves, F. (2010)Clinical and molecular characteristics of infengovith CQ-
sependent small-colony variantsSéphylococcus aureus. Journal of Clinical Microbiology
48, 2878-2884.

Gordon, N. C. & Wareham, D. W. (2010) Antimicrobial activity of the green tea
polyphenol (-)-epigallocatechin-3-gallate (EGCGaiagt clinical isolates of
Senotrophomonas maltophilia. International Journal of Antimicrobial Agents 36, 129-131.

Gotz, F. (2002) Saphylococcus and biofilms.Molecular Microbiology 43, 1367-1378.

Gradisar, H., Pristovsek, P., Plaper, A. & JeralaR. (2007).Green tea catechins inhibit
bacterial DNA gyrase by interaction with its ATm8ing site Journal of Medicinal
Chemistry 50, 264-271.

Griffin, M. O., Fricovsky, E., Ceballos, G. & Villarreal, F. (2010).Tetracyclines: a
pleitropic family of compounds with promising thpeatic properties. Review of the
literature.American Journal of Physiology-Cell Physiology 299, C539-C548.

Guay, G. G., Khan, S. A. & Rothstein, D. M. (1993)The tetK) gene of plasmid pT181 of
Saphylococcus aureus encodes an efflux protein that contains 14 transionane helices.
Plasmid 30, 163-166.

Gullo, V. P., McAlpine, J., Lam, K. S., Baker, D. &Petersen, F. (2006)Drug discovery
from natural productslournal of Industrial Microbiology and Biotechnology 33, 523-531.

216



Haggar, A., Hussain, M., Lonnies, H., Herrmann, M. Norrby-Teglund, A. & Flock, J.-1.
(2003).Extracellular adherence protein fra@@phylococcus aureus enhances internalization
into eukaryotic cellslnfection and Immunity 71, 2310-2317.

Hale, J. H. (1951).Studies or&aphylococcus mutation - a naturally occurring g-gonidial
variant and its carbon dioxide requirememstish Journal of Experimental Pathology 32,
307-313.

Hall-Stoodley, L. & Stoodley, P. (2009)Evolving concepts in biofilm infection€ellular
Microbiology 11, 1034-1043.

Hall, T. A. (1999).BioEdit: a user-friendly biological sequence aliggnt editor and analysis
program for Windows 95/98/N'Nucleic Acids Symposium Series 41, 95-98.

Hall, W. H. & Spink, W. W. (1947). Invitro sensitivity ofBrucella to streptomycin -
development of resistance during streptomycin tneat. Proceedings of the Society for
Experimental Biology and Medicine 64, 403-406.

Hamilton Miller, J. M. T. (1995). Antimicrobial properties of tea&Camellia-sinensis|).
Antimicrobial Agents and Chemotherapy 39, 2375-2377.

Hammer, K. A., Carson, C. F. & Riley, T. V. (1999) Antimicrobial activity of essential oils
and other plant extractdournal of Applied Microbiology 86, 985-990.

Hanlon, G. W., Denyer, S. P., Olliff, C. J. & Ibrahim, L. J. (2001).Reduction in
exopolysaccharide viscosity as an aid to bacteagptpenetration throudPseudomonas
aeruginosa biofilms. Applied Enviromental Microbiology 67, 2746-2753.

Hartman, B. J. & Tomasz, A. (1984) Low-affinity penicillin-binding protein associated
with beta-lactam resistance $taphylococcus aureus. Journal of Bacteriology 158 513-516.

Haussler, S., Rohde, M. & Steinmetz, |. (1999aMighly resistanBurkholderia
pseudomallei small colony variants isolated in vitro and in esipental melioidosisMedical
Microbiology and Immunology 188 91-97.

Haussler, S., Tummler, B., Weissbrodt, H., Rohde, M& Steinmetz, I. (1999b).Small-
colony variants oPseudomonas aeruginosa in cystic fibrosisClinical Infectious Diseases
29, 621-625.

Haussler, S., Lehmann, C., Breselge, C., Rohde, Mlassen, M., Tummler, B.,
Vandamme, P. & Steinmetz, |. (2003a)-atal outcome of lung transplantation in cystic
fibrosis patients due to small-colony variantshafBurkholderia cepacia complex.European
Journal of Clinical Microbiology and Infectious Diseases 22, 249-253.

Haussler, S., Ziegler, I., Lottel, A., von Gotz, F.Rohde, M., Wehmhohner, D.,
Saravanamuthu, S., Tummler, B. & Steinmetz, I. (208b). Highly adherent small-colony
variants ofPseudomonas aeruginosa in cystic fibrosis lung infectionlournal of Medical
Microbiology 52, 295-301.

Hayashi, T., Makino, K., Ohnishi, M. & other authors (2001).Complete genome sequence

of enterohemorrhagi€scherichia coli 0157 : H7 and genomic comparison with a laboratory
strain K-12.DNA Research 8, 11-22.

217



Hecker, M., Pane-Farre, J. & Volker, U. (2007) SigB-dependent general stress response in
Bacillus subtilis and related gram-positive bacteriaAmual Review of Microbiology, pp.
215-236. Palo Alto: Annual Reviews.

Heilmann, C., Schweitzer, O., Gerke, C., Vanittanaim, N., Mack, D. & Gotz, F. (1996).
Molecular basis of intercellular adhesion in thefibin-forming Staphyl ococcus epidermidis.
Molecular Microbiology 20, 1083-1091.

Helander, I. M., Alakomi, H. L., Latva-Kala, K., Mattila-Sandholm, T., Pol, I., Smid, E.
J., Gorris, L. G. M. & Von Wright, A. (1998). Characterization of the action of selected
essential oil components on Gram-negative bact#misnal of Agricultural and Food
Chemistry 46, 3590-3595.

Hemaiswarya, S., Kruthiventi, A. K. & Doble, M. (2008). Synergism between natural
products and antibiotics against infectious disedw®/tomedicine 15, 639-652.

Henrichsen, J. (1972)Bacterial surface translocation: a survey andassification.
Microbiology and Molecular Biology Reviews 36, 478-503.

Higashi, J. M. & Sullam, P. M. (2006) Staphylococcus aureus biofilms. In Biofilms,
Infection, and Antimicrobial Therapy, pp. 81-108. Edited by J. L. Pace, M. E. Rupp &R.
Finch: Taylor and Francis Group.

Hinshaw, H. C., Feldman, W. H. & Pfuetze, K. H. (196). Treatment of tuberculosis with
streptomycin - a summary of observations on 108sdsurnal of American Medical
Association 132, 778-782.

Hiramatsu, K., Cui, L., Kuroda, M. & Ito, T. (2001). The emergence and evolution of
methicillin-resistan&aphylococcus aureus. Trendsin Microbiology 9, 486-493.

Hiramatsu, K., Hanaki, H., Ino, T., Yabuta, K., Oguri, T. & Tenover, F. C. (1997).
Methicillin-resistantStaphylococcus aureus clinical strain with reduced vancomycin
susceptibility.Journal of Antimicrobial Chemotherapy 40, 135-136.

Hoffman, L. R., D'Argenio, D. A., MacCoss, M. J., hang, Z., Jones, R. A. & Miller, S. I.
(2005).Aminoglycoside antibiotics induce bacterial binfiformation.Nature 436, 1171-
1175.

Hoffman, L. R., Deziel, E., D'Argenio, D. A., Lepire, F., Emerson, J., McNamara, S.,
Gibson, R. L., Ramsey, B. W. & Miller, S. |. (2006)Selection foiStaphyl ococcus aureus
small-colony variants due to growth in the presesfd@seudomonas aeruginosa.
Proceedings of the National Academy of Science of the United States of America 103 19890-
19895.

Hogardt, M. & Heesemann, J. (2010)Adaptation ofPseudomonas aeruginosa during
persistence in the cystic fibrosis lurgternational Journal of Medical Micrabiology 300,
557-562.

Hogberg, L. D., Heddini, A. & Cars, O. (2010)The global need for effective antibiotics:
challenges and recent advanceends in Pharmacological Science 31, 509-515.

Holden, M. T. G., Feil, E. J., Lindsay, J. A. & otler authors (2004).Complete genomes of
two clinical Saphyl ococcus aureus strains: Evidence for the rapid evolution of vente and
drug resistancelroceedings of the National Academy of Science of the United States of
America 101, 9786-9791.

218



Holden, M. T. G. & Lindsay, J. A. (2008).Whole genomes: Sequence, microarray and
systems biology. I'®taphylococcus molecular genetics pp. 1-29. Edited by J. A. Lindsay.
Norfolk, UK: Caister Academic Press.

Holley, R. A. & Patel, D. (2005)Improvement in shelf-life and safety of perishafoleds by
plant essential oils and smoke antimicrobikizod Microbiology 22, 273-292.

Hope, R., Livermore, D. M., Brick, G., Lillie, M., Reynolds, R. & Su, B. W. P. R. (2008).
Non-susceptibility trends among staphylococci fimecteraemias in the UK and Ireland,
2001-06.Journal of Antimicrobial Chemotherapy 62, 1165-1174.

Horst, J. P., Wu, T. H. & Marinus, M. G. (1999).Escherichia coli mutator geneslrendsin
Microbiology 7, 29-36.

Huang, H., Cohen, S. H., King, J. H., Monchaud, CNguyen, H. & Flynn, N. M. (2008).
Injecting drug use and community-associated mélinicesistantStaphyl ococcus aureus
infection. Diagnostic Microbiology and Infectious Disease 60, 347-350.

Huebner, J. & Goldmann, D. A. (1999) Coagulase-negative staphylococci: Role as
pathogensAnnual Review of Medicine 50, 223-236.

Ichiyama, S., Ohta, M., Shimokata, K., Kato, N. & Takeuchi, J. (1991) Genomic DNA
fingerprinting by pulsed-field gel-electrophoreagsan epidemiologic marker for study of
nosocomial infections caused by methicillin-resis&aphyl ococcus aureus. Journal of
Clinical Microbiology 29, 2690-2695.

Ito, T., Katayama, Y. & Hiramatsu, K. (1999). Cloning and nucleotide sequence
determination of the entire mec DNA of pre-methiicitesistaniSaphylococcus aureus
N315.Antimicrobial Agents and Chemotherapy 43, 1449-1458.

Ito, T., Katayama, Y., Asada, K., Mori, N., Tsutsunimoto, K., Tiensasitorn, C. &
Hiramatsu, K. (2001). Structural comparison of three types of staphytocabcassette
chromosome mec integrated in the chromosome iniailéthresistantSaphylococcus
aureus. Antimicrobial Agents and Chemotherapy 45, 1323-1336.

Ito, T., Okuma, K., Ma, X. X., Yuzawa, H. & Hiramatsu, K. (2003).Insights on antibiotic
resistance oBtaphylococcus aureus from its whole genome: genomic island SCCug
Resistance Updates 6, 41-52.

Ito, T., Hiramatsu, K., Oliveira, D. C. & other authors (2009).Classification of
Staphylococcal Cassette Chromosanee (SCAnec): Guidelines for Reporting Novel
SCarec ElementsAntimicrobial Agents and Chemotherapy 53, 4961-4967.

Itoh, Y., Wang, X., Hinnebusch, B. J., Preston, F. & Romeo, T. (2005).
Depolymerization of beta-1,6-N-acetyl-D-glucosamiii& upts the integrity of diverse
bacterial biofilmsJournal of Bacteriology 187, 382-387.

Jacob, J., Hort, G. M., Overhoff, P. & Mielke, M. E A. (2006).In vitro and in vivo
characterization of smooth small colony variantBmifcella abortus S19.Microbes and
Infection 8, 363-371.

Jacobsen, K. A. (1910)Mitteilungen Uber einen variablen TyphusstanBacterium typhi

mutabile), sowie Uber eine eigentiimliche hemmende Wirkiegygewohnlichen agar,
verursacht durch autoklavierurgentralbl Bakteriol (Orig A) 56, 208-216.

219



Jager, S., Jonas, B., Pfanzelt, D., Horstkotte, MA., Rohde, H., Mack, D. & Knobloch, J.
K. M. (2009). Regulation of biofilm formation by sigma(B) is ammon mechanism in
Saphylococcus epidermidis and is not mediated by transcriptional regulatibsapA.
International Journal of Artifical Organs 32, 584-591.

Jayaraman, R. (2008)Bacterial persistence: some new insights intoldmpbenomenon.
Journal of Biosciences 33, 795-805.

Jefferson, K. K., Cramton, S. E., Gotz, F. & PierG. B. (2003).Identification of a 5-
nucleotide sequence that controls expression dtthcus indaphylococcus aureus and
characterization of the DNA-binding properties cdR.Molecular Microbiology 48, 889-
899.

Jefferson, K. K., Pier, D. B., Goldmann, D. A. & Pér, G. B. (2004).The teicoplanin-
associated locus regulator (TcaR) and the intedeeladhesin locus regulator (IcaR) are
transcriptional inhibitors of the ica locus$taphylococcus aureus. Journal of Bacteriology
186, 2449-2456.

Jenal, U. & Malone, J. (2006) Mechanisms of cyclic-di-GMP signaling in bacteAanual
Review of Genetics 40, 385-407.

Jensen, P. R. & Michelsen, O. (1992Larbon and energy metabolism of ATP mutants of
Escherichia coli. Journal of Bacteriology 174, 7635-7641.

Jensen, S. O. & Lyon, B. R. (2009)senetics of antimicrobial resistanceS@aphyl ococcus
aureus. Future Microbiology 4, 565-582.

Jerkovi¢, 1., Masteli¢, J. & Milo§, M. (2001). The impact of both the season of collection
and drying on the volatile constituents@figanum vulgare L. ssp. hirtum grown wild in
Croatia.International Journal of Food Science and Technology 36, 649-654.

Jermy, A. (2011).Antimicrobials: Killing persisters while they sieeéNature Reviews
Microbiology 9, 482-483.

Jolivet-Gougeon, A., Kovacs, B., Le Gall-David, & other authors (2011).Bacterial
hypermutation: clinical implicationgournal of Medical Microbiology 60, 563-573.

Jones, G. L., Muller, C. T., O'Reilly, M. & Stickler, D. J. (2006).Effect of triclosan on the
development of bacterial biofilms by urinary trgethogens on urinary cathetefsurnal of
Antimicrobial Chemotherapy 57, 266-272.

Jonsson, I. M., von Eiff, C., Proctor, R. A., Petes, G., Ryden, C. & Tarkowski, A.
(2003).Virulence of ehemB mutant displaying the phenotype oBtaphyl ococcus aureus
small colony variant in a murine model of septithatis. Microbial Pathogology 34, 73-79.

Joosten, U., Joist, A., Gosheger, G., Liljengvist)., Brandt, B. & von Eiff, C. (2005).
Effectiveness of hydroxyapatite-vancomycin bone estnin the treatment @aphyl ococcus
aureus induced chronic osteomyelitiBiomaterials 26, 5251-5258.

Kahl, B., Herrmann, M., Everding, A. S., Koch, H. G, Becker, K., Harms, E., Proctor,
R. A. & Peters, G. (1998)Persistent infection with small colony varianagts of
Saphylococcus aureus in patients with cystic fibrosigournal of Infectious Diseases 177,
1023-1029.

220



Kahl, B. C., Belling, G., Reichelt, R., Herrmann, M, Proctor, R. A. & Peters, G. (2003a).
Thymidine-dependent small-colony variantsStiphylococcus aureus exhibit gross
morphological and ultrastructural changes congistéth impaired cell separatiodournal of
Clinical Microbiology 41, 410-413.

Kahl, B. C., Duebbers, A., Lubritz, G. & other authors (2003b).Population dynamics of
persisten&aphylococcus aureusisolated from the airways of cystic fibrosis patgeduring a
6-year prospective studyournal of Clinical Microbiology 41, 4424-4427.

Kahl, B. C., Belling, G., Becker, P., Chatterjee,.| Wardecki, K., Hilgert, K., Cheung, A.
L., Peters, G. & Herrmann, M. (2005).Thymidine-depender@taphyl ococcus aureus small-
colony variants are associated with extensiveatitars in regulator and virulence gene
expression profilednfection and Immunity 73, 4119-4126.

Kalemba, D. & Kunicka, A. (2003).Antibacterial and antifungal properties of essardils.
Current Medicinal Chemistry 10, 813-829.

Kaltenpoth, M., Gottler, W., Herzner, G. & Strohm, E. (2005).Symbiotic bacteria protect
wasp larvae from fungal infestatio@urrent Biology 15, 475-479.

Kaper, J. B., Nataro, J. P. & Mobley, H. L. T. (20@). Pathogenidscherichia coli. Nature
Reviews Microbology 2, 123-140.

Kaplan, M. L. & Dye, W. E. (1976).Growth requirements of some small-colony-forming
variants ofaphyl ococcus-aureus. Journal of Clinical Microbiology 4, 343-348.

Katayama, Y., Ito, T. & Hiramatsu, K. (2000). A new class of genetic element,
Saphylococcus cassette chromosome mec, encodes methicillinaesis inSaphyl ococcus
aureus. Antimicrobial Agents and Chemotherapy 44, 1549-1555.

Katayama, Y., Takeuchi, F., Ito, T., Ma, X. X., UiMizutani, Y., Kobayashi, |. &
Hiramatsu, K. (2003).dentification in methicillin-susceptibl&aphylococcus hominis of an
active primordial mobile genetic element for thepstylococcal cassette chromosamee of
methicillin-resistan&aphyl ococcus aureus. Journal of Bacteriology 185 2711-2722.

Kazmierczak, M. J., Wiedmann, M. & Boor, K. J. (20®). Alternative sigma factors and
their roles in bacterial virulencMicrobiology and Molecular Biology Reviews 69, 527-543.

Keren, I., Shah, D., Spoering, A., Kaldalu, N. & L&vis, K. (2004).Specialized persister
cells and the mechanism of multidrug tolerancEscherichia coli. Journal of Bacteriology
186, 8172-8180.

Kipp, F., Ziebuhr, W., Becker, K., Krimmer, V., Hoss, N., Peters, G. & von Eiff, C.
(2003).Detection ofStaphylococcus aureus by 16S rRNA directed in situ hybridisation in a
patient with a brain abscess caused by small catarignts.Journal of Neurology
Neurosurgergy and Psychiatry 74, 1000-1002.

Kipp, F., Kahl, B. C., Becker, K., Baron, E. J., Poctor, R. A., Peters, G. & von Eiff, C.
(2005).Evaluation of two chromogenic agar media for rerg\and identification of
Saphylococcus aureus small-colony variantslournal of Clinuical Microbiology 43, 1956-
1959.

Kirby, W. M. M. & Bulger, R. J. (1964). New penicillins and cephalosporiAsnual
Review of Medicine 15, 393-&.

221



Klevens, R. M., Morrison, M. A., Nadle, J. & otherauthors (2007).Invasive methicillin-
resistanStaphyl ococcus aureus infections in the United State¥urnal of the American
Medical Association 298 1763-1771.

Klostermeier, D., Sears, P., Wong, C. H., Millar, DP. & Williamson, J. R. (2004) A
three-fluorophore FRET assay for high-throughpuaging of small-molecule inhibitors of
ribosome assembliNucleic Acids Research 32, 2707-2715.

Kluytmans, J., vanBelkum, A. & Verbrugh, H. (1997).Nasal carriage ditaphylococcus
aureus. Epidemiology, underlying mechanisms, and assedigtks Clinical Microbiology
Reviews 10, 505-&.

Knobloch, J. K. M., Jager, S., Horstkotte, M. A., Phde, H. & Mack, D. (2004).RsbU-
dependent regulation &aphylococcus epidermidis biofilm formation is mediated via the
alternative sigma factor sigma(B) by repressiothefnegative regulator geigR. Infection
and Immunity 72, 3838-3848.

Kohanski, M. A., Dwyer, D. J. & Collins, J. J. (20D). How antibiotics kill bacteria: from
targets to network$\ature Reviews Microbiology 8, 423-435.

Kohler, C., von Eiff, C., Peters, G., Proctor, R. A Hecker, M. & Engelmann, S. (2003).
Physiological characterization of a heme-deficiantant ofStaphylococcus aureus by a
proteomic approacldournal of Bacteriology 185 6928-6937.

Kohler, C., Von Eiff, C., Liebeke, M., McNamara, P.J., Lalk, M., Proctor, R. A.,
Hecker, M. & Engelmann, S. (2008A defect in menadione biosynthesis induces global
changes in gene expressiorStaphylococcus aureus. InJournal of Bacteriology, pp. 6351-
6364.

Kong, K. F., Vuong, C. & Otto, M. (2006).Saphylococcus quorum sensing in biofilm
formation and infection.nternational Journal of Medical Microbiology 296, 133-139.

Kriegeskorte, A., Konig, S., Sander, G., Pirkl, A.Mahabir, E., Proctor, R. A., von Eiff,
C., Peters, G. & Becker, K. (2011)Small colony variants ditaphylococcus aureus reveal
distinct protein profilesProteomics 11, 2476-2490.

Kullik, I., Giachino, P. & Fuchs, T. (1998).Deletion of the alternative sigma factor
sigma(B) inStaphyl ococcus aureus reveals its function as a global regulator of kince
genesJournal of Bacteriology 180, 4814-4820.

Kuroda, M., Ohta, T., Uchiyama, |. & other authors (2001).Whole genome sequencing of
meticillin-resistantStaphylococcus aureus. Lancet 357, 1225-1240.

Kwon, J. A, Yu, C. B. & Park, H. D. (2003).Bacteriocidal effects and inhibition of cell
separation of cinnamic aldehyde Bacillus cereus. Lettersin Applied Microbiology 37, 61-
65.

Lachenmeier, D. W. (2010)Wormwood Artemisia absinthiumL.) - A curious plant with
both neurotoxic and neuroprotective propertigm®nal of Ethnopharmacology 131, 224-
227.

Lambert, P. A. (2002).Cellular impermeability and uptake of biocides amtibiotics in
Gram-positive bacteria and mycobacted@urnal of Applied Microbiology 92, 46S-54S.

222



Lambert, R. J. W., Skandamis, P. N., Coote, P. J. &lychas, G. J. E. (2001)A study of
the minimum inhibitory concentration and mode df@tof oregano essential oil, thymol
and carvacrolJournal of Applied Microbiology 91, 453-462.

Lancet (2006).Shifting goalposts in antibiotic approvabncet Infectious Diseases 6, 751-
751.

Langford, P. R., Anwar, H., Gonda, I. & Brown, M. R. W. (1989).Outer membrane
proteins of gentamicin induced small colony vamisitPseudomonas aeruginosa. FEMS
Microbiology Letters 61, 33-36.

Lannergard, J., von Eiff, C., Sander, G., Cordes, T Seggewiss, J., Peters, G., Proctor,
R. A., Becker, K. & Hughes, D. (2008)ldentification of the genetic basis for clinical
menadione-auxotrophic small-colony variant isolatieStaphyl ococcus aureus.
Antimicrobial Agents and Chemotherapy 52, 4017-4022.

Lasa, |. & Penades, J. R. (2006Bap: A family of surface proteins involved in hlof
formation.Research in Microbiology 157, 99-107.

Lau, G. W., Ran, H., Kong, F., Hassett, D. J. & Maxodi, D. (2004).Pseudomonas
aeruginosa pyocyanin is critical for lung infection in micknfection and lmmunity 72, 4275-
4278.

Lavenir, R., Jocktane, D., Laurent, F., Nazaret, S& Cournoyer, B. (2007).Improved
reliability of Pseudomonas aeruginosa PCR detection by the use of the species-spedfk e
gene targetiournal of Microbiological Methods 70, 20-29.

Lee, J. H. (2003)Methicillin (oxacillin)-resistan&aphyl ococcus aureus strains isolated
from major food animals and their potential trarssian to human®pplied Enviromental
Microbiology 69, 6489-6494.

Leid, J. G., Shirtliff, M. E., Costerton, J. W. & Stoodley, P. (2002)Human leukocytes
adhere to, penetrate, and respon8taphyl ococcus aureus biofilms. Infection and Immunity
70, 6339-6345.

Lewis, K. (2005).Persister cells and the riddle of biofilm survivBilochemistry-Moscow 70,
267-+.

Lewis, K. (2010).Persister cellsAnnual Review of Microbiology 64, 357-372.

Lewis, L. A., Li, K. B., Gousse, A., Pereira, F., &heco, N., Pierre, S., Kodaman, P. &
Lawson, S. (1991)Genetic and molecular analysis of spontaneousragsgy deficient (res-)
mutants ofscherichia-coli K-12. Microbiology and Immunology 35, 289-301.

Li, T.-K. & Liu, L. F. (1998). Modulation of gyrase-mediated DNA cleavage antkiihg
by ATP. Antimicrobial Agents and Chemotherapy 42, 1022-1027.

Lim, Y., Jana, M., Luong, T. T. & Lee, C. Y. (2004) Control of glucose- and NaCl-induced
biofilm formation byrbf in Saphylococcus aureus. Journal of Bacteriology 186, 722-729.

Lindenmayer, J. M., Schoenfeld, S., O'Grady, R. & @rney, J. K. (1998).Methicillin-

resistan&aphylococcus aureusin a high school wrestling team and the surroumdin
community.Archives of Internal Medicine 158 895-899.

223



Lindsay, J. A. & Holden, M. T. G. (2004).Saphyl ococcus aureus: superbug, super
genome?rendsin Microbiology 12, 378-385.

Litzler, P.-Y., Benard, L., Barbier-Frebourg, N., Vilain, S., Jouenne, T., Beucher, E.,
Bunel, C., Lemeland, J.-F. & Bessou, J.-P. (200Biofilm formation on pyrolytic carbon
heart valves: Influence of surface free energyghmess, and bacterial speci@se Journal
of Thoracic and Cardiovascular Surgery 134, 1025-1032.

Liu, B. & Pop, M. (2009). ARDB-Antibiotic Resistance Genes Databdsicleic Acids
Research 37, D443-D447.

Liu, G. Y., Essex, A., Buchanan, J. T., Datta, VHoffman, H. M., Bastian, J. F., Fierer,

J. & Nizet, V. (2005).Saphylococcus aureus golden pigment impairs neutrophil killing and
promotes virulence through its antioxidant activiiyurnal of Experimental Medicine 202,
209-215.

Liu, I. X., Durham, D. G. & Richards, R. M. E. (2000). Baicalin synergy witt-lactam
antibiotics against methicillin-resistaitaphyl ococcus aureus and othe-lactam-resistant
strains ofS aureus. Journal of Pharmacy and Pharmacology 52, 361-366.

Lowy, F. D. (1998).Medical progress Staphylococcus aureus infections.New England
Journal of Medicine 339, 520-532.

Lowy, F. D. (2003).Antimicrobial resistance: the exampleSéphyl ococcus aureus. Journal
of Clinical Investigation 111, 1265-1273.

Lu, T. K. & Collins, J. J. (2007). Dispersing biofilms with engineered enzymatic
bacteriophage?roceedings of the National Academy of Sciences of the United Sates of
America 104 11197-11202.

Lucchini, S., Thompson, A. & Hinton, J. C. D. (2001 Microarrays for microbiologists.
Microbiology-Sgm 147, 1403-1414.

Luzar, M. A., Thomassen, M. J. & Montie, T. C. (198). Flagella and motility alterations
in Pseudomonas aeruginosa strains from patients with cystic-fibrosis - réaiship to patient
clinical condition.Infection and Immunity 50, 577-582.

Lysnyansky, |., Rosengarten, R. & Yogev, D. (1996fhenotypic switching of variable
surface lipoproteins iMycoplasma bovis involves high-frequency chromosomal
rearrangementgournal of Bacteriology 178 5395-5401.

Machan, Z. A., Taylor, G. W., Pitt, T. L., Cole, P.J. & Wilson, R. (1992).2-heptyl-4-
hydroxyquinoline n-oxide, an antistaphylococcalrdgeoduced byseudomonas
aeruginosa. Journal of Antimicrobial Chemotherapy 30, 615-623.

Macia, M. D., Blanquer, D., Togores, B., Sauleda, JPerez, J. L. & Oliver, A. (2005).
Hypermutation is a key factor in development of tiplé-antimicrobial resistance in
Pseudomonas aeruginosa strains causing chronic lung infectiotimicrobial Agents and
Chemotherapy 49, 3382-3386.

Mack, D., Siemssen, N. & Laufs, R. (1992Rarallel induction by glucose of adherence and

a polysaccharide antigen specific for plastic-adht&®taphylococcus epidermidis - evidence
for functional relation to intercellular-adhesidntection and |mmunity 60, 2048-2057.

224



Mack, D., Fischer, W., Krokotsch, A., Leopold, K. Hartmann, R., Egge, H. & Laufs, R.
(1996).The intercellular adhesin involved in biofilm aceulation ofStaphyl ococcus
epidermidisis a linear beta-1,6-linked glucosaminoglycan:ifib@tion and structural
analysis.Journal of Bacteriology 178 175-183.

Magnet, S. & Blanchard, J. S. (2004)Molecular insights into aminoglycoside action and
resistanceChemical Reviews 105 477-498.

Mah, T. F. C. & O'Toole, G. A. (2001).Mechanisms of biofilm resistance to antimicrobial
agentsTrendsin Microbiology 9, 34-39.

Mahenthiralingam, E., Campbell, M. E., Foster, J.Lam, J. S. & Speert, D. P. (1996).
Random amplified polymorphic DNA typing &seudomonas aeruginosa isolates recovered
from patients with cystic fibrosigournal of Clinical Microbiology 34, 1129-1135.

Maiden, M. C. J., Bygraves, J. A, Feil, E. & othelauthors (1998).Multilocus sequence
typing: A portable approach to the identificatidictones within populations of pathogenic
microorganismsProceedings of the National Academy of Sciences of the United Sates of
America 95, 3140-3145.

Malone, J. G., Jaeger, T., Spangler, C., Ritz, DSpang, A., Arrieumerlou, C., Kaever,
V., Landmann, R. & Jenal, U. (2010).YfiBNR mediates cyclic di-GMP dependent small
colony variant formation and persistencé>sgudomonas aeruginosa. PLoS Pathog 6.

Mangili, A., Bica, ., Snydman, D. R. & Hamera, D.H. (2005).Daptomycin-resistant,
methicillin-resistan&aphyl ococcus aureus bacteremiaClinical Infectious Diseases 40,
1058-1060.

Marrie, T. J. & Costerton, J. W. (1984a).Morphology of bacterial attachment to cardiac-
pacemaker leads and power packsirnal of Clinical Microbiology 19, 911-914.

Marrie, T. J. & Costerton, J. W. (1984b).Scanning and transmission electron-microscopy
of insitu bacterial-colonization of intravenous d@nttaarterial cathetergournal of Clinical
Microbiology 19, 687-693.

Mathai, D., Jones, R. N., Pfaller, M. A. & Amer, SP. G. N. (2001)Epidemiology and
frequency of resistance among pathogens causingryriract infections in 1,510
hospitalized patients: A report from the SENTRY iAmctrobial Surveillance Program (North
America).Diagnostic Microbiology and Infectios Disease 40, 129-136.

Matsushita, K., Yamada, M., Shinagawa, E., AdachiQ. & Ameyama, M. (1980).
Membrane-bound respiratory chainRseudomonas aeruginosa grown aerobicallyJournal
of Bacteriology 141, 389-392.

McAleese, F., Petersen, P., Ruzin, A., Dunman, P..Mlurphy, E., Projan, S. J. &
Bradford, P. A. (2005).A novel MATE family efflux pump contributes to tmeduced
susceptibility of laboratory-derivestaphyl ococcus aureus mutants to tigecycline.
Antimicrobial Agents and Chemotherapy 49, 1865-1871.

McCann, M. T., Gilmore, B. F. & Gorman, S. P. (2008 Saphylococcus epidermidis

device-related infections: pathogenesis and clim@magementlournal of Pharmacy and
Pharmacology 60, 1551-1571.

225



McMurry, L. & Levy, S. B. (1978). 2 transport-systems for tetracycline in sensitive
Escherichia coli - critical role for an initial rapid uptake systeénsensitive to energy
inhibitors. Antimicrobial Agents and Chemotherapy 14, 201-209.

McMurry, L., Petrucci, R. E. & Levy, S. B. (1980).Active efflux of tetracycline encoded
by 4 genetically different tetracycline resistade¢erminants ifescherichia coli.
Proceedings of the National Academy of Sciences of the United States of America 77, 3974-
3977.

McNamara, P. J. & Proctor, R. A. (2000) Staphylococcus aureus small colony variants,
electron transport and persistent infectidngernational Journal of Antimicrobial Agents 14,
117-122.

Meissner, A., Wild, V., Simm, R., Rohde, M., ErckC., Bredenbruch, F., Morr, M.,
Romling, U. & Haussler, S. (2007)Pseudomonas aeruginosa cupA-encoded fimbriae
expression is regulated by a GGDEF and EAL domepeddent modulation of the
intracellular level of cyclic diguanylat&nviromental Microbiology 9, 2475-2485.

Mena, A., Macia, M. D., Borrell, N., Moya, B., de [Fancisco, T., Perez, J. L. & Oliver, A.
(2007).Inactivation of the mismatch repair systenPBeudomonas aeruginosa attenuates
virulence but favors persistence of oropharyngebirgzation in cystic fibrosis micdournal
of Bacteriology 189, 3665-3668.

Miller, J. H. (1996). Spontaneous mutators in bacteria: Insights intbvpays of mutagenesis
and repairAnnual Review of Microbiology 50, 625-643.

Miller, M. H., Edberg, S. C., Mandel, L. J., Behar,C. F. & Steigbigel, N. H. (1980).
Gentamicin uptake in wild-type and aminoglycosidsistant small-colony mutants of
Saphylococcus-aureus. Antimicrobial Agents and Chemotherapy 18, 722-729.

Mingeot-Leclercq, M. P., Glupczynski, Y. & Tulkens,P. M. (1999).Aminoglycosides:
Activity and resistanceAntimicrobial Agents and Chemotherapy 43, 727-737.

Mitchell, G., Lamontagne, C. A., Brouillette, E., Gondin, G., Talbot, B. G., Grandbois,
M. & Malouin, F. (2008). Saphylococcus aureus SigB activity promotes a strong
fibronectin-bacterium interaction which may sustiaaist tissue colonization by small-colony
variants isolated from cystic fibrosis patieritolecular Microbiology 70, 1540-1555.

Mitchell, G., Brouillette, E., Seguin, D. L., Asseh, A. E., Jacob, C. L. & Malouin, F.
(2010a).A role for sigma factor B in the emergenceSaphyl ococcus aureus small-colony
variants and elevated biofilm production resulfirgn an exposure to aminoglycosides.
Microbial Pathogensis 48, 18-27.

Mitchell, G., Seguin, D. L., Asselin, A. E., DezieE., Cantin, A. M., Frost, E. H.,

Michaud, S. & Malouin, F. (2010b).Saphylococcus aureus sigma B-dependent emergence
of small-colony variants and biofilm productionlfaling exposure t&seudomonas
aeruginosa 4-hydroxy-2-heptylquinoline-N-oxid&MC Microbiology 10.

Mitsuyama, J., Yamada, H., Maehana, J., Fukuda, Y Kurose, S., Minami, S., Todo, Y.,
Watanabe, Y. & Narita, H. (1997).Characteristics of quinolone-induced small colony
variants inStaphylococcus aureus. Journal of Antimicrobial Chemotherapy 39, 697-705.

Moellering, R. C. (2011).Discovering new antimicrobial agentsternational Journal of
Antimicrobial Agents 37, 2-9.

226



Moisan, F. N., Brouillette, E., Jacob, C. L., Langdis-Begin, P., Michaud, S. & Malouin,
F. (2006).Transcription of virulence factors #aphylococcus aureus small-colony variants
isolated from cystic fibrosis patients is influeddsy SigB.Journal of Bacteriology 188, 64-
76.

Moore, I. F., Hughes, D. W. & Wright, G. D. (2005)Tigecycline is modified by the flavin-
dependent monooxygenase TeBkochemistry 44, 11829-11835.

Morikawa, K., Maruyama, A., Inose, Y., Higashide, M, Hayashi, H. & Ohta, T. (2001).
Overexpression of sigma factor, sigma(B), ur§ephylococcus aureus to thicken the cell
wall and to resist beta-lactani&ochemical and Biophysical Research Commun 288, 385-
389.

Morikawa, K., Inose, Y., Okamura, H., Maruyama, A., Hayashi, H., Takeyasu, K. &
Ohta, T. (2003).A new staphylococcal sigma factor in the conseigauke cassette:
functional significance and implication for the @woonary processessenesto Cells 8, 699-
712.

Morton, H. E. & Shoemaker, J. (1945)The identification oNeisseria gonorrhoeae by
means of bacterial variation and the detectiomadlscolony forms in clinical material.
Journal of Bacteriology 50, 585-587.

Musher, D. M., Baughn, R. E., Templeton, G. B. & Mnuth, J. N. (1977).Emergence of
variant forms ofStaphylococcus aureus after exposure to gentamicin and infectivity of
variants in experimental-animallournal of Infectious Diseases 136, 360-369.

Nakamura, A., Hosoda, M., Kato, T., Yamada, Y., Ith, M., Kanazawa, K. & Nouda, H.
(2000).Combined effects of meropenem and aminoglycosidé¥seudomonas aeruginosa
in vitro. Journal of Antimicrobial Chemotherapy 46, 901-904.

National Centre for Biotechnological Information (2011).Available at:
http://www.ncbi.nim.nih.gov(accessed: June 2011)

Navon-Venezia, S., Leavitt, A. & Carmeli, Y. (2007)High tigecycline resistance in
multidrug-resistanfcinetobacter baumannii. Journal of Antimicrobial Chemotherapy 59,
772-774.

Newman, D. J., Cragg, G. M. & Snader, K. M. (2003Natural products as sources of new
drugs over the period 1981-200urnal of Natural Products 66, 1022-1037.

Newsom, S. W. B. (2008J0gston's coccusgournal of Hospital Infection 70, 369-372.

Nikaido, H. (1994).Prevention of drug access to bacterial targegsmpability barriers and
active efflux.Science 264, 382-388.

Norrby, S. R., Nord, C. E., Finch, R. & European So Clinical Microbiol, I. (2005). Lack
of development of new antimicrobial drugs: a pasdrgerious threat to public healttancet
Infectious Diseases 5, 115-119.

Norstrom, T., Lannergard, J. & Hughes, D. (2007)Genetic and phenotypic identification
of fusidic acid-resistant mutants with the smallecy-variant phenotype iStaphylococcus
aureus. Antimicrobial Agents and Chemotherapy 51, 4438-4446.

Noskin, G. A. (2005)Tigecycline: A new glycylcycline for treatment efrious infections.
Clinical Infectious Diseases 41, S303-S314.

227



Nostro, A., Blanco, A. R., Cannatelli, M. A., EneaV., Flamini, G., Morelli, |., Roccaro,
A. S. & Alonzo, V. (2004).Susceptibility of methicillin-resistant staphyl@ooto oregano
essential oil, carvacrol and thymBEMS Microbiology Letters 230, 191-195.

Nostro, A., Roccaro, A. S., Bisignano, G., Marindi., Cannatelli, M. A., Pizzimenti, F.
C., Cioni, P. L., Procopio, F. & Blanco, A. R. (200). Effects of oregano, carvacrol and
thymol onStaphyl ococcus aureus andSaphyl ococcus epidermidis biofilms. Journal of
Medical Microbiology 56, 519-523.

Novick, R. P., Ross, H. F., Projan, S. J., Kornbluml., Kreiswirth, B. & Moghazeh, S.
(1993).Synthesis of staphylococcal virulence factoristiolled by a regulatory RNA
molecule Embo Journal 12, 3967-3975.

Novick, R. P., Projan, S. J., Kornblum, J., Ross, HF., Ji, G., Kreiswirth, B.,
Vandenesch, F. & Moghazeh, S. (1995)heagr P2 operon - an autocatalytic sensory
transduction system i&aphylococcus aureus. Molecular Genetics and Genomics 248, 446-
458.

Nwosu, V. C. (2001)Antibiotic resistance with particular referencestal microorganisms.
Research in Microbiology 152, 421-430.

O'Flaherty, S., Ross, R. P., Meaney, W., Fitzgeralds. F., Elbreki, M. F. & Coffey, A.
(2005).Potential of the polyvalent arfitaphylococcus bacteriophage K for control of
antibiotic-resistant staphylococci from hospitéipplied Enviromental Microbiology 71,
1836-1842.

O'Gara, J. P. & Humphreys, H. (2001).Saphylococcus epidermidis biofilms: importance
and implicationsJournal of Medical Microbiology 50, 582-587.

O'Gara, J. P. (2007)ica and beyond: biofilm mechanisms and regulatiog&aphyl ococcus
epidermidis andSaphyl ococcus aureus. FEMS Micraobiology Letters 270, 179-188.

O'Toole, G. A. & Kolter, R. (1998).Flagellar and twitching motility are necessary for
Pseudomonas aeruginosa biofilm developmidotecular Microbiology 30, 295-304.

O'Toole, G. A, Pratt, L. A., Watnick, P. I., Newman, D. K., Weaver, V. B. & Kolter, R.
(1999).Genetic approaches to study of biofilivkethods in Enzymology 310, 91-109.

Ogston, A. (1882)Micrococcus poisoning.Journal of anatomy and physiology 17, 24-58.

Oliva, B., Gordon, G., McNicholas, P., Ellestad, G& Chopra, I. (1992). Evidence that
tetracycline analogs whose primary target is netdicterial ribosome cause lysis of
Escherichia coli. Antimicrobial Agents and Chemotherapy 36, 913-919.

Oliveira, D. C., Tomasz, A. & de Lencastre, H. (20®). Secrets of success of a human
pathogen: molecular evolution of pandemic clonemeficillin-resistanSaphyl ocloccus
aureus. Lancet Infectious Diseases 2, 180-189.

Oliver, A., Canton, R., Campo, P., Baquero, F. & Bizquez, J. (2000)High frequency of

hypermutabldPseudomonas aeruginosa in cystic fibrosis lung infectior&cience 288 1251-
1253.

228



Oliver, A., Baquero, F. & Blazquez, J. (2002)The mismatch repair systemutS, mutL and
uvrD genes) irPseudomonas aeruginosa: molecular characterization of naturally occurring
mutantsMolecular Microbiology 43, 1641-1650.

Onyango, L. A., Dunstan, R. H. & Roberts, T. K. (208). Small colony variants of
staphylococci: pathogenesis and evolutionary SiganiCe in causing and sustaining
problematic human infectiondournal of Nutritional & Environmental Medicine 17, 56-75.

Osterburg, A., Gardner, J., Hyon, S. H., Neely, A& Babcock, G. (2009).Highly
antibiotic-resistanfcinetobacter baumannii clinical isolates are killed by the green tea
polyphenol (-)-epigallocatechin-3-gallate (EGCGIinical Microbiology and Infection 15,
341-346.

Otto, M. (2001). Saphylococcus aureus and Saphyl ococcus epider midis peptide pheromones
produced by the accessory gene regulagoisystemPeptides 22, 1603-1608.

Overbye, K. M. & Barrett, J. F. (2005). Antibiotics: where did we go wron®rug
Discovery Today 10, 45-52.

Palma, M., Haggar, A. & Flock, J.-1. (1999) Adherence oftaphylococcus aureus is
enhanced by an endogenous secreted protein widhl lniading activityJournal of
Bacteriology 181, 2840-2845.

Pan, X. S., Hamlyn, P. J., Talens-Visconti, R., Alero, F. L., Manzo, R. H. & Fisher, L.
M. (2002).Small-colony mutants dtaphylococcus aureus allow selection of gyrase-
mediated resistance to dual-target fluoroquinoloAsgmicrobial Agents and Chemotherapy
46, 2498-2506.

Pandey, R., Kalra, A., Tandon, S., Mehrotra, N., $igh, H. N. & Kumar, S. (2000).
Essential oils as potent sources of nematicidalppamds Journal of Phytopathology 148,
501-502.

Pane-Farre, J., Jonas, B., Forstner, K., Engelmanis. & Hecker, M. (2006).The
sigma(B) regulon ir&taphylococcus aureus and its regulationnternational Journal of
Medical Microbiology 296, 237-258.

Pankey, G. A. & Sabath, L. D. (2004)Clinical relevance of bacteriostatic versus
bactericidal mechanisms of action in the treatnogi@ram-positive bacterial infections.
Clinical Infectious Diseases 38, 864-870.

Parker, M. T. & Hewitt, J. H. (1970). Methicillin resistance ifstaphyl ococcus aureus.
Lancet 1, 800-&.

Patti, J. M., Allen, B. L., McGavin, M. J. & Hook, M. (1994). MSCRAMM-medicated
adherence of microorganisms to host tissAaeual Review of Microbiology 48, 585-617.

Paulsen, I. T., Brown, M. H. & Skurray, R. A. (1996. Proton-dependent multidrug efflux
systemsMicrobiology Reviews 60, 575-&.

Payne, D. J., Warren, P. V., Holmes, D. J., Ji, YD. & Lonsdale, J. T. (2001)Bacterial

fatty-acid biosynthesis: a genomics-driven targetitibacterial drug discoverprug
Discovery Today 6, 537-544.

229



Payne, D. J., Gwynn, M. N., Holmes, D. J. & Pomplizo, D. L. (2007).Drugs for bad
bugs: confronting the challenges of antibacteristavery.Nature Reviews Drug Discovery
6, 29-40.

Peacock, S. J. (20058taphylococcus. In Microbiology and Microbial Infections, pp. 771-
816. Edited by S. P. Borriello, P. R. Murray & Gurfke. London: Hodder Arnold.

Peng, H. L., Novick, R. P., Kreiswirth, B., Kornblum, J. & Schlievert, P. (1988)Cloning,
characterization, and sequencing of an accessoey iggulatorggr) in Staphyl ococcus
aureus. Journal of Bacteriology 170, 4365-4372.

Perez-Conesa, D., Cao, J., Chen, L., McLandsborough. & Weiss, J. (2011).
Inactivation ofListeria monocytogenes andEscherichia coli O157:H7 biofilms by micelle-
encapsulated eugenol and carvaclolirnal of Food Protection 74, 55-62.

Perez, P. F., Minnaard, Y., Disalvo, E. A. & De Anini, G. L. (1998).Surface properties of
bifidobacterial strains of human origiApplied Enviromental Microbiology 64, 21-26.

Petersen, A., Chadfield, M. S., Christensen, J. FChristensen, H. & Bisgaard, M. (2008).
Characterization of small-colony variantsksfter ococcus faecalis isolated from chickens
with amyloid arthropathyJournal of Clinical Microbiology 46, 2686-2691.

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

Peterson, L. R. & Shanholtzer, C. J. (1992)ests for bactericidal effects of antimicrobial
agents: technical performance and clinical relega@iinical Microbiology Reviews 5, 420-
432.

Pier, G. & Ramphal, R. (2010).Pseudomonas aeruginosa In Principles and Practice of
I nfectious Diseases Seventh Edition pp. 2835-2860. Edited by G. L. Mandel, J. E. Ben&et
R. Dolin. Philadelphia: Churchill Livingstone.

Pinto, A. & Merlino, J. (2011). CO,-dependent methicillin-resistagtaphyl ococcus aureus.
J Antimicrob Chemother 66, 676-677.

Plata, K., Rosato, A. E. & Wegrzyn, G. (2009)Xtaphylococcus aureus as an infectious
agent: overview of biochemistry and molecular gesetf its pathogenicityActa Biochimica
Polonica 56, 597-612.

Poole, K. (2001) Multidrug efflux pumps and antimicrobial resistarin Pseudomonas
aeruginosa and related organismdournal of Moecularl Microbiology and Biotechnology 3,
255-263.

Prabuseenivasan, S., Jayakumar, M. & Ignacimuthu, S2006).In vitro antibacterial
activity of some plant essential 0oiBMC Complementary Alternative Medicine 6, 39.

Pratt, L. A. & Kolter, R. (1998). Genetic analysis dEscherichia coli biofilm formation:
roles of flagella, motility, chemotaxis and typgili. Molecular Microbiology 30, 285-293.

Proctor, R. A., Vanlangevelde, P., Kristjansson, M.Maslow, J. N. & Arbeit, R. D.

(1995).Persistent and relapsing infections associated switall-colony variants of
Saphylococcus aureus. Clinical Infectious Diseases 20, 95-102.

230



Proctor, R. A., Kahl, B., von Eiff, C., Vaudaux, P.E., Lew, D. P. & Peters, G. (1998).
Staphylococcal small colony variants have novellmaasms for antibiotic resistance.
Clinical Infectious Diseases 27, S68-S74.

Proctor, R. A. & Peters, G. (1998)Small colony variants in staphylococcal infections
Diagnostic and therapeutic implicatioi@inical Infectious Diseases 27, 419-422.

Proctor, R. A. (2000).Microbial pathogenic factors: Small colony vargrinnfections
associated with indwelling medical devices pp. 41-54. Edited by F. A. Waldvogel & A. L.
Bisno. Washington D.C.: ASM Press.

Proctor, R. A. (2006).Respiration and small-colony variantsSdiphyl ococcus aureus In
Gram-Positive Pathogens, pp. 434-442. Edited by V. A. Fischetti. WashingtD.C.: ASM
Press

Proctor, R. A., von Eiff, C., Kahl, B. C., BeckerK., McNamara, P., Herrmann, M. &
Peters, G. (2006)Small colony variants: a pathogenic form of baatdrat facilitates
persistent and recurrent infectioiature Reviews Microbiology 4, 295-305.

Proctor, R. A., Bates, D. M., McNamara, P. J. (20Q1In Emerging Infections, pp. 95-110.
Edited by W. A. Craig. Washington DC: American Stgifor Microbiology Press.

Projan, S. & Ruzin, A. (2006).Antibiotic resistance in the staphylococciGnam-Positive
Pathogens, pp. 587-597. Edited by V. A. Fischetti. Washingi®.C.: ASM Press.

Que, Y. & Moreillon, P. (2010).Saphyl ococcus aureus (Including Staphylococcal Toxic
Shock). InPrinciples and Practice of I nfectious Diseases Seventh Edition pp. 2543-2589.
Edited by G. L. Mandel, J. E. Bennett & R. Dolimil&delphia: Churchill Livingstone.

Rachid, S., Ohlsen, K., Witte, W., Hacker, J. & Zibuhr, W. (2000). Effect of
subinhibitory antibiotic concentrations on polydaaide intercellular adhesin expression in
biofilm-forming Staphylococcus epidermidis. Antimicrobial Agents and Chemotherapy 44,
3357-3363.

Rand, K. H., Houck, H. J., Brown, P. & Bennett, D(1993).Reproducibility of the
microdilution checkerboard method for antibiotieeygy.Antimicrobial Agents and
Chemotherapy 37, 613-615.

Rashid, M. H. & Kornberg, A. (2000).Inorganic polyphosphate is needed for swimming,
swarming, and twitching motilities ¢fseudomonas aeruginosa. Proceedings of the National
Academy of Sciences 97, 4885-4890.

Reizer, J., Saier, M. H., Deutscher, J., Grenier, FThompson, J. & Hengstenberg, W.
(1988).The phosphoenolpyruvate - sugar phosphotransfeyasem in Gram-positive
bacteria - properties, mechanism, and regula@oa Critical Reviews in Micraobiology 15,
297-338.

Rice, L. B. (2008) Federal funding for the study of antimicrobialiségnce in nosocomial
pathogens: No ESKAPHournal of Infectious Diseases 197, 1079-1081.

Richardson, J. F. & Reith, S. (1993)Characterization of a strain of methicillin-reaist

Saphylococcus aureus (EMRSA-15) by conventional and molecular methddsrnal of
Hospital Infection 25, 45-52.

231



Roberts, M. C. (1996).Tetracycline resistance determinants: Mechanidraston,
regulation of expression, genetic mobility, andriisition. FEMS Microbiology Reviews 19,
1-24.

Roberts, M. C. (2005) Update on acquired tetracycline resistance génedS
Microbiology Letters 245 195-203.

Roccaro, A. S., Blanco, A. R., Giuliano, F., Rusam, D. & Enea, V. (2004).
Epigallocatechin-gallate enhances the activityetfaicycline in staphylococci by inhibiting its
efflux from bacterial cellsAntimicrobial Agents and Chemotherapy 48, 1968-1973.

Rogers, K. L., Fey, P. D. & Rupp, M. E. (2009)Coagulase-negative staphylococcal
infections.Infectious disease clinics of North America 23, 73-98.

Roggenkamp, A., Sing, A., Hornef, M., Brunner, U.Autenrieth, I. B. & Heesemann, J.
(1998).Chronic prosthetic hip infection caused by a sfoalbny variant ofscherichia coli.
Journal of Clinical Microbiology 36, 2530-2534.

Rohde, H., Burandt, E. C., Siemssen, N. & other abors (2007).Polysaccharide
intercellular adhesin or protein factors in biofirocumulation o&taphylococcus epidermidis
andStaphylococcus aureus isolated from prosthetic hip and knee joint infens.
Biomaterials 28, 1711-1720.

Rolinson, G. N., Batchelor, F. R., Stevens, S., WaaJ. C. & Chain, E. B. (1960).
Bacteriological studies on a new penicillin - BRR41.. The Lancet 276, 564-567.

Rosamond, L. & Allsop, A. (2000)Harnessing the power of the genome in the search f
new antibioticsScience 287, 1973-1976.

Ross, J. I., Eady, E. A., Cove, J. H. & Cunliffe, WJ. (1998).16S rRNA mutation
associated with tetracycline resistance in a Grasitipe bacteriumAntimicrobial Agents
and Chemotherapy 42, 1702-1705.

Rossolini, G. M. & Mantengoli, E. (2005).Treatment and control of severe infections
caused by multiresista®seudomonas aeruginosa. Clinical Microbiology and Infection 11,
17-32.

Ruhe, J. J., Monson, T., Bradsher, R. W. & Menon, A(2005).Use of long acting
tetracyclines for methicillin-resistaftaphyl ococcus aureus infections: case series and
review of the literatureClinical Infectious Diseases 40, 1429-1434.

Said-Salim, B., Mathema, B. & Kreiswirth, B. N. (2@3). Community-acquired methicillin-
resistanStaphylococcus aureus: An emerging pathogemfection Control and Hospital
Epidemiology 24, 451-455.

Sanla-Ead, N., Jangchud, A., Chonhenchob, V. & Sugkul, P. (2011).Antimicrobial
activity of cinnamaldehyde and eugenol and theiviy after incorporation into cellulose-
based packaging film®ackaging Technology and Science, n/a-n/a.

Sasarman, A., Sanderso.Ke, Surdeanu, M. & Sonea, @970).Hemin-deficient mutants of
Salmonella typhimurium. Journal of Bacteriology 102 531-&.

Sato, M., Tanaka, H., Oh-Uchi, T., Fukai, T., EtohH. & Yamaguchi, R. (2004).
Antibacterial activity of phytochemicals isolatedrh Erythrina zeyheri against vancomycin-

232



resistant enterococci and their combinations withcomycin Phytotherapy Research 18,
906-910.

Saulnier, P., Bourneix, C., Prevost, G. & AndremontA. (1993).Random amplified
polymorphic DNA assay is less discriminant tharspdHield gel-electrophoresis for typing
strains of methicillin-resistar@taphylococcus aureus. Journal of Clinical Microbiology 31,
982-985.

Saxild, H. H., Andersen, L. N. & Hammer, K. (1996)dra-nupC-pdp operon ofBacillus
subtilis: Nucleotide sequence, induction by deoxyribonusildes, and transcriptional
regulation by theleoR-encoded DeoR repressor proteiournal of Bacteriology 178, 424-
434.

Schaaff, F., Bierbaum, G., Baumert, N., Bartmann, P& Sahl, H. G. (2003) Mutations
are involved in emergence of aminoglycoside-indwsedll colony variants of
Saphylococcus aureus. International Journal of Medical Microbiology 293 427-435.

Schaber, J. A., Carty, N. L., McDonald, N. A., Gralam, E. D., Cheluvappa, R.,
Griswold, J. A. & Hamood, A. N. (2004) Analysis of quorum sensing-deficient clinical
isolates ofPseudomonas aeruginosa. Journal of Medical Microbiology 53, 841-853.

Schad, P. A., Bever, R. A, Nicas, T. |., Leduc, FHanne, L. F. & Iglewski, B. H. (1987).
Cloning and characterisation of elastase genes Rsmodomonas aeruginosa. Journal of
Bacteriology 169 2691-2696.

Schatz, A. & Waksman, S. A. (1944)ffect of streptomycin and other antibiotic substs
uponMycaobacterium tuberculosis and related organismBroceedings of the Society for
Experimental Biology and Medicine 57, 244-248.

Schito, G. C. (2006)The importance of the development of antibiotgis&nce in
Saphylococcus aureus. Clinical Microbiology and Infection 12, 3-8.

Schmitz, F. J., Fluit, A. C., Gondolf, M., BeyrauR., Lindenlauf, E., Verhoef, J., Heinz,
H. P. & Jones, M. E. (1999)The prevalence of aminoglycoside resistance and
corresponding resistance genes in clinical isolatessaphylococci from 19 European
hospitals Journal of Antimicrobial Chemotherapy 43, 253-259.

Schnappinger, D. & Hillen, W. (1996).Tetracyclines: Antibiotic action, uptake, and
resistance mechanisn#.chives of Microbiology 165 359-369.

Schnitzer, R. J., Camagni, L. J. & Buck, M. (1943)Resistance of small colony variants (G
Forms) of a&taphylococcus towards the bacteriostatic activity of penicillfPr.oceedings of
the Society for Experimental Biology and Medicine 53, 75-78.

Seaman, P. F., Ochs, D. & Day, M. J. (2007mall-colony variants: a hovel mechanism for
triclosan resistance in methicillin-resist&ephyl ococcus aureus. Journal of Antimicrobial
Chemotherapy 59, 43-50.

Seggewiss, J., Becker, K., Kotte, O. & other authar(2006).Reporter metabolite analysis
of transcriptional profiles of &aphylococcus aureus strain with normal phenotype and its

isogenichemb mutant displaying the small-colony-variant phenetylournal of Bacteriology
188 7765-7777.

233



Seifert, H., von Eiff, C. & Fatkenheuer, G. (1999)Fatal case due to methicillin-resistant
Saphylococcus aureus small colony variants in an AIDS patieBimerging I nfectius Diseases
5, 450-453.

Seifert, H., Oltmanns, D., Becker, K., Wisplinghoff H. & von Eiff, C. (2005).
Saphylococcus lugdunensis pacemaker-related infectioBmerging Infectius Diseases 11,
1283-1286.

Sendi, P., Rohrbach, M., Graber, P., Frei, R., Octmer, P. E. & Zimmerli, W. (2006).
Saphylococcus aureus small colony variants in prosthetic joint infecticlinical Infectious
Diseases 43, 961-967.

Sendi, P. & Proctor, R. A. (2009)Saphylococcus aureus as an intracellular pathogen: the
role of small colony variant§rendsin Microbiology 17, 54-58.

Sendi, P., Frei, R., Maurer, T. B., Trampuz, A., Zmmerli, W. & Graber, P. (2010).
Escherichia coli variants in periprosthetic joint infection: Diaggtiz challenges with sessile
bacteria and sonicatiodournal of Clinical Microbiology 48, 1720-1725.

Seputiene, V., Povilonis, J., Armalyte, J., Suziedls, K., Pavilonis, A. & Suziedeliene, E.
(2010).Tigecycline - how powerful is it in the fight agat antibiotic-resistant bacteria?
Medicina-Lithuania 46, 240-248.

Shah, D., Zhang, Z., Khodursky, A., Kaldalu, N., Kug, K. & Lewis, K. (2006).
Persisters: a distinct physiological statd&cofoli. BMC Microbiology 6, 53.

Shakil, S., Khan, R., Zarrilli, R. & Khan, A. U. (2008). Aminoglycosides versus bacteria -
a description of the action, resistance mecharasih,nosocomial battlegrounghunral of
Biomedical Science 15, 5-14.

Shan, Z., Xu, H., Shi, X. & other authors (2004)ldentification of two new genes involved
in twitching motility in Pseudomonas aeruginosa. Microbiology 150, 2653-2661.

Shanson, D. C. (1981 )Antibiotic-resistan&aphylococcus aureus. Journal of Hospital
Infection 2, 11-36.

Sharp, S. E. & Searcy, C. (2006 Comparison of mannitol salt agar and blood agatepl
for identification and susceptibility testing 8faphylococcus aureusin specimens from cystic
fibrosis patientsJournal of Clinical Microbiolology, JCM.01129-01106.

Sherris, J. C. (1952)2 small colony variants @aph-aureus isolated in pure culture from
closed infected lesions and their carbon dioxidgiirementsJournal of Clinical Pathology
5, 354-355.

Shiota, S., Shimizu, M., Mizusima, T., Ito, H., Haano, T., Yoshida, T. & Tsuchiya, T.
(2000).Restoration of effectiveness pdactams on methicillin-resistant Staphylococcus
aureus by tellimagrandin | from rose ré&EMS Microbiology Letters 185 135-138.

Sifri, C. D., Baresch-Bernal, A., Calderwood, S. B& von Eiff, C. (2006). Virulence of
Saphylococcus aureus small colony variants in th€aenorhabditis elegans infection model.
Infection and Immunity 74, 1091-1096.

Sikkema, J., De Bont, J. A. M. & Poolman, B. (1994)nteractions of cyclic hydrocarbons
with biological membranesournal of Biological Chemistry 269, 8022-8028.

234



Silver, L. L. (2011).Challenges of antibacterial discove@}inical Micraobiology Reviews
24, 71-+.

Singh, G., Kapoor, I. P. S., Singh, P., de Heluar;. S., de Lampasona, M. P. & Catalan,
C. A. N. (2008).Chemistry, antioxidant and antimicrobial investigas on essential oil and
oleoresins o¥ingiber officinale. Food and Chemical Toxicology 46, 3295-3302.

Singh, R., Ray, P., Das, A. & Sharma, M. (2009Role of persisters and small-colony
variants in antibiotic resistance of planktonic &mafilm-associate@aphylococcus aureus:
an in vitro studyJournal of Medical Microbiology 58, 1067-1073.

Singh, R., Ray, P., Das, A. & Sharma, M. (2010aPenetration of antibiotics through
Saphylococcus aureus and Staphyl ococcus epidermidis biofilms. Journal of Antimicrobial
Chemotherapy 65, 1955-1958.

Singh, R., Ray, P., Das, A. & Sharma, M. (2010bEnhanced production of
exopolysaccharide matrix and biofilm by a menadianrotrophicSaphylococcus aureus
small-colony variantJournal of Medical Microbiology 59, 521-527.

Sivaraman, S., Sullivan, T. J., Johnson, F., Novigmok, P., Cui, G. L., Simmerling, C. &
Tonge, P. J. (2004)Inhibition of the bacterial enoyl reductase Faptticlosan: A structure-
reactivity analysis of Fabl inhibition by triclosamaloguesJournal of Medicinal Chemistry
47, 509-518.

Sjostrom, J. E., Lofdahl, S. & Philipson, L. (1975)Transformation reveals a chromosomal
locus of gene(s) for methicillin resistanceSaphyl ococcus aureus Journal of Bacteriology
123 905-915.

Skinner, D. & Keefer, C. S. (1941)Significance of bacteremia caused3bgphyl ococcus
aureus Archives and Internal Medicine 68, 851-875.

Smith, E. E., Buckley, D. G., Wu, Z. & other authos (2006).Genetic adaptation by
Pseudomonas aeruginosa to the airways of cystic fibrosis patienBsoceedings of the
National Academy of Sciences 103 8487-8492.

Smith, M. C. M. & Chopra, |. (1984). Energetics of tetracycline transport ifdscherichia
coli. Antimicrobial Agents and Chemotherapy 25, 446-449.

So, A. D., Gupta, N. & Cars, O. (2010)Tackling antibiotic resistanc8ritish Medical
Journal 340

Someya, Y., Yamaguchi, A. & Sawai, T. (199547 novel glycylcycline, 9-(n,n-
dimethylglycylamido)-6-demethyl-6-deoxytetracycling neither transported nor recognized
by the transposon tn10-encoded metal-tetracychnarttiporter Antimicrobial Agents and
Chemotherapy 39, 247-249.

Song, M. D., Wachi, M., Doi, M., Ishino, F. & Matsinashi, M. (1987).Evolution of an
inducible penicillin-target protein in methicilliresistanaphylococcus aureus by gene
fusion.FEBS Letters 221, 167-171.

Souli, M. & Giamarellou, H. (1998).Effects of slime produced by clinical isolates of

coagulase-negative staphylococci on activitiesasious antimicrobial agentdntimicrobial
Agents and Chemotherapy 42, 939-941.

235



Spanu, T., Romano, L., D'Inzeo, T., Masucci, L., Aanese, A., Papacci, F., Marchese,
E., Sanguinetti, M. & Fadda, G. (2005)Recurrent ventriculoperitoneal shunt infection
caused by small-colony variants @&&phylococcus aureus. Clinical Infectious Diseases 41,
E48-E52.

Spearman, P., Lakey, D., Jotte, S., Chernowitz, AClaycomb, S. & Stratton, C. (1996).
Sternoclavicular joint septic arthritis with smatdony variantStaphyl ococcus aureus.
Diagnostic Microbiology and Infectious Disease 26, 13-15.

Speer, B. S., Bedzyk, L. & Salyers, A. A. (1991fvidence that a novel tetracycline
resistance gene found orBacteroides transposons encodes an NADH-requiring
oxidoreductaselournal of Bacteriology 173 176-183.

Speert, D. P., Loh, B. A, Cabral, D. A. & Salit, ] E. (1986).Nonopsonic phagocytosis of
nonmucoidPseudomonas aer uginosa by human-neutrophils and monocyte-derived
macrophages is correlated with bacterial piliaaod hydrophobicitylnfection and Immunity
53, 207-212.

Spellberg, B., Guidos, R., Gilbert, D., Bradley, J.Boucher, H. W., Scheld, W. M.,
Bartlett, J. G., Edwards, J. & Infect Dis Soc, A. 2008).The epidemic of antibiotic-
resistant infections: A call to action for the medicommunity from the Infectious Diseases
Society of AmericaClinical Infectious Diseases 46, 155-164.

Sriramulu, D. D., Nimtz, M. & Romling, U. (2005).Proteome analysis reveals adaptation of
Pseudomonas aeruginosa to the cystic fibrosis lung environme®r.oteomics 5, 3712-3721.

Starkey, M., Hickman, J. H., Ma, L. Y. & other authors (2009).Pseudomonas aer uginosa
rugose small-colony variants have adaptationslikely promote persistence in the cystic
fibrosis lung.Journal of Bacteriology 191, 3492-3503.

Stein, G. E. & Craig, W. A. (2006).Tigecycline: A critical analysi<linical Infectious
Diseases 43, 518-524.

Stewart, P. S. (1996)Theoretical aspects of antibiotic diffusion inticrobial biofilms.
Antimicrobial Agents and Chemotherapy 40, 2517-2522.

Stewart, P. S. & Costerton, J. W. (2001)Antibiotic resistance of bacteria in biofilms.
Lancet 358 135-138.

Stover, C. K., Pham, X. Q., Erwin, A. L. & other auhors (2000).Complete genome
sequence dPseudomonas aeruginosa PAO1, an opportunistic pathogéyature 406, 959-
964.

Streit, J. M., Jones, R. N., Sader, H. S. & Fritsol, T. R. (2004) Assessment of pathogen
occurrences and resistance profiles among infgédnts in the intensive care unit: report
from the SENTRY Antimicrobial Surveillance ProgréNorth America, 2001).nter national
Journal of Antimicrobial Agents24, 111-118.

Stryjewski, M. E. & Corey, G. R. (2009).New treatments for methicillin-resistant
Saphylococcus aureus. Current Opinion in Critical Care 15, 403-412.

Taber, H. W., Mueller, J. P., Miller, P. F. & Arrow, A. S. (1987)Bacterial uptake of
aminoglycoside antibioticdlicrobiology Reviews 51, 439-457.

236



Tambic, A., Power, E. G. M., Talsania, H., AnthonyR. M. & French, G. L. (1997).
Analysis of an outbreak of hon-phage-typeable nogfintresistantSaphyl ococcus aureus by
using a randomly amplified polymorphic DNA assagurnal of Clinical Microbiology 35,
3092-3097.

Tappe, D., Claus, H., Kern, J., Marzinzig, A., Frosh, M. & Abele-Horn, M. (2006). First
case of febrile bacteremia due to a wild type andliscolony variant oEscherichia coli.
European Journal of Clinical Microbiology and Infectious Diseases 25, 31-34.

Tarello, W. (2001).Chronic fatigue syndrome (CFS) associated ®i#iphyl ococcus spp.
bacteremia, responsive to potassium arsenite & 4veterinary surgeon and his coworking
wife, handling with CFS animal cas&Xmparative Immunology, Micraobiology and

Infectious Diseases 24, 233-246.

Taylor, D. E. & Chau, A. (1996).Tetracycline resistance mediated by ribosomalegtain.
Antimicrobial Agents and Chemotherapy 40, 1-5.

Tegos, G., Stermitz, F. R., Lomovskaya, O. & Lewid{. (2002). Multidrug pump inhibitors
uncover remarkable activity of plant antimicrobiaatimicrobial Agents and Chemotherapy
46, 3133-3141.

Tenover, F. C., Arbeit, R. D. & Goering, R. V. (199). How to select and interpret
molecular strain typing methods for epidemiologstaldies of bacterial infections: A review
for healthcare epidemiologistsifection Control and Hospital Epidemiology 18, 426-439.

Tenover, F. C. & Gorwitz, R. J. (2000) The epidemiology o&aphylococcus infections In
Gram positive pathogens pp. 414-421. Edited by V. A. Fischetti, R. P. Ndvid. J. Ferreti, D.
A. Portnoy & J. I. Rood. Washing D.C.: American &g for Microbiology.

Thaker, M., Spanogiannopoulos, P. & Wright, G. D. 2010).The tetracycline resistome.
Cellular and Molecular Life Sciences 67, 419-431.

Thomas, M. E. M. (1955) Studies on a COdependeng&aphylococcus. Journal of Clinical
Pathology 8, 288-291.

Tien, W. & White, D. C. (1968).Linear sequential arrangement of genes for theybidetic
pathway of protoheme i&aphylococcus aureus. Proceedings of the National Academy of
Sciences 61, 1392-1398.

To, K. K. W., Cheng, V. C. C., Tang, B. S. F., Far¥. W. & Yuen, K. Y. (2006).False-
negative cerebrospinal fluid cryptococcal antigest tiue to small-colony variants of
Cryptococcus neoformans meningitis in a patient with cystopleural shustandinavian
Journal of Infectius Diseases 38, 1110-1114.

Toda, M., Okubo, S., Hiyoshi, R. & Shimamura, T. (289).The bactericidal activity of tea
and coffeeLettersin Applied Microbiology 8, 123-125.

Toma, C., Lu, Y., Higa, N., Nakasone, N., Chinen,,IBaschkier, A., Rivas, M. &
Iwanaga, M. (2003).Multiplex PCR assay for identification of humamtheagenic
Escherichia coli. Journal of Clinical Microbiology 41, 2669-2671.

Tormo, M. A., Knecht, E., Gotz, F., Lasa, M. & Pendes, J. R. (2005a)Bap-dependent

biofilm formation by pathogenic species@#éphylococcus. evidence of horizontal gene
transferMicraobiology-Sgm 151, 2465-2475.

237



Tormo, M. A., Marti, M., Valle, J., Manna, A. C., Cheung, A. L., Lasa, |. & Penades, J.
R. (2005b).SarA is an essential positive regulatoS@iphylococcus epidermidis biofilm
developmentJournal of Bacteriology 187, 2348-2356.

Tote, K., Vanden Berghe, D., Maes, L. & Cos, P. (B8). A new colorimetric microtitre
model for the detection of Staphylococcus aureaslims. Lettersin Applied Microbiology
46, 249-254.

Tote, K., Vanden Berghe, D., Deschacht, M., de WIK., Maes, L. & Cos, P. (2009).
Inhibitory efficacy of various antibiotics on ma¢rand viable mass &aphyl ococcus aureus
andPseudomonas aeruginosa biofilms. International Journal of Antimicrobial Agents 33,
525-531.

Trieber, C. A. & Taylor, D. E. (2002). Mutations in the 16S rRNA geneslé#licobacter
pylori mediate resistance to tetracyclideurnal of Bacteriology 184, 2131-2140.

Trombetta, D., Castelli, F., Sarpietro, M. G., Venti, V., Cristani, M., Daniele, C., Saija,
A., Mazzanti, G. & Bisignano, G. (2005)Mechanisms of antibacterial action of three
monoterpenesAntimicrobial Agents and Chemotherapy 49, 2474-2478.

Tsiodras, S., Gold, H. S., Sakoulas, G., Eliopoulp§. M., Wennersten, C.,
Venkataraman, L., Moellering, R. C. & Ferraro, M. J. (2001).Linezolid resistance in a
clinical isolate ofStaphyl ococcus aureus. Lancet 358 207-208.

Tsubakishita, S., Kuwahara-Arai, K., Sasaki, T. & Hramatsu, K. (2010).Origin and
molecular evolution of the determinant of methinillesistance in staphylococci.
Antimicrobial Agents and Chemotherapy 54, 4352-4359.

Tuchscherr, L., Heitmann, V., Hussain, M., ViemannD., Roth, J., von Eiff, C., Peters,
G., Becker, K. & Loffler, B. (2010). Saphylococcus aureus small-colony variants are
adapted phenotypes for intracellular persistedagrnal of Infectious Diseases 202, 1031-
1040.

Tuchscherr, L., Medina, E., Hussain, M. & other auhors (2011a).Saphyl ococcus aureus
phenotype switching: an effective bacterial stratiegescape host immune response and
establish a chronic infectioBEMBO Molecular Medicine 3, 129-141.

Tuchscherr, L., Medina, E., Hussain, M. & other auhors (2011b).Saphylococcus aureus
phenotype switching: An effective bacterial strgtegescape host immune response and
establish a chronic infectioBEMBO Molecular Medicine 3, 129-141.

Tuomanen, E., Durack, D. T. & Tomasz, A. (1986)XAntibitotic tolerance among clinical
isolates of bacterigAntimicrobial Agents and Chemotherapy 30, 521-527.

Ultee, A., Kets, E. P. W. & Smid, E. J. (1999Mechanisms of action of carvacrol on the
food-borne pathogeBacillus cereus. Applied Enviromental Microbiology 65, 4606-4610.

Ultee, A., Kets, E. P. W., Alberda, M., Hoekstra, FA. & Smid, E. J. (2000) Adaptation
of the food-borne pathogdacillus cereus to carvacrol Archives of Microbiology 174, 233-
238.

Ultee, A., Bennik, M. H. J. & Moezelaar, R. (2002)The phenolic hydroxyl group of

carvacrol is essential for action against the fbothie pathogeBacillus cereus. Applied
Enviromental Microbiology 68, 1561-1568.

238



Urwin, R. & Maiden, M. C. J. (2003). Multi-locus sequence typing: a tool for global
epidemiology.Trendsin Microbiology 11, 479-487.

USFDA (2009)Everything added to food in the United States: Fadditive database.

Vakulenko, S. B. & Mobashery, S. (2003)Versatility of Aminoglycosides and prospects for
their future.Clinical Microbiology Reviews 16, 430-+.

Valle, J., Toledo-Arana, A., Berasain, C., Ghigo,.JM., Amorena, B., Penades, J. R. &
Lasa, I. (2003).SarA and not sigma(B) is essential for biofilm eepment by
Saphylococcus aureus. Molecualr Microbiology 48, 1075-1087.

van Belkum, A., van Leeuwen, W., Kaufmann, M. E. &ther authors (1998).Assessment
of resolution and intercenter reproducibility ofudts of genotypin@aphyl ococcus aureus

by pulsed-field gel electrophoresis®&fial macrorestriction fragments: a multicenter study.
Journal of Clinical Microbioliogy 36, 1653-1659.

van Loosdrecht, M. C., Lyklema, J., Norde, W., Schaa, G. & Zehnder, A. J. (1987)The
role of bacterial cell wall hydrophobicity in adi@s Applied Enviromental Microbiology 53,
1893-1897.

VandenBergh, M. F. Q., Yzerman, E. P. F., van Bellkm, A., Boelens, H. A. M., Sijmons,
M. & Verbrugh, H. A. (1999). Follow-up ofStaphylococcus aureus nasal carriage after 8
years: Redefining the persistent carrier staaeanral of Clinical Microbiology 37, 3133-3140.

Vaudaux, P., Francois, P., Bisognano, C. & other dhbors (2002).Increased expression of
clumping factor and fibronectin-binding proteinsteymB mutants ofStaphyl ococcus aureus
expressing small colony variant phenotypgagection and |mmunity 70, 5428-5437.

Verpoorte, R., Van der Heijden, R. & Memelink, J. 000).Engineering the plant cell
factory for secondary metabolite productidnansgenic Research 9, 323-343.

Vesga, O., Groeschel, M. C., Otten, M. F., Brar, DV., Vann, J. M. & Proctor, R. A.
(1996).Saphyl ococcus aureus small colony variants are induced by the endathetll
intracellular milieuJournal of Infectious Diseases 173 739-742.

Veyssier, P. & Bryskier, A. (2005) Aminocyclitol Aminoglycosides. Intimicrobial
Agents, pp. 453-469. Edited by A. Bryskier. Washingtoi€D American Society for
Microbiology.

Viljoen, A. M., van Vuuren, S. F., Gwebu, T., Demici, B. & Baser, K. H. C. (2006)The
geographical variation and antimicrobial activifyAdrican wormwood Artemisia afra Jacq.)
essential oilJournal of Essential Oil Research 18, 19-25.

von Eiff, C., Bettin, D., Proctor, R. A., Rolauffs,B., Lindner, N., Winkelmann, W. &
Peters, G. (1997a)Recovery of small colony variants &aphyl ococcus aureus following
gentamicin bead placement for osteomyel@isnical Infectious Diseases 25, 1250-1251.

von Eiff, C., Heilmann, C., Proctor, R. A., Woltz,C., Peters, G. & Goétz, F. (1997b)A
site-directed®aphylococcus aureus hemB mutant is a small-colony variant which persists
intracellularly.Journal of Bacteriology 179, 4706-4712.

von Eiff, C., Lindner, N., Proctor, R. A., Winkemann, W. & Peters, G. (1998)Isolation

of small colony variants diaphylococcus aureus following gentamicin bead placement for
osteomyelitis as a possible cause for recurrenthop Grenzg 136, 268-271.

239



von Eiff, C., Vaudaux, P., Kahl, B. C., Lew, D., Erter, S., Schmidt, A., Peters, G. &
Proctor, R. A. (1999).Bloodstream infections caused by small-colonyaras of coagulase-
negative staphylococci following pacemaker impl&ata Clinical Infectious Diseases 29,
932-934.

von Eiff, C., Proctor, R. A. & Peters, G. (2000)Staphylococcus aureus small colony
variants: formation and clinical impathternational Journal of Clinical Practice, 44-49.

von Eiff, C., Becker, K., Metze, D., Lubritz, G., tbckmann, J., Schwarz, T. & Peters, G.
(2001a).Intracellular persistence &aphylococcus aureus small-colony variants within
keratinocytes: A cause for antibiotic treatmeniuf& in a patient with Darier's disease.
Clinical Infectious Diseases 32, 1643-1647.

von Eiff, C., Peters, G. & Proctor, R. (2001b)Small colony variants ditaphylococcus
aureus. Mechanism for production, biology of infectiondadinical significance In
Saphylococcus aureus infection and disease, pp. 17-34. Edited by A. Honeyman, H.
Friedman & M. Bendinelli. New York: Plenum Publishe

von Eiff, C., McNamara, P., Becker, K., Bates, DLei, X. H., Ziman, M., Bochner, B. R.,
Peters, G. & Proctor, R. A. (2006)Phenotype microarray profiling &aphylococcus
aureus menD and hemB mutants with the small-colony-varnmdrenotypeJournal of
Bacteriology 188 687-693.

von Eiff, C. (2008).Saphyl ococcus aureus small colony variants: a challenge to
microbiologists and cliniciangnternational Journal of Antimicrobial Agents 31, 507-510.

von Eiff, C., Heilmann, C., Proctor, R. A., Woltz,C., Peters, G. & Gotz, F. (1997)A site-
directedStaphyl ococcus aureus hemB mutant is a small-colony variant which persists
intracellularly.Journal of Bacteriology 179, 4706-4712.

Voureka, A. (1951).Bacterial variants in patients treated with chhopaenicol Lancet 260
27-28.

Vuong, C., Saenz, H. L., Gotz, F. & Otto, M. (2000Jmpact of the agr quorum-sensing
system on adherence to polystyren&aphylococcus aureus. Journal of Infectious Diseases
182 1688-1693.

Vuong, C. & Otto, M. (2002).Saphyl ococcus epidermidis infections.Microbes and
Infection 4, 481-489.

Vuong, C., Durr, M., Carmody, A. B., Peschel, A., kebanoff, S. J. & Otto, M. (2004a).
Regulated expression of pathogen-associated malegattern molecules &aphylococcus
epidermidis: quorum-sensing determines pro-inflammatory capacid production of
phenol-soluble modulin&ellular Microbiology 6, 753-759.

Vuong, C., Kocianova, S., Voyich, J. M., Yao, Y. FFischer, E. R., DelLeo, F. R. & Otto,
M. (2004b). A crucial role for exopolysaccharide modificatiorbacterial biofilm formation,
immune evasion, and virulenckaurnal of Biological Chemistry 279, 54881-54886.

Vuong, C., Voyich, J. M., Fischer, E. R., BraughtopK. R., Whitney, A. R., DeLeo, F. R.
& Otto, M. (2004c). Polysaccharide intercellular adhesin (PIA) prat&zphyl ococcus
epidermidis against major components of the human innate inensyatemCellular
Microbiology 6, 269-275.

240



Vuong, C., Kidder, J. B., Jacobson, E. R., Otto, MProctor, R. A. & Somerville, G. A.
(2005).Saphyl ococcus epidermidis polysaccharide intercellular adhesin production
significantly increases during tricarboxylic acigtte stressJournal of Bacteriology 187,
2967-2973.

Vuorela, P., Leinonen, M., Saikku, P., Tammela, PRauha, J. P., Wennberg, T. &
Vuorela, H. (2004).Natural products in the process of finding newgdcandidatesCurrent
Medicinal Chemistry 11, 1375-1389.

Waksman, S. A., Reilly, H. C. & Schatz, A. (1945%train specificity and production of
antibiotic substances. 5 strain resistance of badie antibiotic substances, especially to
streptomycinProceedings of the National Academy of Science of the United States of
America 31, 157-164.

Wang, I. W., Anderson, J. M., Jacobs, M. R. & Marclant, R. E. (1995) Adhesion of
Saphylococcus epidermidis to biomedical polymers - contributions of surface
thermodynamics and hemodynamic shear conditifmsnal of Biomedical Materials
Research 29, 485-493.

Weller, T. M. A. (2000). Methicillin-resistantStaphylococcus aureus typing methods: which
should be the international standadd@rnal of Hospital Infection 44, 160-172.

Wellinghausen, N., Chatterjee, I., Berger, A., Niedrfuehr, A., Proctor, R. A. & Kahl, B.
C. (2009).Characterization of clinic&tnterococcus faecalis small-colony variantslournal
of Clinical Microbiology 47, 2802-2811.

Werckenthin, C., Schwarz, S. & Roberts, M. C. (1996 Integration of pT181-like
tetracycline resistance plasmids into large stamtodcal plasmids involves 257.
Antimicrobial Agents and Chemotherapy 40, 2542-2544.

Werner, G., Gfrorer, S., Fleige, C., Witte, W. & Klare, |. (2008).Tigecycline-resistant
Enterococcus faecalis strain isolated from a German intensive care peatitent.Journal of
Antimicrobial Chemotherapy 61, 1182-1183.

West, P. W. J., Mathew, T. C., Miller, N. J. & Eletricwala, Q. (2001).The effect of green
tea on the growth and morphology of methicilliniseant and methicillin-susceptible
Saphylococcus aureus. Journal of Nutritional and Environmental Medicine 11, 263-269.

White, R. L., Burgess, D. S., Manduru, M. & Bossa]. A. (1996).Comparison of three
different in vitro methods of detecting synergymg-kill, checkerboard, and E test.
Antimicrobial Agents and Chemotherapy 40, 1914-1918.

Wijesekera, R. O. B. & Chichester, C. O. (1978Chemistry and technology of cinnamon.
Critical Reviewsin Food Science and Nutrition 10, 1-30.

Williams, 1., Venables, W. A, Lloyd, D., Paul, F& Critchley, I. (1997). The effects of
adherence to silicone surfaces on antibiotic sudzkly in Staphylococcus aureus.
Microbiology-(UK) 143 2407-2413.

Williams, J. G. K., Kubelik, A. R, Livak, K. J., Rafalski, J. A. & Tingey, S. V. (1990).

DNA polymorphisms amplified by arbitrary primergarseful as genetic-markeMucleic
Acids Research 18, 6531-6535.

241



Winstanley, C., Langille, M. G. I., Fothergill, J.L. & other authors (2009). Newly
introduced genomic prophage islands are criticedrd@nants of in vivo competitiveness in
the Liverpool Epidemic Strain ¢fseudomonas aeruginosa. Genome Research 19, 12-23.

Wirmer, J. & Westhof, E. (2006).Molecular contacts between antibiotics and the 30S
ribosomal particleGlycobiology 415 180-+.

Wise, E. M. & Park, J. T. (1965).Penicillin - its basic site of action as an intobiof a
peptide cross-linking reaction in cell wall mucopée synthesi®roceedings of the National
Academy of Science of the United States of America 54, 75-&.

Wise, R. (2002) Antimicrobial resistance: priorities for actiaiurnal of Antimicrob
Chemotherapy 49, 585-586.

Wood, J. (2009).The effect of garlic on the susceptibility of MR$#B lactam antibiotics.
PhD thesis, Cardiff University.

Woodford, N. (2005).Biological counterstrike: antibiotic resistanceamanisms of Gram-
positive cocciClinical Microbiology and Infection 11, 2-21.

World Health Organisation (2001)Global Strategy for Containment of Antimicrobial
Resistance. Geneva.

Wright, G. D. (2007).The antibiotic resistome: the nexus of chemicadl genetic diversity.
Nature Reviews Microbiology 5, 175-186.

Wright, G. D. & Sutherland, A. D. (2007).New strategies for combating multidrug-resistant
bacteria.Trendsin Molecular Medicine 13, 260-267.

Wu, M., von Eiff, C., Al Laham, N. & Tsuji, B. T. (2009).Vancomycin and daptomycin
pharmacodynamics differ against a site-dire@mghyl ococcus epidermidis mutant
displaying the small-colony-variant phenotypetimicrobial Agents and Chemotherapy 53,
3992-3995.

Wu, S. W., DelLencastre, H. & Tomasz, A. (1996f%igma-B, a putative operon encoding
alternate sigma factor &aphyl ococcus aureus RNA polymerase: Molecular cloning and
DNA sequencingJournal of Bacteriology 178 6036-6042.

Yam, T. S., Hamilton-Miller, J. M. T. & Shah, S. (1998).The effect of a component of tea
(Camellia sinensis) on methicillin resistance, PBP2 ' synthesis, lagiz-lactamase production
in Saphylococcus aureus. Journal of Antimicrobial Chemotherapy 42, 211-216.

Yamamoto, T., Nishiyama, A., Takano, T., Yabe, SHiguchi, W., Razvina, O. & Shi, D.
(2010).Community-acquired methicillin-resistataphyl ococcus aureus; community
transmission, pathogenesis, and drug resistdoamal of Infection and Chemotherapy 16,
225-254.

Yang, W. R., Moore, |. F., Koteva, K. P., BareichD. C., Hughes, D. W. & Wright, G. D.
(2004).TetX is a flavin-dependent monooxygenase confgmisistance to tetracycline
antibiotics.Journal of Biological Chemistry 279, 52346-52352.

Yi, S.-m., Zhu, J.-l., Fu, L.-Il. & Li, J.-r. (2010). Tea polyphenols inhibPseudomonas

aeruginosa through damage to the cell membrameernational Journal of Food
Microbiology 144, 111-117.

242



Yoneyama, H. & Katsumata, R. (2006)Antibiotic resistance in bacteria and its futuse f
novel antibiotic developmeniioscience Biotechnology and Biochemistry 70, 1060-1075.

Youmans, G. P., Williston, E. H. & Simon, M. (1945)Production of small colony variants
of Staphylococcus aureus by the action of penicillinProceedings of the Society for
Experimental Biology and Medicine 58, 56-57.

Youmans, G. P., Williston, E. H., Feldman, W. H. &Hinshaw, H. C. (1946)Increase in
resistance of tubercle bacilli to streptomycinpraliminary reportProceedings of the Saff
Meetings of the Mayo Clinic 21, 126-127.

Yuan, Z. Y., Trias, J. & White, R. J. (2001) Deformylase as a novel antibacterial target.
Drug Discovery Today 6, 954-961.

Zakeri, B. & Wright, G. D. (2008). Chemical biology of tetracycline antibiotics.
Biochemistry and Cell Biology-Biochimie Et Biologie Cellulaire 86, 124-136.

Zander, J., Besier, S., Saum, S. H., Dehghani, Egitsch, S., Brade, V. & Wichelhaus, T.
A. (2008).Influence of dTMP on the phenotypic appearanceiatndcellular persistence of
Saphylococcus aureus. Infection and |mmunity 76, 1333-1339.

Zetola, N., Francis, J. S., Nuermberger, E. L. & Bihai, W. R. (2005) Community-
acquired meticillin-resistar@taphylococcus aureus: an emerging threaltancet Infectious
Diseases 5, 275-286.

Zhanel, G. G., Homenuik, K., Nichol, K., Noreddin A., Vercaigne, L., Embil, J., Gin, A,
Karlowsky, J. A. & Hoban, D. J. (2004).The glycylcyclines - A comparative review with
the tetracyclinedDrugs 64, 63-88.

Zhang, K. Y., Sparling, J., Chow, B. L., Elsayed, SHussain, Z., Church, D. L.,

Gregson, D. B., Louie, T. & Conly, J. M. (2004)New quadriplex PCR assay for detection
of methicillin and mupirocin resistance and simodtaus discrimination dtaphylococcus
aureus from coagulase-negative staphylocodournal of Clinical Microbiology 42, 4947-
4955.

Zhang, Y. M. & Rock, C. O. (2004).Evaluation of epigallocatechin gallate and relgiksoht
polyphenols as inhibitors of the FabG and Fabl cezkes of bacterial type Il fatty-acid
synthaseJournal of Biological Chemistry 279, 30994-31001.

Zhao, W. H., Hu, Z. Q., Okubo, S., Hara, Y. & Shimanura, T. (2001).Mechanism of
synergy between epigallocatechin gallate pdfaictams against methicillin-resistant
Saphylococcus aureus. Antimicrobial Agents and Chemotherapy 45, 1737-1742.

Zhao, W. H., Asano, N., Hu, Z. Q. & Shimamura, T.2003).Restoration of antibacterial
activity of beta-lactams by epigallocatechin gallagainst beta-lactamase-producing species
depending on location of beta-lactamalernal of Pharmacy and Pharmacology 55, 735-

740.

Zheng, Z. L. & Stewart, P. S. (2002)Penetration of rifampin throughiaphylococcus
epidermidis biofilms. Antimicrobial Agents and Chemotherapy 46, 900-903.

243



APPENDIX 1

Enzymatic Reactions of API STAPH Test Strip

Tests Substrates Reactions/Enzymes Result
Negative Positive
0 No Substrate negative Control red/orange -

GLU D-glucose

FRU D-fructose

MNE D-mannose acidification due to

MAL maltose carbohydrate red yellow
LAC lactose utilization

TRE D-trehalose

MAN D-mannitol

XLT xylitol

MEL D-melibiose

NIT potassium nitrate reduction of nitrate tocolourless-Light | red/purple*

nitrite pink
PAL B-naphthyl-acid alkaline phosphatase yellow violet#
phosphate
VP sodium pyruvate acyl-methyl-carbinol colorless/light pink/violet®
production pink

RAF raffinose

XYL xylose acidification due to

SAC sucrose carbohydrate red yellow
MDG | a-methyl-D glucoside utilization

NAG N-acetyl-glucosamine
ADH arginine arginine dihydrolase yellow orange-re
URE urease urease yellow red-Violet

*1 drop of the reagents NIT-1 and NIT-2 was adaed] left for 10min before result being read.
# 1 drop of the reagents ZYM A and ZYM B were added left for 10min before result being

read.

A1 drop of the reagents VP-1 and VP-2 was addetileihfor 10 min before result being read.

ADH and_URE Anaerobic conditions needed for these reactidbhs was achieved by filling up to

the cupule meniscus with mineral oil.
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API Staph medium (composition per litre) 0.5 g yeds 10 g bactopeptone, 5 g NaCl, 10 mL

trace elements

Enzymatic Reactions of API E Test Strip

=]

Tests Substrate Reactions/Enzymes Result
Negative Positive
2-nitrophenol-3D- 3-galactosidase colorless Yellow

ONPG galactopranoside

ADH L-arginine arginine dihydrolase yellow redinge
LDC L-lysine lysine decarboxylase yellow red/orange
oDC L-omithine omithine decarboxylase yellow red/orange
oIT trisodium citrate citrate utilisation yellow blueégn
H,S sodium thiosulfate b6 production colorless black deposit
URE urea urease yellow red/orange
TDA L-tryptophane tryptophane deaminasge yellow red*
IND L-tryptophane indole production yellow red ring#
VP sodium pyruvate acetoin production colorless pidkyr
GEL gelatin gelatinase no diffusion diffusion of pignhe|
GLU D-glucose fermentation/oxidation blue/greer yellow
MAN D-mannitol fermentation/oxidation blue/green yellow
INO inositol fermentation/oxidation blue/green yellow
SOR D-sorbitol fermentation/oxidation blue/green yellow
RHA L-rhamnose fermentation/oxidation blue/green yellow
SAC D-sucrose fermentation/oxidation blue/green yellow
MEL D-melibose fermentation/oxidation blue/greer yellow
AMY amygdalin fermentation/oxidation blue/greer yellow
ARA L-arabinose fermentation/oxidation blue/green yello

*1 drop of the TDA reagent added and result reatiéaiately

# 1 drop of the JAMES reagent added and resultireatdiately
A1 drop of the reagents VP-1 and VP-2 was addeti|ednhfor 10 min before result being read.

ADH, LDC, ODC H2Sand URE- Anaerobic conditions needed for these reactidhgs was achieved by

filling up to the cupule meniscus with mineral oil.
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