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Preface

Staphylococcus aureus is a leading pathogen in surgical site, intensive care unit,
and skin infections as well as health-care associated pneumonias. These infections
are associated with an enormous burden of morbidity, mortality and increase of
hospital length of stay and patient cost. S. aureus is impressively fast in acquiring
antibiotic resistance and multidrug resistant strains are a serious threat to human
health. It has been recently estimated that deaths attributable to antibiotic resis-
tant infections will exceed the ones caused by cancer by 2050 (https://amr-review.
org/Publications). S. aureus, was included among the ESKAPE pathogens
(Enterococcus faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and Enterobacter species) recognized as the
leading cause of antibiotic-resistant infections occurring worldwide in hospitals.
Due to resistance or insufficient effectiveness, antibiotics and bundle measures leave
a tremendous unmet medical need worldwide. In addition there are no licensed
vaccines or immunotherapies on the market despite the significant efforts done by
public and private initiatives.

This book includes 16 chapters spanning from basic Microbiology and
Immunology aspects to Pathology of key disease manifestations as well as a review
of current standard of care. Furthermore, front-edge discoveries on therapeutic and
prophylactic approaches alternative to antibiotics are reviewed.

Given the complexity of the Microbiology of this pathogen we decided to give
significant emphasis to this aspect. We started describing conventional and
molecular diagnostics-based identification methods of S. aureus in the microbiol-
ogy laboratory. Rapid and more informative typization tests are likely to represent a
significant benefit for improving clinical practice and containing the emergence of
antimicrobial resistance. Methicillin-resistant S. aureus (MRSA) is a global issue
causing increase of mortality and the need to use last-resource antibiotics.
Predominant clones circulating worldwide and the associated antibiotic resistance
are described.

Sugar and protein surface structures of the bacterium are comprehensively dis-
cussed. These components play key roles in cell viability, virulence and evasion of
host defences. The major surface polysaccharides include the capsular
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viii Preface

polysaccharide (CP), cell wall teichoic acid (WTA), and polysaccharide intercel-
lular adhesin/poly-B(1-6)-N-acetylglucosamine (PIA/PNAG). They play distinct
roles in colonization and pathogenesis and are being explored as targets for
antimicrobial interventions.

Surface proteins have very diverse functions (e.g., adhesion, invasion, sig-
nalling, conjugation, interaction with the environment and immune-evasion). They
have been categorized into distinct classes based on structural and functional
analysis. We provide the defining features associated with cell wall-anchored sur-
face proteins and a framework for their categorization based on the current
knowledge of structure and function.

On top of surface virulence factors, S. aureus secretes pore-forming toxins that
kill eukaryotic immune and non-immune cells. Here we provide an update on the
various toxins, the identification of its receptors on host cells, and their roles in
pathogenesis.

S. aureus pathogenicity is driven by the wealth of virulence factors and its ability
to adapt to different environments. The latter is due to the presence of complex
regulatory networks fine-tuning metabolic and virulence gene expression. One
of the most widely distributed mechanisms is the two-component signal trans-
duction system (TCS) that can reveal an environmental signal and trigger an
adaptive gene expression response. It encodes a total of 16 conserved pairs of TCS
that are involved in diverse signalling cascades ranging from global virulence gene
regulation such as quorum sensing by the Agr system, the bacterial response to
antimicrobial agents, cell wall metabolism, respiration and nutrient sensing. Herein
we give an overview of the current knowledge on TCS and its influence on viru-
lence gene expression.

The versatility of S. aureus is reflected by the wide range of disease that it can
cause. It’s a leading cause of bacteraemia, infective endocarditis, osteomyelitis,
pneumonia, indwelling medical device related infections, as well as skin and soft
tissue infections (SSTIs). SSTIs are among the most common infections worldwide.
They range in severity from minor, self-limiting, superficial infections to
life-threatening diseases requiring all the resources of modern medicine. They have
variable presentations ranging from impetigo and folliculitis to surgical site infec-
tions (SSIs). Here we describe the anatomical localization of the different SSTI
associated with S. aureus, the virulence factors known to play a role in these
infections, their current epidemiology as well as the standard of care and potential
prophylaxis.

Musculoskeletal infections, bacteremia and infective endocarditis associated to
S. aureus infections are very difficult to treat and important causes of morbidity and
mortality. Osteomyelitis can cause long-term relapses and functional deficits and
bacteremia and infective endocarditis are associated with excess mortality when
compared to other pathogens. Although considerable advances have been achieved
in their diagnosis, prevention and treatment, the management remains challenging
and impact on the healthcare system is still very high.

S. aureus can also infect several animal species (e.g., cattle, poultry and pigs)
and transmission from animals to humans and vice versa has been observed. This
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represents an important threat to public health, as animal strains can adapt to the
human population and spread additional antibiotic resistance.

Medical need associated to S. aureus infections is enhanced by raising preva-
lence of multidrug resistant strains and acquisition of resistance to last resort
antibiotics. Therefore, alternative medical interventions are urgently needed.
Vaccines certainly represent one of the most important options. Unfortunately a
correlate of protection against S. aureus is not known and this represents a sig-
nificant issue for developing vaccines. Herein, we review what is known and
unknown about innate and adaptive immunity against this complex pathogen. We
provide an overview on the major cell types involved in innate immune defence and
major differences of the immune response during colonization versus infection.
Although the contribution of adaptive immunity against S. aureus is not yet clear,
there are accumulating evidence both from animal models and from human data
that T cell- and B cell-mediated adaptive immunity can control the infection.
Unfortunately S. aureus has evolved several mechanisms to manipulate innate and
adaptive immune responses to its advantage. Indeed, it expresses factors able to
interfere with many critical components of the immune system and hamper proper
immune functioning. In recent years research, including structural and functional
studies, has fundamentally contributed to our understanding of the mechanisms of
action of the individual factors.

In addition to the lack of a known correlate of protection, failure of developing
an effective vaccine against this pathogen is likely due to several other reasons.
Indeed. all attempts so far targeted single antigens, contained no adjuvants and
efficacy trials were performed in severely ill subjects. We show the link between
Phase III clinical trial data of failed vaccines with their preclinical observations and
we provide a comprehensive evaluation of potential target populations for efficacy
trials taking into account key factors such as population size, incidence of S. aureus
infection, disease outcome, primary endpoints as well as practical advantages and
disadvantages.

The last chapter provides an overview of a promising new therapeutic approach.
Lysins are a new class of anti-infectives derived from bacteriophage, which cleave
cell wall peptidoglycan causing immediate bacterial lysis. Importantly, lysins have
high specificity for the pathogen and low chance of bacterial resistance.

In conclusion, this volume gives a comprehensive overview of the
Microbiology, Pathology, Immunology, Therapy and Prophylaxis of S. aureus
reviewing recent findings and knowledge on very diverse arguments and at the
same time linked to each other. That is the uniqueness behind a book like this and
the added value towards a search in literature databases.

Siena, Italy Fabio Bagnoli
Rino Rappuoli
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Carriage, Clinical Microbiology
and Transmission of Staphylococcus
aureus

Anna Aryee and Jonathan D. Edgeworth

Abstract Staphylococcus aureus is one of the most important bacterial pathogens
in clinical practice and a major diagnostic focus for the routine microbiology lab-
oratory. It is carried as a harmless commensal in up to two-thirds of the population
at any one time predominantly not only in the anterior nares, but also in multiple
other sites such as the groin, axilla, throat, perineum, vagina and rectum. It colo-
nizes skin breach sites, such as ulcers and wounds, and causes superficial and deep
skin and soft tissue infections and life-threatening deep seated infections particu-
larly endocarditis and osteomyelitis. S. aureus is constantly evolving through
mutation and uptake of mobile genetic elements that confer increasing resistance
and virulence. Since the 1960s, hospitals have had to contend with emergence of
methicillin-resistant S. aureus (MRSA) strains that spread better in hospitals than
methicillin-susceptible S. aureus (MSSA) and are harder to treat. Since the 1980s,
distinct community MRSA strains have also emerged that cause severe skin and
respiratory infections. Conventional identification of MSSA and MRSA in the
microbiology laboratory involves microscopy, culture and biochemical analysis that
for most samples is straightforward but slow, taking at least 48 h. This delay has
significant consequences for individual patient care and public health, through
inadequate or excessive empiric antibiotic use, and failure to implement appropriate
infection control measures for MRSA-colonized patients during those first 48 h.
This unmet need has driven development of rapid molecular diagnostics that either
complement or replace conventional culture techniques in the laboratory, or can be
placed in the clinical environment as point-of-care (POC) devices. These new
technologies provide results to clinicians anything from within an hour to 24 h,
depending on sample and clinical setting, and should transform management of
patients with S. aureus and other bacterial diseases; however, uptake is often slow
due to the disruptive effect of new technologies, costs of transition and uncertainty
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2 A. Aryee and J.D. Edgeworth

of the optimal solution given successive advances. More evidence of the health
economic, clinical and antimicrobial resistance benefit will help support introduc-
tion of these new technologies. Finally, preventing MRSA transmission has been a
priority for healthcare organizations for many years. There have been significant
recent reductions in transmission following local and national campaigns to
re-enforce basic and heightened infection control interventions such as universal
hand hygiene, barrier nursing, decolonization and isolation of MRSA-colonized
patients detected through routine culture or screening policies. Developments in
whole genome sequencing are providing greater insight into reservoirs and routes of
transmission that should help better target interventions to ensure sustainable
control of endemic strains and to identify and prevent emergence of new strains.
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1 Clinical Microbiology

Staphylococcus aureus is a facultative anaerobe belonging to the genus
Staphylococcus within the family of Staphylococcae. It is one of the most com-
monly identified clinically significant bacteria in a routine microbiology laboratory,
and its identification by traditional techniques is a straightforward, albeit slow
process, which is becoming more rapid with the introduction of molecular
techniques.

Upon receipt of samples in the laboratory, Gram staining can be performed on
sterile site samples such as pus and deep respiratory specimens to identify the
presence of bacteria by light microscope. Staphylococci appear as irregular small
clusters of Gram-positive cocci and traditionally no further information is available
to the clinician on the first day. Samples are cultured on blood agar for 18-24 h
when S. aureus colonies appear glistening, smooth and translucent, often with a
golden pigment. Presumptive colonies are confirmed as S. aureus at this point using
the techniques described below, although plates are usually re-incubated for a



Carriage, Clinical Microbiology and Transmission ... 3

further 24 h to detect slower growing colonies. Antibiotic susceptibility testing can
also be set up on colonies identified at 24 h. By 48 h, colonies are approximately 1—
2 mm in diameter and often exhibit a small zone of B-haemolysis. Thus, in a
traditional laboratory, the clinician can expect to be told if staphylococci are present
in important sterile site samples on the day of sample collection, whether S. aureus
is present in the sample the following day, and receive a final report with antibiotic
susceptibilities the day after.

A variety of biochemical tests are used to identify S. aureus colonies based on
production of coagulase and deoxyribonuclease, presence of S. aureus specific
antigens or the ability to ferment mannitol. The tube coagulase test is the traditional
gold standard for discriminating between S. aureus and other staphylococci, usually
referred to as coagulase-negative staphylococci (CoNS). This is a clinically
important distinction because CoNS are rarely pathogenic in the absence of pros-
thetic material upon which they can reside in biofilm, although it is recognized that
some CoNS are coagulase positive and some coagulase-negative S. aureus isolates
have been reported (Vandenesch et al. 1993). The slide coagulase test is a more
rapid test based on the presence of clumping factor, but up to 15 % of S. aureus
isolates are negative. Latex agglutination tests detecting protein A, clumping factor
and other surface antigens are also sensitive although less specific due to
cross-reactivity with various CoNS.

Antimicrobial susceptibility testing is set up at the same time as identification of
S. aureus using a number of culture-based methodologies. Disc diffusion testing is
often used to assess simultaneous susceptibility to a variety of antibiotics. A key
focus is to distinguish between methicillin-susceptible and methicillin-resistant S.
aureus. This can be done using an oxacillin or cefoxitin disc, which has been shown
to be an accurate surrogate marker for methicillin resistance (Skov et al. 2006).
Antibiotic susceptibilities can also be performed using commercially available
automated platforms such as the Vitek®2, BD Phoenix™ or MicroScan WalkAway
systems.

An additional important focus for the microbiology laboratory is the specific
detection of methicillin-resistant S. aureus (MRSA) in screening swabs from car-
riage and clinical sites, particularly the anterior nares, to identify colonized patients
and institute infection control precautions (Coia et al. 2006). Many laboratories
inoculate screening swabs directly onto selective agar, particularly chromogenic
agars that provide a presumptive positive identification of MRSA within 24 h of
sample receipt in the laboratory (Nahimana et al. 2006; Denys et al. 2013).
Excluding presence of MRSA requires a further 24 h, and presumptively positive
samples should be confirmed by antimicrobial susceptibility testing.

The analysis of blood cultures differs from other samples. 10-15 ml of blood is
inoculated into media bottles immediately after collection from the patient and sent
to the laboratory where they are placed into automated incubators. Positive cultures
are flagged when bacterial growth is detected usually by continuous monitoring of
changes in pH due to CO, production. The time taken for automated systems to
detect bacteria depends on the number of bacteria in the sample (which can be up to
200 CFU/ml for endovascular infection down to <10 bacteria per ml of blood) and
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the initial viability of bacteria that may either be intracellular or dormant. For
Staphylococcus aureus bacteriaemia (SAB), over 80 % of positive culture bottles
flag within 24 h (Khatib et al. 2005). Gram staining is performed on an aliquot of a
flagged bottle to identify staphylococci, although this information has only limited
clinical benefit because CoNS are more frequently identified in blood cultures.
Conventionally, flagged blood culture media is plated onto agar that provides
identification and disc diffusion susceptibility testing results the following day.

1.1 Introduction of Rapid Molecular Detection
Methodologies

The slow nature of culture and biochemical-based detection methods means that
identification and antimicrobial susceptibility of S. aureus only becomes available
about 48 h after initial key clinical management decisions are made, and this is
recognized as a major clinical and public health problem. For the individual patient,
if serious S. aureus infection was not clinically suspected, then the patient may not
be started on appropriate initial antibiotic therapy, particularly if the S. aureus is
methicillin resistant, and this delay has been associated with higher mortality in
some studies (Gonzalez et al. 1999; Soriano et al. 2000). At a population level,
uncertainty about whether an acute illness is bacterial or the likely antimicrobial
susceptibilities prompts empiric treatment with broad-spectrum antibiotics to cover
a range of potential bacterial causes including MRSA. This presents a public health
problem due to overuse of empiric antibiotics that drives antibiotic resistance. There
is also delay in identifying MRSA-colonized patients and instituting infection
control precautions, which increases the potential for nosocomial transmission.

These unmet clinical needs have driven the development of rapid molecular
diagnostics throughout the patient pathway to speed up time to detection and
reporting of pathogenic bacteria including S. aureus. In the laboratory, these
molecular methods can either enhance traditional culture-based processing or
completely replace culture-based techniques.

1.2 Enhancing Culture-based Techniques

This involves rapid laboratory-based molecular analysis of S. aureus colonies or
flagged positive blood culture bottle after initial culture of specimens for 24 h or
more. Many laboratories have introduced matrix-assisted laser desorption
ionization-time-of-flight mass spectrometry (MALDI-TOF MS), which identifies
bacterial colonies by analysing the protein composition of the bacterial cell (Wieser
et al. 2012). This new technology has transformed species identification in



Carriage, Clinical Microbiology and Transmission ... 5

microbiology laboratories allowing bacterial identification within minutes: it is
cheaper, more accurate and usually faster than biochemical-based methodologies
and can replace most traditional biochemical tests. It was initially applied to bac-
terial colonies but has also been successfully applied to aliquots of blood culture
sample that have flagged as positive (Mestas et al. 2014). Results are available
within an hour although identification of Gram-positive bacteria is less effective
than Gram-negative bacteria (78 % vs. 90 %). Additionally, rapid latex aggluti-
nation tests can be performed on single colonies or positive blood culture bottles to
detect PBP2a as a marker of MRSA (Brown and Walpole 2001; Chapin and
Musgnug 2004).

There have also been advances in the rapid nucleic acid based detection of
organisms including MSSA and MRSA from flagged positive blood culture bottles
(Opota et al. 2015). The Cepheid Xpert system uses PCR to identify S. aureus and
MRSA direct from positive blood culture samples in about 2 h. PCR correlated
with culture results in 80/82 (97.5 %) flagged blood culture bottles containing GPC
in clusters by microscopy (Ratnayake and Olver 2011). Nanosphere’s Verigene
Gram-positive blood culture test allows rapid identification of both MSSA and
MRSA from positive blood culture samples in less than 3 h. Mono-microbial
bacterial isolates were correctly identified in 147 of 148 flagged blood culture
bottles containing Gram-positive bacteria (38 MRSA or MSSA) (Beal et al. 2013).
The FilmArray Blood Culture ID panel identifies 24 organisms and 3 antibiotic
resistance genes including S. aureus and mecA in positive blood culture samples in
approximately 1 h. The FilmArray correctly identified 19 S. aureus isolates from
167 mono-microbial flagged blood culture bottles and 156 (91.6 %) isolates overall
(Altun et al. 2013). These technologies reduce by about 24 h the time to provide
clinicians with a S. aureus identification and methicillin susceptibility result from
blood cultures.

Rapid non-nucleic acid-based technologies are also under development.
Accelerate diagnostics have a platform that uses automated digital microscopy and
high-resolution growth analysis to provide identification and antimicrobial sus-
ceptibility data from blood and other sterile samples in approximately 5 h. It cor-
rectly identified all 77 MRSA and 54 MSSA mostly reference isolates in one study
(Price et al. 2014a). Specific Technologies are developing a system that detects
mixtures of volatile organic compounds using a colorimetric array integrated into a
blood culture bottle, allowing faster detection and identification than traditional
methods, although it does not provide susceptibility data (Lim et al. 2014).

1.3 Replacing Culture-based Techniques

Technologies are being developed to provide bacterial identification and genotypic
prediction of antimicrobial susceptibilities directly on primary samples. Some are
designed to analyse clinical samples including blood cultures and include a broad
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range of bacteria. For example, Abbott’s Iridica system identifies over 750 bacteria
and 4 antibiotic resistance genes (including mecA) from a range of samples
including whole blood and respiratory specimens in under 6 h. The Mobidiag
Prove-It™ Bone & Joint StripArray system identifies over 30 Gram-positive and
Gram-negative bacterial species and various genotypic resistance determinants
including the mecA gene from synovial fluid, bone biopsy and tissue in 3.5 h from
DNA extraction. In one study, 8 of 38 prosthetic joint infection samples culture
positive for S. aureus were also identified by PCR and there was one additional
PCR positive sample in a patient who had received antibiotics before sample col-
lection that was culture negative (Metso et al. 2014). The Curetis Unyvero pneu-
monia platform detects 18 bacteria including S. aureus and the mecA gene directly
from respiratory samples in 4-5 h (Jamal et al. 2014). Direct molecular analysis of
clinical samples rather than a colony or suspension after culture allows same day
detection of pathogens including MSSA and MRSA and rapid targeting of
appropriate therapy.

Diagnostics have also been developed for the specific detection of S. aureus and
the mecA gene including the Cepheid Xpert systems, the LightCycler MRSA
Advanced and BD Max MRSA. These PCR tests take about 2 h (Rossney et al.
2008; Peterson et al. 2010; Widen et al. 2014) and have comparable sensitivity and
specificity to enrichment and plating on different chromogenic agars (all > 92 %)
whilst saving 24-72 h (Lee et al. 2013). Agreement between enriched culture and
PCR was 96 % in this study. Although these S. aureus specific tests have been
predominantly applied to MRSA screening swabs to target infection control
interventions, they could also be used on clinical samples such as skin and soft
tissue samples (Wolk et al. 2009) and respiratory specimens (Cercenado et al. 2012)
to target early appropriate therapy.

Although molecular diagnostics dramatically reduce analysis time and can
provide same day identification of MSSA and MRSA, the adoption into routine
laboratory service is not straightforward. Molecular technologies are usually more
expensive than traditional techniques, require a period of double running during
evaluation and are then often used alongside rather than completely replacing the
routine culture bench, so fixed costs remain. The time taken to transport specimens
to the laboratory, particularly when the laboratory is off-site, can make a same-day
test into a next-day test for a significant proportion of specimens, particularly if
batch processing rather than random access platforms is used (Jeyaratnam et al.
2008). Samples submitted in the afternoon may provide results in the middle of the
night when specialists who advise on result interpretation and patient management
may not be available; hence, decisions may be postponed until the following day,
when results would have become available using culture-based techniques: this may
be particularly relevant if the advice is to narrow antibiotic spectrum. Molecular
diagnostics are therefore disruptive for the laboratory and clinical teams, and
adoption will require evidence of clinical benefit and cost effectiveness, and edu-
cation of staff across the clinical pathway to realize the anticipated benefits of rapid
diagnostics (Wassenberg et al. 2011; Van Der Zee et al. 2013).
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1.4 Point-of-Care Technologies

An even more radical advance for clinical microbiology is the movement of diag-
nostics out of the laboratory to the ward or bedside. Laboratory platforms or new
point-of-care (POC) devices that can rapidly identify pathogens including MSSA and
MRSA are being evaluated on the wards. Unlike laboratory-based testing, sample
analysis at the bedside can influence initial empiric treatment and infection control
decisions. Some studies have assessed laboratory platforms such as the Cepheid
Xpert system to detect MRSA on the ICU, in general ward and in outpatient clinics
(Leone et al. 2013; Parcell and Phillips 2014). Many companies are also developing
small bench top devices that are specifically designed for use by non-laboratory
personnel on the wards; for example, Cobas and Alere-I, Atlas Diagnostics, Enigma
Diagnostics, BioCartis Idylla, Orion Diagnostica and GNA Biosolutions and clinical
utility studies are being performed for some pathogens (Binnicker et al. 2015;
Goldenberg and Edgeworth 2015; van den Kieboom et al. 2015). Even closer to the
patient from a ward-based to bedside-based system, a hand-held device is being
developed that can identify MSSA or MRSA within 30 min (www.quantumdx.com).
This field is in its infancy, and the technology advancing so rapidly, it is unclear what,
where and when rapid POC infectious diseases diagnostics will enter into routine
clinical practice. There will be many factors to consider including training front-line
staff, quality control, accreditation, regulatory and legal constraints, linking results to
hospital health records, resolving discrepancies between POC- and
laboratory-generated results, and having mechanisms to alert specialist teams for
advice and follow-up. At an organizational level, there will need to be strong gov-
ernance processes to ensure POC devices are introduced safely and consistently,
recognizing that the clinical environment is more complex than the laboratory, where
there is a tradition of high-quality process control. Health economic evaluations that
incorporate all the costs and benefits of laboratory versus POC-based testing will be
needed to support decision-making of clinicians and managers.

2 8. aureus Carriage

Staphylococcus aureus is part of the commensal flora of human skin and mucosal
surfaces, in addition to being a pathogen capable of causing both superficial
infections and invasive disease with considerable associated morbidity and mor-
tality. The anterior nares are the main reservoir of S. aureus carriage in humans.
Other carriage sites include the skin, perineum, pharynx, gastrointestinal tract,
vagina and axillae (Wertheim et al. 2005). About one-third of the population carry
S. aureus on skin and mucosal sites at any one time (Kluytmans et al. 1997). Some
individuals harbour the same strain over an extended period of time, whereas others
carry different strains. S. aureus may also be present at different anatomical sites
with varying frequency in different populations (Wertheim et al. 2005).
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The variability in the detection of S. aureus at carriage sites has led to the
description of distinct states, with potentially distinct underlying mechanisms. In
the early 1960s, carriage was designated into four groups, persistent, intermittent,
occasional and non-carriage (Williams 1963), but most studies now recognize three
states: persistent, intermittent and non-carriage (Nouwen et al. 2004). It has been
reported that approximately 60 % of the population are intermittent carriers, whilst
20 % each are either persistent carriers or non-carriers (Kluytmans et al. 1997).
A large longitudinal survey published in 1997 analysing nasal swabs from staff at a
university hospital found the same strain of S. aureus (confirmed by PGFE) in the
same individuals on two occasions eight years apart in 3 out of 17 (18 %) staff
members, suggesting that persistence reflects a stable host strain relationship
(VandenBergh et al. 1999). However, a longitudinal study of 109 healthy indi-
viduals over a period of up to three years found persistent carriers having a resident
persistent strain for most of the time but with additional distinct strains at other
times (Muthukrishnan et al. 2013).

The prevalence of transient and persistent S. aureus nasal carriage varies by
geographical location, age, gender and ethnicity. Studies have shown carriage
ranges from 9 % in Indonesia to 37 % in Mexico (Lestari et al. 2008;
Hamdan-Partida et al. 2010). Carriage is highest amongst newborns (up to 70 %)
but steadily decreases in childhood. It has been posited, but not proven, that this
may be due to pneumococcal competition or interference by other bacteria present
in the nasopharynx in childhood (Lebon et al. 2008). There is another peak at
adolescence followed by a decrease in early adulthood. Persistent carriage is seen
more frequently in children than adults, and a conversion from persistent to tran-
sient or non-carriage most commonly occurs in adolescence (Williams 1963;
Kluytmans et al. 1997; Wertheim et al. 2005). Rates of carriage have also been
found to be higher in patients with Type 1 Diabetes Mellitus, intravenous drug
users, haemodialysis patients, surgical patients, AIDS patients and patients with
qualitative or quantitative defects in leucocyte function (Lowy 1998).

The fact that S. aureus is found at multiple body sites, that many studies have
only looked for nasal carriage, and that detection methodologies are of variable
sensitivity complicates our understanding of the significance of carriage states.
Evidence from longitudinal studies does imply that persistent carriers and persistent
non-carriers are distinct and likely therefore to have an underlying biological
explanation, but the significance of transient carriage is less clear. Defining the host
and bacterial factors involved in carriage should help resolve this issue. A feature of
persistent carriers identified in a number of studies is that they carry a higher
bacterial load than intermittent carriers (Nouwen et al. 2004; Van Belkum et al.
2009). This higher bacterial load may mean that persistent carriers are also more
likely to be implicated in transmission of S. aureus. This also has implications for
autoinfection—with persistent carriers at significantly higher risk of this than
transient and non-carriers (Von Eiff et al. 2001; Wertheim et al. 2004b, 2005).

Studies have also specifically investigated carriage of MRSA in hospitalized
patients, to determine the optimal sites for screening programmes. Screening is
often performed at the anterior nares alone but this can miss up to a third of
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MRSA-colonized patients (Meurman et al. 2005), particularly those with throat or
rectal carriage, and the latter may be particularly important for hospital transmission
(Boyce et al. 2007). Screening programmes in high-risk areas often take swabs from
multiple carriage sites to ensure colonized patients are detected (Batra et al. 2008).
It is, however, unclear whether MRSA has a differential propensity for carriage at
particular sites compared with MSSA.

A number of studies have attempted to identify human genetic factors associated
with carriage. A study in 2007, conducted as part of the Rotterdam study (a
prospective, population-based study of the incidence and risk factors of disease in
an elderly population), sought to identify polymorphisms in host inflammatory
response genes associated with susceptibility to S. aureus carriage and infection.
They found the Interleukin 4 (IL4)-524 C/C host genotype was associated with
increased risk of S. aureus carriage, irrespective of organism genotype. They also
found that individuals with the C-reactive protein (CRP) haplotype 1184C; 2042C;
2911C were less likely to be colonized, and that individuals with boils were more
likely to be carriers of the CFH Tyr402 variant and the CRP 2911 C/C genotype
(Emonts et al. 2008). A study carried out in 2006 and 2008 compared the genetics
of S. aureus strains, epidemiological risk factors, antibiotic exposure and allelic
polymorphisms of human genes posited to be involved in carriage of persistent
carriers as compared to those of volunteers in an isolated population of adult
Wayampi Amerindians living in an village in the Amazonian forest. The authors
concluded that a specific set of host genetic polymorphisms were the main deter-
minants of S. aureus persistent nasal carriage, namely single nucleotide polymor-
phisms (SNPs) for CRP genes (C2042T and C1184T) and IL4 genes (IL4 C524T)
(Ruimy et al. 2010). A further study published in 2006, also as part of the
Rotterdam study, examined the role of host polymorphisms in the glucocorticoid
receptor gene in persistent S. aureus carriage. They found GG homozygotes of the
exon 9P polymorphism had a 68 % reduced risk of persistent carriage, whereas
carriers of the codon 23 lysine allele had 80 % increased risk (Van den Akker et al.
2006).

3 S. aureus Transmission

The high prevalence of transient or persistent carriage with genetically diverse S.
aureus strains in all human populations makes the epidemiology of S. aureus
complex. Most attention has focused on transmission during outbreaks, particularly
with MRSA or clones that are associated with more frequent and severe disease;
however, it is important to also focus on transmission of endemic MSSA clones not
least to define the mechanistic basis for successful and outbreak strains. Our
understanding of S. aureus transmission has advanced dramatically with recent
developments in whole genome sequencing (WGS) supported by advances in
bioinformatics, mathematical modelling and social network analysis. Sequencing
and interpreting hundreds of bacterial genomes is now feasible in some centres
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within a reasonable time frame, initially months but now weeks and even days, and
at ever-decreasing cost (Price et al. 2013). Traditional phenotypic and genotypic
typing techniques such as phage typing, pulsed field gel electrophoresis (PFGE),
spa typing and multi-locus sequence typing (MLST) lacked the necessary dis-
criminatory ability to infer possible chains of transmission. This was a particular
issue for MRSA, given the limited number of dominant clones in any geographical
area (Enright et al. 2002). Consequently, the clinical benefit of molecular typing to
support infection control practice was limited, apart from outbreaks with newly
introduced clones that were distinct from endemic clones (Edgeworth et al. 2007).
In contrast, WGS allows analysis of the entire core genome sequence to identify
SNP differences between isolates. The range seen is from complete identity, isolates
with perhaps a few tens of SNPs differences, to those that have hundreds or
thousands of SNP differences (Harris et al. 2010). With knowledge of the mutation
rate, which for S. aureus is about 2-5 SNPs per megabase per year (Young et al.
2012; Golubchik et al. 2013), it is theoretically possible to link related isolates to a
recent transmission event in a healthcare setting that would indicate a lapse in
infection control practice and an opportunity to target training and other interven-
tions (Harris et al. 2013). Sequences of both epidemiologically linked isolates and
those with no prior suspected linkage can be compared, allowing both exclusion of
an epidemiologically suspected transmission event and inclusion of other cases in a
potential chain of transmission that were epidemiologically unsuspected (Harris
et al. 2013). However, individuals do not just have one core genome sequence type,
but more commonly carry multiple related isolates that can vary up to 20 or even
more SNPs. Indeed, in one study a long-stay patient admitted with MRSA to an
ICU in Thailand had 99 ST239 MRSA isolates sequenced over a 64-day stay on
ICU which revealed 147 SNP differences between sequenced isolates (Tong et al.
2015). There is also evidence that SNP accumulation can occur faster in invasive
disease (Young et al. 2012). These observations complicate the linkage of cases
based solely on SNP analysis. Nevertheless, the potential of WGS to identify
transmission events and therefore target education and infection control interven-
tions in real time justifies the considerable efforts being made to translate this
technology from the research setting into clinical practice. The application of WGS
to S. aureus transmission research and then on to routine clinical practice is a
fast-moving field and beyond the scope of further discussion here.

3.1 MRSA Transmission in the Hospital

MRSA was first identified in the UK in 1961, following which a number of distinct
dominant clones emerged to spread worldwide. During the 1960s and 1970s,
prevalence of methicillin resistance was often reported as being up to about 20 % of
all S. aureus isolates, and there were many reports of outbreaks (Brumfitt and
Hamilton-Miller 1989). There was a general consensus that eradicating MRSA once
it had become endemic was almost impossible (Thompson et al. 1982), and some
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proposed that attempting control caused more problems than it solved (Barrett et al.
1998). Nevertheless, there were encouraging reports of successful control of
endemic MRSA; for example, Denmark had levels of 15 % between 1967 and 1971
that fell to 0.2 % in the 1980s in response to a national control programme (Rosdahl
and Knudsen 1991). The Netherlands and Scandinavia implemented an effective
national “search and destroy” policy before MRSA became endemic that has been
associated with low rates of healthcare-associated (HA) MRSA to this day
(Vandenbroucke-Grauls 1996; Wertheim et al. 2004a). During the 1980s and
1990s, prevalence increased further in many countries to between 30 and 50 %,
often linked with emergence of a few highly successful geographically restricted
HA-clones (e.g. ST5, ST8, ST22, ST36, ST239 and ST247). It is unclear whether
this increase in prevalence was due to dominant clones becoming progressively
better adapted to spread in the hospital environment (Holden et al. 2010, 2004), or a
failure to implement and sustain effective infection control programmes during the
first few decades.

3.2 Preventing MRSA Transmission

Colonized patients are the main reservoir of MRSA in hospitals with transmission
predominantly occurring from colonized to non-colonized patients via healthcare
worker hands that become transiently colonized during delivery of routine care
(Thompson et al. 1982; Pittet et al. 2006). Patients are also thought to acquire
MRSA from the environment that has become contaminated by shedding of MRSA
by colonized patients (Bernard et al. 1999; Bhalla et al. 2004; Sexton et al. 2006;
Otter et al. 2011) or from staff carriers, but these are generally considered minor
routes in most settings.

Comprehensive guidelines are available providing evidence and recommenda-
tions for preventing transmission of multi-drug-resistant bacteria particularly
MRSA (Coia et al. 2006; Yokoe et al. 2008). They comprise non-targeted inter-
ventions that have an effect on transmission of all pathogens and targeted inter-
ventions that are directed specifically against MRSA-colonized patients.
Non-targeted interventions include universal hand hygiene, environmental clean-
ing and reduction in antimicrobial use. Targeted interventions comprise contact
precautions with gloves and aprons whilst delivering care, isolation or cohorting of
MRSA patients in a side-room, bay or ward with use of dedicated equipment and
facilities (e.g. stethoscopes, commodes) and decolonization using surface acting or
systemic agents to suppress MRSA. Decolonization is also been used as a
non-targeted intervention in the ICU and can be effective against MRSA trans-
mission (Huang et al. 2013). Targeted methods are dependent on identification of
MRSA-colonized patients, either through identification in routine clinical speci-
mens or from a risk factor based or universal screening programme.

Infection control interventions are generally implemented as part of a bundle and
although there is debate about the relative importance of each intervention, their
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heightened implementation at national and institutional over the past 10 years has
been associated with a dramatic reduction in endemic levels of MRSA in many
countries (Jarlier et al. 2010; Johnson et al. 2012). The national MRSA control
programme in England was particularly effective and has led to a greater than 80 %
reduction in MRSA in many hospitals. Interestingly, a WGS study performed in an
ICU in Brighton in 2012 that had implemented hand hygiene campaign, barrier
nursing and decolonization did not find evidence of significant transmission of
MRSA or MSSA over a 6-month period (Price et al. 2014b). This contrasts with a
study performed in a Thai ICU, where adherence to infection control interventions
including hand hygiene was poor, and there was significant number of MRSA
transmissions linked to a small number of long-stay patients with prolonged MRSA
colonization (Tong et al. 2015).

There are a number of risks to sustainable control of MRSA both in organiza-
tions and in countries that have seen impressive recent reductions and those that
have maintained low levels for a long period. New HA-MRSA strains may emerge
to spread despite current infection control interventions. For example, some strains
can acquire clinically significant resistance to antiseptics such as chlorhexidine
(Batra et al. 2010), which have become a major component of infection control
practice in many countries (Edgeworth 2011; Huang et al. 2013). Some HA-MRSA
strains may be intrinsically more transmissible (Cooper et al. 2012), and outbreak
still occurs in settings where endemic transmission has been controlled (Harris et al.
2013).

Alternatively, new MRSA strains may emerge from the community and become
imported into hospitals. Livestock-associated MRSA (LA-MRSA) clones such as
ST-398 have emerged in a number of countries, including Denmark and the
Netherlands that hitherto had low rates of MRSA (Verkade and Kluytmans 2014).
LA-MRSA have been imported into hospitals, although there is evidence these
strains are less transmissible in hospitals than HA-MRSA strains (Hetem et al.
2013; Verkade and Kluytmans 2014). Of perhaps more concern is that successful
human CA-MRSA clones known to spread well in the community are transported
into hospitals to become endemic and a common cause of nosocomial infection
(Seybold et al. 2006; Otter and French 2011). The recent success with control of
HA-MRSA was dependent on the hospital being the main reservoir. If the com-
munity were to become the main reservoir, sustained control of nosocomial MRSA
infections would be much more challenging (Tosas Auguet et al. 2016).

3.3 MRSA Transmission in the Community

Although HA-MRSA-colonized patients return to the community where infection
control practice is minimal, there has been little evidence that such strains undergo
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sustained transmission outside a healthcare facility (Tosas Auguet et al. 2016).
Since the 1980s, MRSA outbreaks have been increasingly described in the com-
munity with individuals and groups that had no epidemiological exposure with
hospitals (Fridkin et al. 2005; David and Daum 2010). These strains were also
genotypically distinct from the known HA-MRSA strains in that area. They were
frequently found to carry the panton valentine leucocydin (PVL) gene and were
characterized by clusters of severe skin and soft tissues infection and sporadic
severe necrotizing pneumonia with concomitant influenza infection in children and
young adults that had a high mortality (Gillet et al. 2002). In the USA, a dominant
CA-MRSA strain, USA300, has spread rapidly to become a leading cause of skin
and soft tissue disease in the community (King et al. 2006) and as a cause of
abscesses presenting to emergency departments across the USA (Moran et al.
2006). USA300 is the dominant clone in some other countries (Reyes et al. 2009;
Deleo et al. 2010), but in most countries different clones have emerged often with
no one clone dominating (e.g. ST80/81, SWP, ST22) (Deleo et al. 2010; Otter and
French 2010; Chuang and Huang 2013). Outbreaks of skin and soft tissue infection
have common risk factors of overcrowding, frequent skin abrasion or limited
personal hygiene, such as with contact sports, in prisons, amongst intravenous drug
users and indigenous communities (Campbell et al. 2004; Kazakova et al. 2005).

Studies have identified the home as the main setting for amplification of suc-
cessful clones in a community, with links from there to schools, the work place,
sports clubs and other places where there is frequent human contact (Davis et al.
2012; Knox et al. 2015). Therefore, although the literature is dominated by reports
of outbreaks in community facilities (Campbell et al. 2004; Kazakova et al. 2005),
it is proposed that most transmission actually takes place in the home (Macal et al.
2014; Knox et al. 2015). WGS analysis is being applied to CA-MRSA transmission
studies in the community and households where environmental contamination is
thought to play an important role in transmission and infections (Knox et al. 2012;
Eells et al. 2014). Attempts have been made to apply infection control interventions
to prevent transmission and infection in homes, but decolonization and household
cleaning has had only limited success (Fritz et al. 2012; Miller et al. 2012).

It is unclear what underpins the dominance of clones such as USA300 or of
successful international HA-MRSA clones such as ST239 and ST22. Recent evi-
dence that MRSA clones can differ in their transmissibility implies there is a
bacterial genetic basis for emergence of dominant clones (Cooper et al. 2012;
Hetem et al. 2013). Use of WGS for surveillance and analysis of emerging endemic
and outbreak clones (Holden et al. 2010; Harris et al. 2013; Miller et al. 2014) may
help identify genetic markers of increased transmissibility that can help rapidly
target interventions. Indeed, although recent control of endemic HA-MRSA was
achieved largely without molecular diagnostics and WGS, such technologies may
prove vital in the future for identifying new clones that have overcome current
preventative strategies and help us keep ahead of this highly versatile and virulent
pathogen.
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4 Summary

This chapter has provided an overview of where S. aureus is carried on the human
body, traditional and emerging molecular technologies for identification and genetic
analysis of sampled isolates, and how that information is used to prevent and treat
infection due to particularly MRSA but also MSSA strains. A particular priority
focus of infection prevention and control teams on MRSA over the last 10 years
drove development and introduction of rapid molecular techniques. However, in
many countries MRSA prevalence has now fallen dramatically and other emerging
nosocomial bacteria, particularly multi-drug resistant GNB, are gaining more
attention. MRSA molecular diagnostics introduced at the height of the epidemic
have often been de-commissioned, returning to slower but usually cheaper methods,
such as chromogenic agar sometimes supported by culture automation platforms to
reduce laboratory costs. Similarly, landmark WGS MRSA transmission studies that
pointed towards their imminent introduction into routine service, now seems a more
distant proposition in most settings. These developments illustrate the pragmatic
nature of service laboratories that constantly adapt to changing clinical need and
laboratory cost pressures. Indeed, looking ahead to when new potentially more
virulent and transmissible MRSA or MSSA clones emerge, experience already
gained with rapid molecular and WGS techniques will facilitate rapid
re-deployment to play an important role in guiding infection control and treatment
decisions.
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Abstract Staphylococcus aureus is an important human pathogen, responsible for
infections in the community and the healthcare setting. Although much of the
attention is focused on the methicillin-resistant “variant” MRSA, the methicillin-
susceptible counterpart (MSSA) remains a prime species in infections. The epi-
demiology of S. aureus, especially of MRSA, showed a rapid evolution in the last
years. After representing a typical nosocomial multidrug-resistant pathogen, MRSA
has recently emerged in the community and among farmed animals thanks to its
ability to evolve and adapt to different settings. Global surveillance has shown that
MRSA represents a problem in all continents and countries where studies have been
carried out, determining an increase in mortality and the need to use last-resource
expensive antibiotics. S. aureus can easily acquire resistance to antibiotics and
MRSA is characteristically multidrug resistant. Resistance to vancomycin, the
principal anti-MRSA antibiotic is rare, although isolates with decreased suscepti-
bility are recovered in many areas. Resistance to the more recently introduced
antibiotics, linezolid and daptomycin, has emerged; however, they remain sub-
stantially active against the large majority of MSSA and MRSA. Newer
antistaphylococcal drugs have been developed, but since their clinical use has been
very limited so far, little is known about the emergence of resistance. Molecular
typing techniques have allowed to identify the major successful clones and lineages
of MSSA and MRSA, including high-risk clones, and to trace their diffusion. In the
face of a continuously evolving scenario, this review depicts the most common
clones circulating in different geographical areas and in different settings at present.
Since the evolution of S. aureus will continue, it is important to maintain the
attention on the epidemiology of S. aureus in the future with a global view.
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1 Introduction

Staphylococcus aureus is a common colonizer of the skin and mucosa surfaces of
humans and approximately 30 % of the individuals carry S. aureus in the anterior
nares (Wertheim et al. 2005). Since the beginning of the microbiological era,
S. aureus has been recognized as an important pathogen responsible for infections
in the healthcare setting and in the community. S. aureus infections are initiated by
the entrance of the microorganism through a breach of the skin or mucosa and can
involve local structures or spread to distant organs to generate life-threatening
invasive infections such as bacteremia, pneumonia, and osteomyelitis.

The success of Staphylococcus aureus as both a colonizer and a pathogen is
largely due to its ability to adapt to different environments thanks to the acquisition
of new DNA by horizontal gene transfer (HGT) and to spread clonally.
Through HGT S. aureus can use an ample and flexible repertoire of colonization
determinants, immune evasion factors, and toxins (enterotoxins, exfoliative toxins,
leukocidins, etc.) (Lindsay 2014) and can evolve rapidly in response to the greatest
challenge to the microbial world in the last 70 years: the introduction of antibiotics.
Although S. aureus is a species naturally susceptible to antibiotics, over the years it
has become resistant to virtually every antibiotic that has entered clinical use. In the
span of 10 years after penicillin was available at the middle of the last century, a
large proportion of nosocomial S. aureus strains became resistant to penicillin by
acquisition of a plasmid carrying the penicillinase gene (penZ, now blaZ) complex
(Novick and Bouanchaud 1971; Pantosti et al. 2007) and two decades later 80 % of
S. aureus isolates were resistant to penicillin (Chambers 2001).

The penicillinase-resistant antistaphylococcal penicillins, whose prototype is
methicillin, appeared an adequate response to penicillin-resistant S. aureus.
However, resistance emerged soon and in 1960 the first MRSA was identified in a
London hospital (Jevons 1961). Methicillin resistance is due to the acquisition of a
new gene, mecA, that codes for a novel penicillin-binding protein (PBP), designated
PBP2a that makes the strain resistant to all beta-lactam antibiotics, including
antistaphylococcal penicillins, cephalosporins, and carbapenems (Pantosti et al.
2007). The mecA gene is contained in a mobile genetic element designated
Staphylococcal chromosome cassette (SCC) mec that is chromosomally integrated
(Katayama et al. 2000).

Acquisition of mecA initiated the successful spread of methicillin-resistant
S. aureus (MRSA), one of the most important multidrug-resistant (MDR) noso-
comial pathogens.
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2 General Epidemiology of S. aureus

The recent epidemiology of S. aureus is especially focused on the increase and
spread of MRSA in healthcare setting and the community. However, in the past
century methicillin-susceptible S. aureus (MSSA) was a prominent cause of out-
breaks and global spread in healthcare settings and today remains one of the
principal pathogens in hospital infection. An example from the past is represented
by the MSSA strain called phage type 80/81 that was rampant at the middle of the
last century in hospitals causing infections and death in newborn units, in patients
and hospital staff in the UK, USA, and Canada (Uhlemann et al. 2014), becoming
the first pandemic S. aureus clone to be identified (Chambers and Deleo 2009). This
strain was resistant to penicillin, highly transmissible, and hypervirulent.
Interestingly, it contained the genes for the Panton—Valentine leukocidin (PVL), a
leukotoxin that later became a marker for community-associated (CA)-MRSA.

Although this clone disappeared in hospitals with the introduction of methicillin
(Chambers and Deleo 2009), the success of S. aureus continued into the last
decades of the nineteenth century, when S. aureus prevalence in health-
care-associated infections, especially bacteremia, increased. This event was ascri-
bed to the increase in the number of immunocompromised individuals, in the use of
intravascular devices and, finally, in the multidrug resistance of a portion of the
isolates that were MRSA (Lowy 1998). MRSA increased importantly in the
mid-1970s in Europe, in the next decade in the USA and later at a global level
(Chambers and Deleo 2009). Indeed, MRSA did not replace MSSA infections but
actually added to them (Johnson et al. 2005).

At present, S. aureus maintains a leading role as a nosocomial pathogen in
different countries. In the USA, S. aureus was number one among the pathogens
isolated from infections according to the National Healthcare Safety Network that
collected data from approximately 2.000 hospitals. In particular, S. aureus was the
most prevalent pathogen in ventilator-associated pneumonia and in surgical site
infections. A variable portion of the isolates, from 43 to 58 % according to the type
of infections or the hospital ward, was MRSA (Sievert et al. 2013).

In Europe, a recent point-prevalence survey, carried out in acute care hospitals of
33 countries and coordinated by the European Center for Disease Control and
Prevention (ECDC), revealed that S. aureus is the second most commonly isolated
microorganism after E. coli, and it remains the first cause of surgical site infections,
while MRSA proportion greatly varies according to the country (ECDC 2013). Data
collected by the European Antibiotic Resistance Surveillance Network (EARS-Net)
has clearly shown important differences among countries in the proportions of
MRSA from bacteremia, showing a distinct North—South trend. In 2013, in the face
of a European population-weighted mean percentage of 18 %, Iceland, the
Scandinavian countries, and the Netherlands reported an MRSA proportion below
2 %, while some East European and South European countries reported a pro-
portion from 32 to 64 % (ECDC 2014). Interestingly, EARS-Net documented a
downward trend for MRSA in France, UK, Germany, and Ireland likely due to the
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implementation of strategies to control the spread and transmission of MRSA in the
healthcare settings (Pearson et al. 2009; Jarlier et al. 2010).

A worldwide picture of MRSA spread is shown in the global report on
antimicrobial resistance surveillance, issued by the World Health Organization in
2014 (WHO 2014). Although comprehensive antibiotic resistance data were
available only for Europe, America, and Australia, MRSA was reported in all the
continents. Most countries reported a proportion of MRSA exceeding 20 % and,
occasionally, up to 80 %. This implies that second-line (or “reserve”) antibiotics are
required for the treatment or the prophylaxis of S. aureus infections in most
countries worldwide. Noteworthy, MRSA infections are associated with an increase
in mortality and in length of hospital stay, leading to a high economic burden with
respect to MSSA infections (WHO 2014).

3 Molecular Epidemiology

3.1 Molecular Typing Methods

The ability of S. aureus to cause a wide range of infections, to spread in both
hospital and the community and to cause outbreaks, has required the development
of tools able to distinguish isolates and to outline S. aureus epidemiology.
Phenotypic methods, including phage typing (Blair and Williams 1961), have been
commonly used since the 1960s but in the last decades they have been replaced by
molecular typing methods (Deurenberg and Stobberingh 2008). Today,
sequence-based methods are the most used to monitor the spread and circulation of
the diverse S. aureus lineages and to study evolutionary events (Nubel et al. 2011).

A description of the main molecular methods currently used to characterize
S. aureus is given below.

3.1.1 Pulsed-Field Gel Electrophoresis (PFGE)

Before the introduction of the sequence-based methods, PFGE was considered the
gold standard for typing many bacterial species, including S. aureus. PFGE is a
fingerprinting method based on macrorestriction of genomic DNA by using
rare-cutting restriction enzymes, such as Smal for S. aureus (Bannerman et al.
1995). The resulting banding patterns can be resolved in an electric field applying
an alternative voltage gradient and analyzed by visual inspection (Tenover et al.
1995) or by using specialized software (Reed et al. 2007). PFGE is a useful tool to
study the local epidemiology, such as in the occurrence of an outbreak (Tenover
et al. 1995) showing a higher discriminatory power than other typing methods.
In USA, the major MRSA clones are defined based on the national PFGE database
(e.g., USA100 and USA 300) (McDougal et al. 2003). PFGE limitations include
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cost, a rather labor-intensive procedure and the need for technical expertise
(Deurenberg and Stobberingh 2008). In addition, protocols and nomenclature are
scarcely harmonized (Stefani et al. 2012).

3.1.2 Multilocus Sequence Typing (MLST)

MLST represents the most widely used method to classify S. aureus isolates into
clones. The method is based on sequencing the internal fragments of 7 house-
keeping genes; sequences are then analyzed with the help of the software and the
database at the MLST Web site (http://saureus.mlst.net) to obtain an allele number
for each gene. The succession of the alleles of the seven genes originates an allelic
profile defined sequence type (ST) (Enright et al. 2002). Using the algorithm
eBURST (www.eburst.mlst.net), related STs can be grouped into clusters desig-
nated clonal complexes (CC)s. Advantages of MLST are its reproducibility,
portability, and its universal nomenclature, so that ST data can be easily compared
(Deurenberg and Stobberingh 2008). MLST can also provide basic insights of the
S. aureus population structure in terms of clonal relatedness (Nubel et al. 2011).

3.1.3 Staphylococcal Protein A (spa) Typing

This technique is based on the sequence of a single gene, the staphylococcal protein
A gene, and in particular of the highly polymorphic X-region which contains
different short tandem repeats whose combination originates different spa types
(Harmsen et al. 2003). The method is supported by a central spa server (http:/
www.seqnet.org/) that at the moment hosts more than 15,000 spa types. The dis-
criminative power of spa typing is lower than that of PFGE but higher than that of
MLST with which it is mostly concordant in terms of CC definition (Cookson et al.
2007; Strommenger et al. 2008). However, the high mutation rate of the spa locus
may lead to an evolutionary convergence (homoplasy) and, in turn, to problems
with the distinction of clones (Nubel et al. 2011). Nevertheless, spa typing repre-
sents a rapid and easy tool to investigate the epidemiology of S. aureus infections,
especially at the local level.

3.1.4 SCCmec Typing

This method is based on the identification of the structurally different SCCmec
elements; thus, it can be used to classify MRSA only. SCCmec typing is performed
by targeting its key elements, the mec complex class and the cassette chromosome
recombinase (ccr) complex type (Kondo et al. 2007). The Web site of the
International Working Group on the Staphylococcal Cassette Chromosome ele-
ments (IWG-SCC) (http://www.sccmec.org/Pages/SCC_HomeEN.html; accessed
on June 26, 2015) currently reports 11 SCCmec types differing in size from 20 to
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60 kb. The larger SCCmec elements (types I-III), which are characteristic of the
“classical” nosocomial lineages, can also contain transposons and integrated plas-
mids that carry resistance to other antibiotics and heavy-metal resistance operons
(Pantosti et al. 2007). SCCmec type IV encodes methicillin resistance only and
being smaller than other SCCmec is probably more easily transferable (Ma et al.
2002). It can be further distinguished into 8 subtypes (named from a to h) on the
basis of differences in the J1 (accessory or junkyard) region (de Lencastre et al.
2007; Milheirico et al. 2007). SCCmec types IV and V are typically found in
community-associated MRSA (CA-MRSA) and in livestock-associated (LA)-
MRSA. The type of SCCmec can be useful to trace the evolutionary origin of
MRSA clones and, therefore, it is often part of the designation of a specific clone.

3.1.5 Whole Genome Sequencing (WGS)

Whole genome sequencing (WGS) has the potential to become a primary typing
technique in microbiology laboratories, replacing all the other typing methods
(Price et al. 2013) also due to the decreased costs of equipment and materials. It
offers the best possible resolution for measuring inter-strain similarity and for
phylogenetic analysis and can produce information on antigenic array, virulence
and antibiotic resistance, predicting phenotypes of interest (Sabat et al. 2013).
Several platforms for next-generation sequencing (NGS) are now available (Price
et al. 2013; Metzker 2010). Sequencing results consist of thousands of reads cor-
responding to genomic DNA fragments, generally smaller than 400 base pair (Price
et al. 2013). In order to rebuild the genome sequence, the reads have to be
assembled. Two methods can be used: A method called mapping-based assembly
consisting in the comparison of the sequences with those of a reference strain or by
de novo assembly where the reads are assembled in larger regions named contigs
that need to be further assembled (Schatz et al. 2010) but that often do not generate
a complete coverage (Nielsen et al. 2011). The typing strategies that can be
obtained by WGS are based on allelic variations of genes that are part of the core
genome (extended MLST or cgMLST) (Maiden et al. 2013) or on the analysis of
the single-nucleotide mutations (SNPs) in the genome as compared to a reference
sequence. These types of analyses might be the most readily implementable for
typing, although other types (e.g., K-mer) have been proposed (Maiden et al. 2013;
Koser et al. 2012a).

The major open problems with WGS rely on the reproducibility of the results
obtained with different platforms, the availability of rapid and easy bioinformatics
tools, the harmonization of bioinformatic analyses, and the development of a
common nomenclature and an open-access database (Sabat et al. 2013). Regarding
S. aureus, WGS can show differences among strains that are indistinguishable by the
PFGE, the most discriminative method used so far (Salipante et al. 2015). WGS has
been successfully used to investigate hospital outbreaks, such as MRSA outbreaks in
neonatal intensive care units where SNP analysis allowed to clearly discriminate
outbreak from non-outbreak strains (Koser et al. 2012b; Harris et al. 2013).
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3.2 Worldwide Distribution of the Principal Clones
and Lineages

The development and extensive use of molecular typing techniques has allowed the
identification of different MSSA and MRSA clones and their worldwide distribu-
tion. The vast majority of S. aureus isolates collected during 1960-2004 have been
found to belong to 11 CCs, the most abundant being CC30 (Chambers and Deleo
2009). With respect to MSSA, the MRSA lineages are less numerous since intro-
duction of SCCmec must occur into MSSA lineages that are “permissive” for this
element, that has to be acquired and maintained (Enright et al. 2002; Robinson and
Enright 2003). This event has occurred a limited number of times, although
according to recent findings MRSA emergence is probably more common than
previously thought (Nubel et al. 2008).

Most of the recent molecular epidemiology data concerning S. aureus are focused
on MRSA, while the molecular epidemiology of MSSA is quite scarce. Therefore,
the following paragraphs deal with the distribution of MRSA clones in different
settings and geographical areas and only a short part is dedicated to MSSA.

Recent studies have demonstrated that clones are in continuous evolution: old
clones wane and sometimes re-emerge (Chambers and Deleo 2009); exchange and
spreading of clones and lineages between different settings and countries are
occurring at a rapid rate due to globalization. Therefore, the following description
must be intended as an epidemiological snapshot that is due to change with time.

3.2.1 Healthcare-Associated MRSA

For a couple of decades after the emergence of MRSA, these strains were confined
to the healthcare setting in Europe and later also in the USA (Chambers and Deleo
2009). The majority of MRSA infections were caused by S. aureus phage type 83A
(now classified as ST250, CC8) designated as the “archaic clone,” to which also the
very first MRSA isolate belonged.

The archaic clone gradually disappeared in the 1980s to be replaced by new
pandemic clones (Enright et al. 2002; Chambers and Deleo 2009). One successful
lineage was ST239-SCCmec III also designated the Brazilian/Hungarian clone.
ST239 is a hybrid clone originating by the introduction of a large chromosomal
fragment from ST30 (CC30) into the CC8 background (Deurenberg and Stobberingh
2008; Smyth et al. 2010). ST239 became prevalent in UK, Australia, and USA
between the 1970s and the early 1980s, in Europe and South America in the following
decade (1980-1990) and subsequently in Asia and Middle East (1990-2000).

The original nomenclature of the HA-MRSA clones included the geographical
area where the clones were first recovered or more widespread (e.g., the New York
clone, the Brazilian clone) (Murchan et al. 2003) and their classification was based
on phage typing and other phenotypic traits (Kerr et al. 1990) and later on PFGE
(Oliveira et al. 2002).
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Although for the major clones the original nomenclature or the local designation
are often maintained (e.g., EMRSA-15 for ST22 in UK or USA100 for STS in
USA) (Chambers and Deleo 2009), today, the most accepted nomenclature of the
circulating clones is based on the ST-SCCmec type and additionally the corre-
sponding CC. Indeed, a single CC can include MRSA clones with different geo-
graphical distribution that can be associated with different SCCmec elements and
possibly other characteristics such as antibiotic resistance determinants or virulence
factors (Monecke et al. 2011; Nubel et al. 2011). CCS5, for example, encompasses
clones belonging to ST5-SCCmec 11 (USA100), which is the most common
HA-MRSA in USA (Tenover and Goering 2009) as well as ST5-SCCmec IV
(USA800), also known as the “Pediatric clone” (Monecke et al. 2011).

The geographical distribution of the most common HA-MRSA clones is shown
in Fig. 1.

In North America, ST5-SCCmec 1 (USA100), ST8-SCCmec IVh (USA500),
ST36-SCCmec IV (USA200), and ST45-SCCmec IV are the most common
HA-MRSA clones. Other clones, such as ST22-SCCmec IV and ST247-SCCmec 1,
are also present, although at lower frequency (Chatterjee and Otto 2013; Stefani
et al. 2012; Nichol et al. 2013).

In South America, MRSA belonging to STS5 and ST239 are the most frequent
HA-MRSA isolates. In particular, in Brazil the predominant nosocomial lineages
are ST239-SCCmec III (the Brazilian clone), ST5, and ST1 (Silva-Carvalho et al.
2009; Caboclo et al. 2013), while in Argentina the majority of HA-MRSA isolates
are related to ST5-SCCmec 1, which is also locally called the Cordobes—Chilean
clone (Becker et al. 2012; Egea et al. 2014). The latter clone is also present in
Colombia together with ST8-SCCmec IVc representing the most prevalent lineages;
the Chilean clone has recently displaced the Pediatric clone that was disseminated
in Colombia at the end of 1990s (Jimenez et al. 2012).

In Europe, ST5 (CC5), ST8 (CCS8), and ST22 (CC22) are predominant in most
countries. In addition, specific clones display a preferential geographical distribution
at country level; for instance, the northern Balcan-Adriatic clone, ST228-SCCmec 1,
is typically detected in Italy, Germany, Austria, Croatia, Hungary and Slovenia
(Grundmann et al. 2010a; Monaco et al. 2010); ST125-SCCmec IV has been
identified in Spain with spa type t067 (Perez-Vazquez et al. 2009); the Berlin epi-
demic clone, ST45-SCCmec IV is common in Germany and Belgium, but it also
circulates in the Netherlands, Switzerland, and Croatia; in France, ST8-SCCmec IV,
named “Lyon clone,” is the most abundant HA-MRSA followed by ST5-SCCmec 1,
which is also known as the “Geraldine clone” (Dauwalder et al. 2008). In the recent
years, ST22-SCCmec IV (EMRSA-15), the most common clone in the UK since the
1990s, has spread into several countries including Germany, Hungary, Portugal, and
Italy becoming the major European HA-MRSA clone (Grundmann et al. 2014;
Holden et al. 2013). The rapid evolution of the HA-MRSA clones and the expansion
of ST22-SCCmiec IV in Europe have been documented by two surveys involving
isolates from surveys involving isolates from bacteremia from 25 European coun-
tries (Grundmann et al. 2010a, 2014) (Fig. 2).

In Africa, genotyping data of HA-MRSA isolates are still limited; nevertheless,
recent studies suggest the predominance of the clones ST5 carrying different
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Fig. 2 Evolution of HA-MRSA clones in Europe (2006 and 2011) according sequence type
(ST) and clonal complex (CC) distribution

SCCmec types (I, II or IV) and ST239-SCCmec III. Other lineages, such as
ST22-SCCmec 1V, ST36-SCCmec I, and ST612-SCCmec IV, a double-locus
variant of ST8, are reported mainly from South Africa (Abdulgader et al. 2015)
while ST1 has been reported from hospitals in Tunisia and Nigeria (Raji et al. 2013;
Mariem et al. 2013).

In Asia, about 90 % of hospital infections are due to ST239-SCCmec III (Smyth
et al. 2010). This clone is the predominant clone in all countries where molecular
typing of HA-MRSA has been carried out including China, Korea (Moon et al.
2010), Indonesia, Philippines, Thailand, Vietnam, India, and Pakistan (Shabir et al.
2010; Chen and Huang 2014). The only exception is represented by Japan where
ST5-SCCmec 11 is the predominant clone since 1990s (Chen and Huang 2014).
ST5-SCCmec 11 is also largely disseminated in China, Korea, and Taiwan (Tsao
et al. 2014). In Southeast Asian countries, ST241, a single-locus variant of ST239,
is also present (Chen and Huang 2014).

In Australia, the major circulating HA-MRSA clone was ST239-SCCmec 111 till
the end of 1990s when ST22-SCCmec IV became the most common clone
(Williamson et al. 2014). In New Zealand, ST1 is the prevalent clone detected
among strains isolated from patients with bacteremia (Ritchie et al. 2014); other
clones belonging to CC1, CC30, CC59, and CC101 are also found in hospitals in
the Southwest Pacific area (Williamson et al. 2014).

3.2.2 CA-MRSA

In the 1990s, MRSA epidemiology dramatically changed due to the emergence of
new MRSA lineages in the community, later called CA-MRSA.

CA-MRSA infections were first identified in remote areas of Western Australia in
the late 1980s; the causative strain was subsequently identified as ST8-SCCmec IV
(Nimmo and Coombs 2008). At the beginning of the 1990s, in the USA, MRSA
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infections started to emerge in the community among children without predisposing
risk factors (Herold et al. 1998). During 1997-99, in the mid-western region of USA,
an MRSA strain, designated as USA400 by PFGE, was responsible for a small
outbreak of sepsis and necrotizing pneumonia among healthy children (DeLeo et al.
2010; David et al. 2015). USA400 was the prevalent CA-MRSA clone in USA until
2001 when the new unrelated clone USA300 replaced it to become one of the most
successful clone ever. CA-MRSA were responsible for skin and soft tissues infec-
tions (SSTIs) in young healthy individuals without predisposing risk factors for
MRSA acquisition and with no association with the healthcare system (Stryjewski
and Chambers 2008), causing outbreaks among prisoners, athletes, military popu-
lation, homosexual men, and newborns. Sporadically, CA-MRSA were responsible
for serious infections, such as necrotizing pneumonia, necrotizing fasciitis, sepsis,
and osteomyelitis (Crum et al. 2006; Bukharie 2010).

Molecular typing of CA-MRSA revealed that these isolates generally carry
SCCmec elements type IV or V and display resistance to fewer non-beta-lactam
antibiotics with respect to “classical” HA-MRSA that harbor SCCmec type 1, 11, or
IIT and are usually multiresistant (Benoit et al. 2008; David and Daum 2010). In
addition, CA-MRSA carry genes for PVL, a prophage-encoded, bicomponent
pore-forming cytotoxin that specifically targets human neutrophils, causing their
destruction and the consequent tissue damage (Boyle-Vavra and Daum 2007; Spaan
et al. 2015). SCCmec IV and PVL genes have represented molecular markers used
to trace the emergence of CA-MRSA worldwide (Vandenesch et al. 2003). Sixty to
100 % of CA-MRSA strains carry PVL genes (Rossney et al. 2007; Shallcross et al.
2013); the prevalence of PVL-positive isolates is dependent on lineages and geo-
graphical areas (Munckhof et al. 2003). According to recent studies, PVL is an
important contributor, in association with other factors, to the virulence of
CA-MRSA and to its ability to disseminate (Chambers and Deleo 2009; Zhang
et al. 2008). Recently, the role of PVL in the pathogenesis of CA-MRSA necro-
tizing pneumonia has been clearly established using a rabbit model (Diep et al.
2010; Chi et al. 2014).

In recent years, the epidemiological distinction between CA-MRSA and
HA-MRSA infections has become blurred due to the introduction of CA-MRSA
into the healthcare system, especially in USA (David and Daum 2010; Pantosti and
Venditti 2009). Therefore, the distinction between CA-MRSA and HA-MRSA
requires more than one criteria including molecular typing (David and Daum 2010;
Otter and French 2012).

The burden of CA-MRSA infections is geographically diversified. Although data
from many areas are sparse and difficult to compare, evidence shows that the
prevalence of CA-MRSA infections is higher in the USA than in other areas
(Mediavilla et al. 2012; Witte 2009). PVL-positive CA-MRSA were reported as
responsible for the majority of acute SSTIs in patients presenting at the US
emergency departments (Moran et al. 2006). In Europe, PVL-positive CA-MRSA
infections were relatively rare in England and Ireland but common in Greece
(Shallcross et al. 2013). In Australia, CA-MRSA represented 7.8 % of the isolates
obtained from outpatient infections (Nimmo and Coombs 2008).
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At present, CA-MRSA are associated with more than 20 distinct world-
wide-spread genetic lineages. The most common CA-MRSA lineages are displayed
in Fig. 1.

In USA, the major CA-MRSA clone is USA300 (ST8-SCCmec IVa), which
contains the PVL genes and the arginine catabolic mobile element (ACME) that has
been shown to enhance the ability of the strain to colonize the skin (David and Daum
2010). Besides USA 300, USA400 (ST1-SCCmec 1V), ST30-SCCmec 1V, and
ST59-SCCmec IV represent other less common CA-MRSA clones that can be found
throughout the country (Mediavilla et al. 2012; Monecke et al. 2011). In Canada,
USA300 and USA400 are the most common CA-MRSA clones (Nichol et al. 2013).

In South America, one of the most frequent clones is represented by the USA300
variant named USA300-LV (ST8-SCCmec IVc) that contains PVL but lacks
ACME. USA300-LV, first reported in Colombia in 2006 (Reyes et al. 2009), is now
present in several other Latin American countries, including Argentina, Venezuela,
Peru, Ecuador, and Brazil. More recently, USA300-LV has also been described as
cause of HA infections (Jimenez et al. 2012; Egea et al. 2014). In Argentina, the
most common CA-MRSA clones are ST5-SCCmec IV and ST30-SCCmiec 1V,
while in Uruguay and Brazil ST30-SCCmec IV is prevalent (Egea et al. 2014;
Gelatti et al. 2013; Jimenez et al. 2012).

In Europe, circulating CA-MRSA strains belong to a variety of clones; the
majority of the infections are due to the European clone ST80-SCCmec IV
(Vandenesch et al. 2003), which typically shows resistance to fusidic acid
(Monecke et al. 2011). USA300 was reported from Denmark in 2000 (AR Larsen
et al. 2007) and subsequently from other countries (Austria, England, France,
Ireland, Netherlands, Spain, and Italy), as cause of sporadic infections or small
outbreaks (Nimmo 2012; Sanchini et al. 2013). USA300-LV has also been reported
from Spain and Italy (Cercenado and Ruiz de Gopegui 2008; Sanchini et al. 2011;
David and Daum 2010). ST30-SCCmec IV is also largely spread in different
geographical areas (David and Daum 2010; Sanchini et al. 2011), while a variety of
other CA-MRSA clones have been identified with variable frequency including
ST22, ST59, ST152, and ST772 (Monecke et al. 2011; Ellington et al. 2010;
Mediavilla et al. 2012).

In Africa, few predominant CA-MRSA clones are spread in different regions. In
North Africa, the European clone ST80-SCCmec IV predominates, likely due to the
geographical proximity to Europe. ST88-SCCmec IV is predominant in West,
Central, and East Africa, while ST8-SCCmec IV, including isolates closely related
to USA300, has been recently reported in Gabon and Ghana (Schaumburg et al.
2014). ST612-SCCmec 1V, PVL-positive, typically circulates in South Africa
(Abdulgader et al. 2015).

In Asia, there is great heterogeneity in the circulating CA-MRSA clones and
their prevalence varies considerably among countries. ST59, carrying SCCmec type
IV, V, or a variant named V1 (Vruwan), 1S spread in Taiwan, China, Vietnam, and
Japan (David and Daum 2010; Sowash and Uhlemann 2014; Chen and Huang
2014); ST30-SCCmec 1V is ubiquitously detected but prevails in Singapore, Hong
Kong, Philippines, and Japan. ST772-SCCmec V, named the Bengal Bay clone, is
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predominant in India, where ST22-SCCmec 1V is also present. ST8, ST88, and
ST93 are spread in Japan, while ST834, belonging to CC9, is characteristically
present in Cambodia (Chen and Huang 2014; David and Daum 2010; Monecke
et al. 2011; Sowash and Uhlemann 2014; Williamson et al. 2014).

In Australia, the most common CA-MRSA clone is ST93-SCCmec IV (the
Queensland clone). However, a large diversity of CA-MRSA clones has also been
documented in this geographical area, including PVL-negative clones (Nimmo and
Coombs 2008), such as ST75, which is a genetically divergent S. aureus strain and
should probably be allocated to a separate species (Williamson et al. 2014). In New
Zealand, ST30-SCCmec IV has been the prevalent clone up to 2005 when
ST5-SCCmec IV, an emerging clone resistant to fusidic acid, has displaced it. Other
CA-MRSA lineages, typical of other geographical areas, are present both in
Australia and New Zealand, such as USA300, ST59-SCCmec Vr, and
ST772-SCCmec V (Williamson et al. 2014).

3.23 LA-MRSA

It has been recently established that livestock represents a reservoir of MRSA
(Pantosti 2012; van Cleef et al. 2011). Several cases of human colonization and
infections caused by MRSA of animal origin (designated LA-MRSA), mainly from
pigs or cattle, have been reported (Smith and Pearson 2011). The first LA-MRSA
was identified in Europe in 2005 (Voss 2005). It belonged to a new MRSA lineage
(ST398, CC398) and showed features different from those of other MRSA clones
such as non-typeability by PFGE (Bens et al. 2006), presence of SCCmec type IV
or V, and resistance to tetracycline and trimethoprim—sulfamethoxazole, antibiotics
commonly used in animal production (Argudin et al. 2011). PVL and enterotoxins
genes were generally not present (Hallin et al. 2011). Colonization and infection
with ST398 have been documented mainly in countries where animal production is
intensive, occurring primarily in farm workers, veterinarians, and other people
exposed to livestock (Monaco et al. 2013; Van Cleef et al. 2010; Casey et al. 2014).
However, cases have also been reported in subjects with no known contact with
animals and in hospitalized patients (Wulf et al. 2008; Kock et al. 2009).

Although LA-MRSA ST398 was found to be globally spread, other MRSA
non-CC398 have emerged in farm animals in different geographical areas: ST9
(CC9) detected in pigs in Asia and Europe; ST97 (CC97) isolated from bovine
mastitis and chickens in different areas of the Americas and Europe; ST1 (CC1)
frequently found in bovine mastitis and in pigs in Europe (Franco et al. 2011); ST22
(CC22) and STS (CCH) isolated from pigs in Ireland and Canada, respectively
(Cuny et al. 2013). Another clone, ST130 (CC130), recovered in cattle, horses, and
sheep, was found to harbor mecC, a novel mec homologue that is not detectable by
conventional diagnostic assays (Garcia-Alvarez et al. 2011; Ito et al. 2012). All
these non-CC398 LA-MRSA lineages were found to colonize or infect humans
with different prevalence, being ST9 and ST97 the less frequently recovered (Kock
et al. 2013).
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3.2.4 Molecular Epidemiology of MSSA

Although MSSA is a leading cause of infections, both in the community and in the
healthcare setting, only few studies have been published describing the molecular
epidemiology of MSSA. Since MSSA represents the reservoir for the emergence of
MRSA through SCCmec introduction, it is important to recognize MSSA clones
endowed with capacity to cause serious infections and to spread globally. For
instance, the PVL-positive MSSA clone phage 80/81 that was spread in hospitals in
the middle of the past century has been recognized by modern typing techniques as
belonging to CC30. After acquiring mecA, the clone has disseminated globally as
MRSA CC30, one of the principal CA-MRSA clones (Robinson et al. 2005).

In general, all the studies have highlighted that the MSSA population is more
heterogeneous than the MRSA population, since the MSSA isolates belong to a
larger number of different clones and lineages. This depends, at least in part, on the
fact that MSSA are carried by approximately one-third of the human population and
that their circulation is much antecedent to MRSA emergence (Deurenberg and
Stobberingh 2008; Grundmann et al. 2010b).

Approximately 40-50 % of MSSA isolates in different geographical areas have a
genetic background shared with the major MRSA CCs, namely CC5, CC8, CC22,
CC30, and CC45, while the rest belongs to lineages that contain predominantly
MSSA, such as CC7, CC9, CC12, CC15, CC25, CC51, and CC101 (Deurenberg
and Stobberingh 2008). Each of these lineages includes different spa types and/or
PFGE types (Deurenberg and Stobberingh 2008; Goering et al. 2008). The presence
of successful MSSA lineages with a wide geographical distribution suggests that
they possess factors favoring the ability to cause and to transmit disease among
humans.

In a recent study, MSSA isolates from uncomplicated SSTIs in the community
setting obtained in global clinical trials were characterized by using PFGE and other
molecular typing techniques. The most common clones, accounting for approxi-
mately 36 % of the isolates, were ST30, ST45, ST1 (USA400), and ST8 (USA300)
that were recovered in USA, South America, South Africa, and Europe (Goering
et al. 2008).

In a large study performed in USA, MSSA collected from a variety of sources,
including blood, urine, the respiratory tract, and the skin, representing both com-
munity- and healthcare-acquired infections were typed by spa typing (Miko et al.
2013): 274 spa types were identified among 708 isolates, obtaining 15 genetic
clusters. The most common genetic clusters corresponded to USA100, USA800
(CC5) and to USA300 (CC8), the same lineages found among MRSA in the
healthcare setting or in the community.

In the previously cited European survey on S. aureus from invasive infections
conducted in 2006-2007, the diversity index based on spa typing was higher
(0.985) for MSSA than for MRSA (0.940). In this study, the most frequent MSSA
clones, isolated from bacteremia in hospitalized patients, were (in ranking order):
ST7, ST15, ST5, ST45, ST8, ST30, ST1, and ST22. Moreover, MSSA showed a
lower degree of geographical clustering than MRSA (Grundmann et al. 2010).
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Although MSSA is more rarely associated with PVL than MRSA, based on the
epidemiology in USA and some European countries (Shallcross et al. 2013) the
global scenario is very diversified. Several MSSA lineages are found to carry PVL
genes; ST1, STS, ST25, and ST152 have a pandemic spread (Rasigade et al. 2010),
while other lineages appear to be more restricted to some geographical areas; for
instance, ST8 MSSA, related to MRSA USA300, is frequent in USA, while ST80 is
present in Europe and Africa as the MRSA counterparts, and ST188 is found in
France, New Caledonia, and Polynesia. In Europe, in the community setting, the
most prevalent PVL-positive MSSA lineages are CC30 and CC121 (Rasigade et al.
2010; Sanchini et al. 2014).

Several studies found a high rate of carriage and infections due to PVL-positive
MSSA in Africa, with isolates belonging to a variety of different clones including
ST15, ST30, ST121, and ST152 (Schaumburg et al. 2011). ST152 is a divergent
MSSA clone that was first identified in Mali. The reason for this occurrence is
unknown, although the humid environment of tropical Africa and host factors, such
as altered C5a receptor, which has been identified as PVL target (Spaan et al. 2013),
could contribute to this peculiar epidemiological picture (Schaumburg et al. 2014).

Another MSSA clone has emerged recently becoming a source of concern:
MSSA ST398 (CC398) mainly with spa type 571. This strain that contains the
phage-encoded immune evasion cluster genes (Chroboczek et al. 2013) and is
characteristically resistant to erythromycin, due to presence of ermT, and suscep-
tible to tetracycline, seems to represent the basal human clade from which the
animal-adapted ST398 MRSA clone emerged (Valentin-Domelier et al. 2011).
MSSA ST398 is responsible for serious human infections in different geographical
regions including North America, Europe, China, and the Caribbean (Verkade and
Kluytmans 2014). In France, MSSA ST398 accounts for 7.5 % of all MSSA
endocarditis cases (Chroboczek et al. 2013).

The molecular epidemiology of MSSA shows a large clonal heterogeneity across
geographical areas. The prevalence of MSSA clones with the same genetic back-
ground of pandemic MRSA clones suggests that factors, other than methicillin
resistance, contribute to the success of a specific clone.

4 S. aureus and Antibiotic Resistance

As already mentioned, S. aureus has a unique ability to rapidly acquire antibiotic
resistance to virtually any antimicrobial molecules that has been developed.
Resistance is often acquired by HGT from other species or genera, although
chromosomal mutations also contribute to resistance to some antibiotics. HGT
allows acquisition of preconstituted clusters of genes that concur to a resistance trait
(e.g., the mec complex or the vanA complex for methicillin or vancomycin resis-
tance, respectively), while mutations can provide resistance to novel or synthetic
antibiotics that do not have natural analogues and for which resistance determinants
are not available in nature (e.g., for linezolid).
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The evolution of the different MRSA lineages has involved the acquisition of
antibiotic resistance determinants. Therefore, certain MRSA clones can be associ-
ated with characteristic resistance traits or patterns. For instance, CA-MRSA lin-
eages retain susceptibility to most non-beta-lactam antibiotics, but USA300 is
characteristically resistant to erythromycin and ciprofloxacin (David and Daum
2010) and the European CA-MRSA STS80 clone is resistant to fusidic acid and
tetracycline (Monecke et al. 2011). LA-MRSA is commonly resistant to tetracy-
cline, the most used antibiotic in the farming industry (Pantosti 2012). HA-MRSA
lineages tend to be resistant to a broad range of antibiotic agents including the
aminoglycosides although the most recent emerging clones are resistant to a nar-
rower spectrum of antibiotics. ST22 (EMRSA-15) is characteristically resistant to
fluoroquinolones and macrolides, but it is susceptible to gentamycin (Ellington
et al. 2010; Johnson et al. 2005); the Lyon clone (ST8) is resistant to fluoro-
quinolones, susceptible to gentamycin and variably susceptible to other amino-
glycosides and macrolides (Dauwalder et al. 2008).

The mechanisms and the genetic determinants leading to resistance to the most
common agents used to treat staphylococcal infections have been extensively
reviewed (Lowy 2003; Pantosti et al. 2007). Today, there are a number of newly
developed antibiotics that display good anti-MRSA activity, such as lipogly-
copeptides (derivatives of vancomycin or teicoplanin such as telavancin and dal-
bavancin) and new antistaphylococcal cephalosporins, such as ceftobiprole and
ceftaroline (Morata et al. 2015). These two last molecules, as all beta-lactam
antibiotics, are substrate analogues of PBPs resulting in their block, impaired cell
wall synthesis and cell death. But, unlike other beta-lactams, both ceftobiprole and
ceftaroline have high affinity also for PBP2a, that mediates methicillin resistance in
S. aureus, thus are active also against MRSA (Moisan et al. 2010; Davies et al.
2007). Little is known about resistance development with these molecules since
their clinical use has been very limited so far. Here, we will briefly summarize
resistance to the last-line antibiotics for MRSA treatment: vancomycin, linezolid,
and daptomycin.

4.1 Vancomycin

Vancomycin and the other glycopeptide antibiotic teicoplanin have been the
mainstay of MRSA treatment for 30 years (Srinivasan et al. 2002). Isolates with
decreased susceptibility to vancomycin were described for the first time in Japan in
1997 (Hiramatsu et al. 1997b) and thereafter in several other countries. These
isolates, mostly MRSA, showed a spectrum of vancomycin minimal inhibitory
concentrations (MICs) ranging from borderline susceptibility to full resistance
(Gardete et al. 2012). In between these extremes, isolates with intermediate sus-
ceptibility to vancomycin (VISA) and those still susceptible but containing a
minority population with intermediate susceptibility (heterogeneous VISA or
hVISA) were present (Liu and Chambers 2003).
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The recognition of VISA and hVISA is complicated by problems with laboratory
methods and with different breakpoints; the reference method is MIC determination
by broth microdilution (CLSI 2014; EUCAST 2015), and a labor-intensive test,
such as the population analysis profile, is required to detect hVISA (Howden et al.
2010). Both the Clinical and Laboratory Standard Institute (CLSI) and the
European Commission for Antimicrobial Susceptibility Testing (EUCAST) have
established the vancomycin breakpoint for susceptibility at MIC <=1 ug/ml (CLSI
2014; EUCAST 2015), thus indicating that vancomycin is poorly or not effective
against isolates with higher MIC. However, CLSI has retained the intermediate
category (MIC 4-8 ug/ml) to define VISA, clearly differentiating them from
vancomycin-resistant Staphylococcus aureus (VRSA) (MIC => 16 mg/ml) since
completely different resistance mechanisms are implicated in these strains. This
difference is recognized in terms of nomenclature also by EUCAST that has des-
ignated glycopeptide-intermediate S. aureus (GISA) and glycopeptide-resistant S.
aureus (GRSA) isolates with low-level and high-level resistance, respectively
(EUCAST 2015).

VISA is associated with a thickened cell wall that traps vancomycin before it
reaches the molecular target that is the nascent peptidoglycan at the inner side of the
cell wall. Different mutations or expression of genes that are related to cell wall
synthesis, is associated with the emergence of VISA from susceptible parental
strains in vitro or in vivo (Howden et al. 2010). In particular, type I and type II
polymorphisms of the accessory gene regulator locus (agr) or alterations of its
function have been associated with the development of VISA and hVISA (Howden
et al. 2010; Sakoulas et al. 2002). True homogeneous VISA isolates remain a small
number in the published reports (Gardete et al. 2012) and have not been found in
susceptibility studies in large series of isolates (Mendes et al. 2014b, c). On the
contrary, hVISA have been detected in most institutions where they have been
searched for; thus, their prevalence may be underestimated (Howden et al. 2010). In
2003, the hVISA prevalence for was reported to be 2 % in MRSA and 0.05 % in
MSSA (Liu and Chambers 2003), although strong inter-institutional differences
were noted (Hiramatsu et al. 1997a). Previous vancomycin treatment and the
genetic background of S. aureus are predisposing factors for VISA or hVISA
development (Howden et al. 2014). Although VISA and hVISA have emerged in
every principal MRSA lineage, including CA-MRSA USA300 (Gardete et al. 2012)
and also in MSSA (Pillai et al. 2009), they have been found especially in CC5 and
CC8 background (Howe et al. 2004; Monaco et al. 2010).

The occurrence of VRSA is quite rare but has always raised fear of bleak
scenarios (Conly and Johnston 2002). Only 17 VRSA that have been confirmed by
molecular methods are reported in the indexed literature so far (Table 1).The first
VRSA was isolated in Michigan in 2002 (Weigel et al. 2003) and the vast majority
of the other VRSA strains (13 out of 17) were reported from the USA, in particular
from Michigan. The isolates from other countries originated 1 each from India, Iran,
Brazil, and Portugal, this last being to date the only VRSA from Europe (Finks et al.
2009; Friaes et al. 2015; Limbago et al. 2014; Rossi et al. 2014; Saha et al. 2008;
Sievert et al. 2008; Azimian et al. 2012).
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Vancomycin resistance in S. aureus is a clear example of HGT from another
bacterial species, as resistance is conferred by the acquisition of the vanA cluster, an
operon consisting of 5 genes, carried by the transposon Tn1546, the resistance
hallmark of vancomycin-resistant enterococci (VRE) (Courvalin 2006). The genes
composing the vanA cluster act synergistically to modify the cell wall peptido-
glycan making it resistant to the vancomycin action. Tn1546 acquisition by
S. aureus generally occurs from a VRE species (more commonly Enterococcus
faecalis or Enterococcus faecium) by means of a plasmid, such as a promiscuous
plasmid of the Incl8 family (Zhu et al. 2010). This may explain why VRSA
generally emerge in chronic infections with mixed flora, such as ulcers of the
extremities, where MRSA and VRE may coexist, in chronically ill patients under
long-term vancomycin therapy (Sievert et al. 2008). Most VRSA belong to CCS5,
suggesting that only some genetic backgrounds, are permissive to the introduction
of the vanA cluster. The burden carried by this group of resistance genes on the
overall fitness of S. aureus could also explain the apparent low propensity of VRSA
to transmit to other patients or cause outbreaks (Howden et al. 2010). It is note-
worthy that the VRSA from Brazil is related to USA300 and PVL-positive (Rossi
et al. 2014); this emergence is worrisome due to the intrinsic high transmissibility of
the USA300 clone.

Sources different from the peer-reviewed journals suggest that VRSA may
indeed be more common. For instance, the MLST Web site (http://saureus.mlst.net/
accessed on June 4, 2015) includes 23 VRSA although the molecular evidence for
the presence of Tn1546 is not provided. This list includes isolates from the USA
(other than those already published) and isolates from Pakistan, Japan, South
Chorea, Iraq, India, China, and Brazil. A number of isolates from Pakistan appears
to be genetically heterogeneous, belonging to at least 5 different lineages. An
apparent high number of VRSA is also reported from India (Askari Ea et al. 2013).
The VRSA status of these isolates has never been confirmed by independent
investigators; therefore, some skepticism about the circulation of VRSA in these
countries must be maintained.

4.2 Linezolid

Linezolid belongs to a new antibiotic class, the oxazolidinones, introduced into
medical practice in 2000. Linezolid exerts its antibacterial action by binding to the
23S subunit of the bacteria ribosome at domain V, thus inhibiting protein synthesis
(Leach et al. 2007). Although linezolid is a synthetic drug and no natural reservoir
of resistance genes would be expected, in 2001 the first linezolid-resistant S. aureus
was reported in the USA in a patient who had received 1-month linezolid treatment
(Tsiodras et al. 2001).

Two different mechanisms are known to confer linezolid resistance to S. aureus.
The first is due to mutations occurring in the linezolid binding site (23S rRNA), the
most common being the G2576T mutation, or in the ribosomal proteins L3 and L4
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(Mendes et al. 2014a). The second mechanism is due to the presence of the
plasmid-born chloramphenicol-florfenicol resistance (cfr) gene that encodes a 23S
rRNA methyl transferase (Schwarz et al. 2000), conferring resistance to different
antibiotics, including linezolid.

cfr carrying MRSA have caused intra- and inter-hospital outbreaks; a large
outbreak that occurred in an ICU in Madrid, was due both to clonal expansion of
the linezolid-resistant MRSA as well as to transmission of the cfr plasmid to other
MRSA clones (Bonilla et al. 2010; Ikeda-Dantsuji et al. 2011; Morales et al. 2010;
Sanchez Garcia et al. 2010). The prevalence of linezolid resistance among clinical
S. aureus isolates remains very low: a study including isolates only from the USA
reported resistance rates below 0.2 % from 2004 to 2012 (Mendes et al. 2014b). In
addition, a surveillance program conducted across the same period on 25,000 S.
aureus isolates mostly from blood, wound and lower respiratory tract, the per-
centage of the linezolid-resistant strains remained below 0.1 % in countries from 5
continents (Mendes et al. 2014c). Linezolid resistance generally develops in
patients who had been receiving long linezolid treatments; therefore, it can be
higher in selected groups of patients, such as cystic fibrosis patients (Endimiani
et al. 2011).

4.3 Daptomycin

Daptomycin is a natural lipopeptide antibiotic introduced in 2003 in the USA and in
2005 in Europe (Sakoulas 2009) for treatment of skin and soft tissue infections and
bacteremia (Bayer et al. 2013). Its mechanism of action is probably multifaceted
and not completely understood. Daptomycin is an anionic molecule that requires
the presence of calcium ions to be active (Straus and Hancock 2006): the dapto-
mycin—calcium complex inserts itself in the bacterial cell membrane causing
depolymerization and permeabilization with leakage of small ions and cell death
(Humphries et al. 2013). Cell wall probably represents another target of dapto-
mycin, since resistant isolates exhibit a thickened cell wall (Bertsche et al. 2011).
Also the genetic determinants of daptomycin resistance have not been fully iden-
tified. Resistance seems to be associated with a progressive accumulation of
mutations in a few S. aureus genes. The most common mutations occur in mprF,
coding for a bifunctional enzyme involved in the metabolism of the cell membrane.
The mprF mutations are associated with gain-in-function determining increase in
the relative positive charge of the cell membrane leading to a decreased insertion of
the calcium—daptomycin complex (Jones et al. 2008). Resistance has been associ-
ated also with mutations in the yyc cluster and in rpoB and rpoC (Bayer et al. 2013)
and with enhanced expression of the regulatory systems vraSR (Mehta et al. 2012).

Soon after the introduction of daptomycin in clinical use, treatment failures due
to the emergence of daptomycin-resistant S. aureus were reported, especially in
patients treated for endocarditis where the bacterial load is presumably high
(Hayden et al. 2005; Julian et al. 2007). However, in spite of the increasing
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daptomycin use in clinical practice in recent years, reports about daptomycin
resistance emergence remain sporadic. Data collected in a surveillance study
including over 97,000 S. aureus from the years 2005-2012 obtained from 400
clinical centers in the Americas, Europe, and the Asia-Pacific Region, showed that
the prevalence of daptomycin-resistant S. aureus was extremely low (0.05 %) in all
geographical regions with no trend toward increased resistance over the years.
Daptomycin MICs were similar between MRSA and MSSA isolates, yielding a
similar prevalence of resistance in both groups (Sader et al. 2014).

Several studies documented that S. aureus isolates from patients, who previously
received vancomycin therapy, were more prone to develop daptomycin resistance
(Julian et al. 2007) and showed a relationship between decreased susceptibility to
vancomycin and resistance to daptomycin (Bayer et al. 2013). In one of the first
study, out of 70 VISA isolates, 80 % were found resistant to daptomycin (Patel
et al. 2006). The link between VISA and daptomycin-resistant phenotypes consists
probably in the thickened cell wall that may influence the penetration of both
vancomycin and daptomycin, thus preventing the interaction with their respective
targets (Cui et al. 2006).

5 Conclusions

The recent evolution in S. aureus epidemiology has led to the emergence of lin-
eages that are endowed with characteristics of adaptation to different environments
or hosts, and with antibiotic resistance traits. In this scenario, the characterization of
S. aureus isolates by molecular typing is of utmost importance to better understand
S. aureus micro and macroevolution. The dynamic evolution of S. aureus facilitated
by travel, migration, and globalization has enabled geographically restricted clones
to spread and become pandemic. The early recognition of high-risk clones that are
particularly able to adapt and spread in the clinical environment is important for
their control, since effective antibiotics are limited. Antimicrobial agents such as
glycopeptides, linezolid, daptomycin, and other newer antibiotics are still active
against the majority of isolates, but their efficacy will be jeopardized by increased
use.

Given the affordable costs, the advent of WGS in routine use will represent a
major breakthrough in the study of S. aureus epidemiology. Molecular typing
should be applied on a larger scale to improve the understanding of S. aureus
circulation, especially in low-income countries where the burden of S. aureus
infections is probably higher than in industrialized countries, but it is not well
acknowledged so far.

Economic and political efforts should aim at strengthening surveillance systems
based on molecular typing at local and global level and at introducing appropriate
control measures both in healthcare and in community settings.

Acknowledgments We acknowledge Eugenio Morassi for graphic work.



44 M. Monaco et al.

References

Abdulgader SM, Shittu AO, Nicol MP, Kaba M (2015) Molecular epidemiology of
Methicillin-resistant Staphylococcus aureus in Africa: a systematic review. Front Microbiol
6:348. doi:10.3389/fmicb.2015.00348

AR Larsen MS, Goering RV, Serum M, Skov R (2007) Emergence and dissemination of the
methicillin resistant Staphylococcus aureus USA300 clone in Denmark (2000-2005)
Eurosurveillance 12(2)

Argudin MA, Tenhagen BA, Fetsch A, Sachsenroder J, Kasbohrer A, Schroeter A, Hammerl JA,
Hertwig S, Helmuth R, Braunig J, Mendoza MC, Appel B, Rodicio MR, Guerra B (2011)
Virulence and resistance determinants of German Staphylococcus aureus ST398 isolates from
nonhuman sources. Appl Environ Microbiol 77(9):3052-3060. doi:10.1128/AEM.02260-10

Askari Ea, Tabatabai, SMa, Arianpoor Aa, Nasab MN (2013) VanA-positive vancomycin-resistant
Staphylococcus aureus: systematic search and review of reported cases. Infect Dis Clin Pract
21(2):91-93

Azimian A, Asghar Havaei S, Fazeli H, Naderi M, Ghazvini K, Mirab Samiee S, Soleimani M,
Najar Peerayeh S (2012) Genetic analysis of a vancomycin-resistant Staphylococcus aureus
strain isolated in Iran. MBio 3(6). doi:mBio.00442-12 [pii] 10.1128/mBi0.00442-12

Bannerman TL, Hancock GA, Tenover FC, Miller JM (1995) Pulsed-field gel electrophoresis as a
replacement for bacteriophage typing of Staphylococcus aureus. J Clin Microbiol 33(3):
551-555

Bayer AS, Schneider T, Sahl HG (2013) Mechanisms of daptomycin resistance in Staphylococcus
aureus: role of the cell membrane and cell wall. Ann N 'Y Acad Sci 1277:139-158. doi:10.
1111/j.1749-6632.2012.06819.x

Becker AP, Santos O, Castrucci FM, Dias C, D’Azevedo PA (2012) First report of
methicillin-resistant Staphylococcus aureus Cordobes/Chilean clone involved in nosocomial
infections in Brazil. Epidemiol Infect 140(8):1372-1375. doi:10.1017/S095026881100210X

Benoit SR, Estivariz C, Mogdasy C, Pedreira W, Galiana A, Bagnulo H, Gorwitz R, Fosheim GE,
McDougal LK, Jernigan D (2008) Community strains of methicillin-resistant Staphylococcus
aureus as potential cause of healthcare-associated infections, Uruguay, 2002-2004. Emerg
Infect Dis 14(8):1216-1223. doi:10.3201/eid1408.071183

Bens CC, Voss A, Klaassen CH (2006) Presence of a novel DNA methylation enzyme in
methicillin-resistant Staphylococcus aureus isolates associated with pig farming leads to
uninterpretable results in standard pulsed-field gel electrophoresis analysis. J Clin Microbiol 44
(5):1875-1876. doi:10.1128/JCM.44.5.1875-1876.2006

Bertsche U, Weidenmaier C, Kuehner D, Yang SJ, Baur S, Wanner S, Francois P, Schrenzel J,
Yeaman MR, Bayer AS (2011) Correlation of daptomycin resistance in a clinical
Staphylococcus aureus strain with increased cell wall teichoic acid production and
D-alanylation. Antimicrob Agents Chemother 55(8):3922-3928. doi:AAC.01226-10 [pii]
10.1128/AAC.01226-10

Blair JE, Williams RE (1961) Phage typing of staphylococci. Bull World Health Organ 24(6):771-
784

Bonilla H, Huband MD, Seidel J, Schmidt H, Lescoe M, McCurdy SP, Lemmon MM,
Brennan LA, Tait-Kamradt A, Puzniak L, Quinn JP (2010) Multicity outbreak of
linezolid-resistant Staphylococcus epidermidis associated with clonal spread of a cfr-containing
strain. Clin Infect Dis 51(7):796-800. doi:10.1086/656281

Boyle-Vavra S, Daum RS (2007) Community-acquired methicillin-resistant Staphylococcus
aureus: the role of Panton-Valentine leukocidin. Lab Invest 87(1):3-9. doi:3700501 [pii]
10.1038/labinvest.3700501

Bukharie HA (2010) A review of community-acquired methicillin-resistant Staphylococcus aureus
for primary care physicians. ] Fam Community Med 17(3):117-120. doi:10.4103/1319-1683.
74320


http://dx.doi.org/10.3389/fmicb.2015.00348
http://dx.doi.org/10.1128/AEM.02260-10
http://dx.doi.org/10.1128/mBio.00442-12
http://dx.doi.org/10.1111/j.1749-6632.2012.06819.x
http://dx.doi.org/10.1111/j.1749-6632.2012.06819.x
http://dx.doi.org/10.1017/S095026881100210X
http://dx.doi.org/10.3201/eid1408.071183
http://dx.doi.org/10.1128/JCM.44.5.1875-1876.2006
http://dx.doi.org/10.1128/AAC.01226-10
http://dx.doi.org/10.1086/656281
http://dx.doi.org/10.1038/labinvest.3700501
http://dx.doi.org/10.4103/1319-1683.74320
http://dx.doi.org/10.4103/1319-1683.74320

Worldwide Epidemiology and Antibiotic Resistance ... 45

Caboclo RM, Cavalcante FS, Iorio NL, Schuenck RP, Olendzki AN, Felix MJ, Chamon RC, dos
Santos KR (2013) Methicillin-resistant Staphylococcus aureus in Rio de Janeiro hospitals:
dissemination of the USA400/ST1 and USA800/ST5 SCCmec type IV and USA100/ST5
SCCmec type II lineages in a public institution and polyclonal presence in a private one. Am J
Infect Control 41(3):¢21-26. doi:10.1016/j.ajic.2012.08.008

Clinical and Laboratory Standards Institute (CLSI) (2014) Performance standards for antimicrobial
susceptibility testing. Twenty-Fourth informational supplement. CLSI document M100-S24,
Wayne, PA

Casey JA, Shopsin B, Cosgrove SE, Nachman KE, Curriero FC, Rose HR, Schwartz BS (2014)
High-density livestock production and molecularly characterized MRSA infections in
Pennsylvania. Environ Health Perspect 122(5):464-470. doi:10.1289/ehp.1307370

Cercenado E, Ruiz de Gopegui E (2008) Community-acquired methicillin-resistant
Staphylococcus aureus. Enferm Infecc Microbiol Clin 26(Suppl 13):19-24 doi:13128776

Chambers HF (2001) The changing epidemiology of Staphylococcus aureus? Emerg Infect Dis
7(2):178-182. doi:10.3201/eid0702.700178

Chambers HF, Deleo FR (2009) Waves of resistance: Staphylococcus aureus in the antibiotic era.
Nat Rev Microbiol 7(9):629-641. doi:10.1038/nrmicro2200

Chatterjee SS, Otto M (2013) Improved understanding of factors driving methicillin-resistant
Staphylococcus aureus epidemic waves. Clin Epidemiol 5:205-217. doi:10.2147/CLEP.
S37071

Chen CJ, Huang YC (2014) New epidemiology of Staphylococcus aureus infection in Asia. Clin
Microbiol Infect 20(7):605-623. doi:10.1111/1469-0691.12705 S1198-743X(14)61146-0[pii]

Chi CY, Lin CC, Liao IC, Yao YC, Shen FC, Liu CC, Lin CF (2014) Panton-Valentine leukocidin
facilitates the escape of Staphylococcus aureus from human keratinocyte endosomes and
induces apoptosis. J Infect Dis 209(2):224-235. doi:10.1093/infdis/jit445

Chroboczek T, Boisset S, Rasigade JP, Tristan A, Bes M, Meugnier H, Vandenesch F, Etienne J,
Laurent F (2013) Clonal complex 398 methicillin susceptible Staphylococcus aureus: a
frequent unspecialized human pathogen with specific phenotypic and genotypic characteristics.
PLoS ONE 8(11):e68462. doi:10.1371/journal.pone.0068462

Conly JM, Johnston BL (2002) VISA, hetero-VISA and VRSA: the end of the vancomycin era?
Can J Infect Dis 13(5):282-284

Cookson BD, Robinson DA, Monk AB, Murchan S, Deplano A, de Ryck R, Struelens MJ,
Scheel C, Fussing V, Salmenlinna S, Vuopio-Varkila J, Cuny C, Witte W, Tassios PT,
Legakis NJ, van Leeuwen W, van Belkum A, Vindel A, Garaizar J, Haeggman S,
Olsson-Liljequist B, Ransjo U, Muller-Premru M, Hryniewicz W, Rossney A, O’Connell B,
Short BD, Thomas J, O’Hanlon S, Enright MC (2007) Evaluation of molecular typing methods
in characterizing a European collection of epidemic methicillin-resistant Staphylococcus
aureus strains: the HARMONY collection. J Clin Microbiol 45(6):1830-1837. doi:
JCM.02402-06 [pii] 10.1128/JCM.02402-06

Courvalin P (2006) Vancomycin resistance in gram-positive cocci. Clin Infect Dis 42 Suppl 1:
S25-34. doi:CID36951 [pii] 10.1086/491711

Crum NF, Lee RU, Thornton SA, Stine OC, Wallace MR, Barrozo C, Keefer-Norris A, Judd S,
Russell KL (2006) Fifteen-year study of the changing epidemiology of methicillin-resistant
Staphylococcus aureus. Am J Med 119(11):943-951. doi:S0002-9343(06)00093-3 [pii] 10.
1016/j.amjmed.2006.01.004

Cui L, Tominaga E, Neoh HM, Hiramatsu K (2006) Correlation between reduced daptomycin
susceptibility and vancomycin resistance in vancomycin-intermediate Staphylococcus aureus.
Antimicrob Agents Chemother 50(3):1079-1082. doi:50/3/1079 [pii] 10.1128/AAC.50.3.
1079-1082.2006

Cuny C, Kock R, Witte W (2013) Livestock associated MRSA (LA-MRSA) and its relevance for
humans in Germany. Int J Med Microbiol 303(6-7):331-337. doi:10.1016/j.ijmm.2013.02.010

Dauwalder O, Lina G, Durand G, Bes M, Meugnier H, Jarlier V, Coignard B, Vandenesch F,
Etienne J, Laurent F (2008) Epidemiology of invasive methicillin-resistant Staphylococcus


http://dx.doi.org/10.1016/j.ajic.2012.08.008
http://dx.doi.org/10.1289/ehp.1307370
http://dx.doi.org/10.3201/eid0702.700178
http://dx.doi.org/10.1038/nrmicro2200
http://dx.doi.org/10.2147/CLEP.S37071
http://dx.doi.org/10.2147/CLEP.S37071
http://dx.doi.org/10.1111/1469-0691.12705
http://dx.doi.org/10.1093/infdis/jit445
http://dx.doi.org/10.1128/JCM.02402-06
http://dx.doi.org/10.1086/491711
http://dx.doi.org/10.1016/j.amjmed.2006.01.004
http://dx.doi.org/10.1016/j.amjmed.2006.01.004
http://dx.doi.org/10.1128/AAC.50.3.1079-1082.2006
http://dx.doi.org/10.1128/AAC.50.3.1079-1082.2006
http://dx.doi.org/10.1016/j.ijmm.2013.02.010

46 M. Monaco et al.

aureus clones collected in France in 2006 and 2007. J Clin Microbiol 46(10):3454-3458. doi:
JCM.01050-08 [pii] 10.1128/JCM.01050-08

David MZ, Daum RS (2010) Community-associated methicillin-resistant Staphylococcus aureus:
epidemiology and clinical consequences of an emerging epidemic. Clin Microbiol Rev 23
(3):616-687. doi:23/3/616 [pii] 10.1128/CMR.00081-09

David MZ, Acree ME, Sieth JJ, Boxrud DJ, Dobbins G, Lynfield R, Boyle-Vavra S, Daum RS
(2015) Pediatric Staphylococcus aureus isolate genotypes and infections from the dawn of the
community-associated methicillin-resistant S. aureus epidemic era in Chicago, 1994 to 1997.
J Clin Microbiol 53(8):2486-2491. doi:10.1128/JCM.00096-15

Davies TA, Page MG, Shang W, Andrew T, Kania M, Bush K (2007) Binding of ceftobiprole and
comparators to the penicillin-binding proteins of Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus, and Streptococcus pneumoniae. Antimicrob Agents Chemother
51(7):2621-2624. doi:10.1128/AAC.00029-07

de Lencastre H, Oliveira D, Tomasz A (2007) Antibiotic resistant Staphylococcus aureus: a
paradigm of adaptive power. Curr Opin Microbiol 10(5):428-435. doi:S1369-5274(07)
00117-8 [pii] 10.1016/j.mib.2007.08.003

DeLeo FR, Otto M, Kreiswirth BN, Chambers HF (2010) Community-associated meti-
cillin-resistant Staphylococcus aureus. Lancet 375(9725):1557-1568. doi:S0140-6736(09)
61999-1 [pii] 10.1016/S0140-6736(09)61999-1

Deurenberg RH, Stobberingh EE (2008) The evolution of Staphylococcus aureus. Infect Genet
Evol 8(6):747-763. doi:S1567-1348(08)00141-X [pii] 10.1016/j.meegid.2008.07.007

Diep BA, Chan L, Tattevin P, Kajikawa O, Martin TR, Basuino L, Mai TT, Marbach H,
Braughton KR, Whitney AR, Gardner DJ, Fan X, Tseng CW, Liu GY, Badiou C, Etienne J,
Lina G, Matthay MA, DeLeo FR, Chambers HF (2010) Polymorphonuclear leukocytes
mediate Staphylococcus aureus Panton-Valentine leukocidin-induced lung inflammation and
injury. Proc Natl Acad Sci U S A 107(12):5587-5592. doi:10.1073/pnas.0912403107

European Centre for Disease Prevention and Control (ECDC) (2013) Point prevalence survey of
healthcare- associated infections and antimicrobial use in European acute care hospitals.
Stockholm. doi:10.2900/86011

European Centre for Disease Prevention and Control (ECDC) (2014) Antimicrobial resistance
surveillance in Europe 2013. Stockholm, Annual Report of the European Antimicrobial
Resistance Surveillance Network (EARS-Net)

Egea AL, Gagetti P, Lamberghini R, Faccone D, Lucero C, Vindel A, Tosoroni D, Garnero A,
Saka HA, Galas M, Bocco JL, Corso A, Sola C (2014) New patterns of methicillin-resistant
Staphylococcus aureus (MRSA) clones, community-associated MRSA genotypes behave like
healthcare-associated MRSA genotypes within hospitals, Argentina. Int J] Med Microbiol 304
(8):1086-1099. doi:S1438-4221(14)00101-5 [pii] 10.1016/j.ijmm.2014.08.002

Ellington MJ, Hope R, Livermore DM, Kearns AM, Henderson K, Cookson BD, Pearson A,
Johnson AP (2010) Decline of EMRSA-16 amongst methicillin-resistant Staphylococcus
aureus causing bacteraemias in the UK between 2001 and 2007. J Antimicrob Chemother
65(3):446-448. doi:10.1093/jac/dkp448

Endimiani A, Blackford M, Dasenbrook EC, Reed MD, Bajaksouszian S, Hujer AM, Rudin SD,
Hujer KM, Perreten V, Rice LB, Jacobs MR, Konstan MW, Bonomo RA (2011) Emergence of
linezolid-resistant Staphylococcus aureus after prolonged treatment of cystic fibrosis patients in
Cleveland, Ohio. Antimicrob Agents Chemother 55(4):1684-1692. doi:AAC.01308-10 [pii]
10.1128/AAC.01308-10

Enright MC, Robinson DA, Randle G, Feil EJ, Grundmann H, Spratt BG (2002) The evolutionary
history of methicillin-resistant Staphylococcus aureus (MRSA). Proc Natl Acad Sci U S A 99
(11):7687-7692. doi:10.1073/pnas.122108599

European Commette on Antimicrobial Susceptibility Testing (EUCAST) (2015) Breakpoint tables
for interpretation of MICs and zone diameters. Version 5.0. 2015;http://www.eucast.org

Finks J, Wells E, Dyke TL, Husain N, Plizga L, Heddurshetti R, Wilkins M, Rudrik J, Hageman J,
Patel J, Miller C (2009) Vancomycin-resistant Staphylococcus aureus, Michigan, USA, 2007.
Emerg Infect Dis 15(6):943-945. doi:10.3201/eid1506.081312


http://dx.doi.org/10.1128/JCM.01050-08
http://dx.doi.org/10.1128/CMR.00081-09
http://dx.doi.org/10.1128/JCM.00096-15
http://dx.doi.org/10.1128/AAC.00029-07
http://dx.doi.org/10.1016/j.mib.2007.08.003
http://dx.doi.org/10.1016/S0140-6736(09)61999-1
http://dx.doi.org/10.1016/j.meegid.2008.07.007
http://dx.doi.org/10.1073/pnas.0912403107
http://dx.doi.org/10.2900/86011
http://dx.doi.org/10.1016/j.ijmm.2014.08.002
http://dx.doi.org/10.1093/jac/dkp448
http://dx.doi.org/10.1128/AAC.01308-10
http://dx.doi.org/10.1073/pnas.122108599
http://www.eucast.org
http://dx.doi.org/10.3201/eid1506.081312

Worldwide Epidemiology and Antibiotic Resistance ... 47

Franco A, Hasman H, Iurescia M, Lorenzetti R, Stegger M, Pantosti A, Feltrin F, Ianzano A,
Porrero MC, Liapi M, Battisti A (2011) Molecular characterization of spa type t127, sequence
type 1 methicillin-resistant Staphylococcus aureus from pigs. J Antimicrob Chemother
66(6):1231-1235. doi:dkr115 [pii] 10.1093/jac/dkr115

Friaes A, Resina C, Manuel V, Lito L, Ramirez M, Melo-Cristino J (2015) Epidemiological survey
of the first case of vancomycin-resistant Staphylococcus aureus infection in Europe. Epidemiol
Infect 143(4):745-748. doi:S0950268814001423 [pii] 10.1017/S0950268814001423

Garcia-Alvarez L, Holden MT, Lindsay H, Webb CR, Brown DF, Curran MD, Walpole E,
Brooks K, Pickard DJ, Teale C, Parkhill J, Bentley SD, Edwards GF, Girvan EK, Kearns AM,
Pichon B, Hill RL, Larsen AR, Skov RL, Peacock SJ, Maskell DJ, Holmes MA (2011)
Meticillin-resistant Staphylococcus aureus with a novel mecA homologue in human and bovine
populations in the UK and Denmark: a descriptive study. Lancet Infect Dis 11(8):595-603.
doi:10.1016/S1473-3099(11)70126-8

Gardete S, Kim C, Hartmann BM, Mwangi M, Roux CM, Dunman PM, Chambers HF, Tomasz A
(2012) Genetic pathway in acquisition and loss of vancomycin resistance in a methicillin
resistant Staphylococcus aureus (MRSA) strain of clonal type USA300. PLoS Pathog 8(2):
€1002505. doi:10.1371/journal.ppat.1002505 PPATHOGENS-D-11-00616 [pii]

Gelatti LC, Bonamigo RR, Inoue FM, Carmo MS, Becker AP, Castrucci FM, Pignatari AC, Da PA
(2013) Community-acquired methicillin-resistant Staphylococcus aureus carrying SCCmec
type IV in southern Brazil. Rev Soc Bras Med Trop 46(1):34-38. doi:10.1371/journal.
pmed.1000215 [pii]

Goering RV, Shawar RM, Scangarella NE, O’Hara FP, Amrine-Madsen H, West IM,
Dalessandro M, Becker JA, Walsh SL, Miller LA, van Horn SF, Thomas ES,
Twynholm ME (2008) Molecular epidemiology of methicillin-resistant and methi-
cillin-susceptible Staphylococcus aureus isolates from global clinical trials. J Clin Microbiol
46(9):2842-2847. doi:10.1128/JCM.00521-08

Grundmann H, Aanensen DM, van den Wijngaard CC, Spratt BG, Harmsen D, Friedrich AW,
European Staphylococcal Reference Laboratory Working G (2010) Geographic distribution of
Staphylococcus aureus causing invasive infections in Europe: a molecular-epidemiological
analysis. PLoS Med 7(1):e1000215. doi:10.1371/journal.pmed.1000215

Grundmann H, Schouls LM, Aanensen DM, Pluister GN, Tami A, Chlebowicz M, Glasner C,
Sabat AJ, Weist K, Heuer O, Friedrich AW (2014) The dynamic changes of dominant clones of
Staphylococcus aureus causing bloodstream infections in the European region: results of a
second structured survey. Euro Surveill 19(49)

Hallin M, De Mendonca R, Denis O, Lefort A, El Garch F, Butaye P, Hermans K, Struelens MJ
(2011) Diversity of accessory genome of human and livestock-associated ST398 methicillin
resistant Staphylococcus aureus strains. Infect Genet Evol 11(2):290-299. doi:10.1016/j.
meegid.2010.10.021

Harmsen D, Claus H, Witte W, Rothganger J, Turnwald D, Vogel U (2003) Typing of
methicillin-resistant Staphylococcus aureus in a university hospital setting by using novel
software for spa repeat determination and database management. J Clin Microbiol
41(12):5442-5448

Harris SR, Cartwright EJ, Torok ME, Holden MT, Brown NM, Ogilvy-Stuart AL, Ellington MJ,
Quail MA, Bentley SD, Parkhill J, Peacock SJ (2013) Whole-genome sequencing for analysis
of an outbreak of meticillin-resistant Staphylococcus aureus: a descriptive study. Lancet Infect
Dis 13(2):130-136. doi:S1473-3099(12)70268-2 [pii] 10.1016/S1473-3099(12)70268-2

Hayden MK, Rezai K, Hayes RA, Lolans K, Quinn JP, Weinstein RA (2005) Development of
daptomycin resistance in vivo in methicillin-resistant Staphylococcus aureus. J Clin Microbiol
43(10):5285-5287. doi:43/10/5285 [pii] 10.1128/JCM.43.10.5285-5287.2005

Herold BC, Immergluck LC, Maranan MC, Lauderdale DS, Gaskin RE, Boyle-Vavra S,
Leitch CD, Daum RS (1998) Community-acquired methicillin-resistant Staphylococcus aureus
in children with no identified predisposing risk. JAMA 279(8):593-598

Hiramatsu K, Aritaka N, Hanaki H, Kawasaki S, Hosoda Y, Hori S, Fukuchi Y, Kobayashi I
(1997a) Dissemination in Japanese hospitals of strains of Staphylococcus aureus


http://dx.doi.org/10.1093/jac/dkr115
http://dx.doi.org/10.1017/S0950268814001423
http://dx.doi.org/10.1016/S1473-3099(11)70126-8
http://dx.doi.org/10.1371/journal.ppat.1002505
http://dx.doi.org/10.1128/JCM.00521-08
http://dx.doi.org/10.1371/journal.pmed.1000215
http://dx.doi.org/10.1016/j.meegid.2010.10.021
http://dx.doi.org/10.1016/j.meegid.2010.10.021
http://dx.doi.org/10.1016/S1473-3099(12)70268-2
http://dx.doi.org/10.1128/JCM.43.10.5285-5287.2005

48 M. Monaco et al.

heterogeneously resistant to vancomycin. Lancet 350(9092):1670-1673. doi:S0140-6736(97)
07324-8 [pii] 10.1016/S0140-6736(97)07324-8

Hiramatsu K, Hanaki H, Ino T, Yabuta K, Oguri T, Tenover FC (1997b) Methicillin-resistant
Staphylococcus aureus clinical strain with reduced vancomycin susceptibility. J Antimicrob
Chemother 40(1):135-136

Holden MT, Hsu LY, Kurt K, Weinert LA, Mather AE, Harris SR, Strommenger B, Layer F,
Witte W, de Lencastre H, Skov R, Westh H, Zemlickova H, Coombs G, Kearns AM, Hill RL,
Edgeworth J, Gould I, Gant V, Cooke J, Edwards GF, McAdam PR, Templeton KE,
McCann A, Zhou Z, Castillo-Ramirez S, Feil EJ, Hudson LO, Enright MC, Balloux F,
Aanensen DM, Spratt BG, Fitzgerald JR, Parkhill J, Achtman M, Bentley SD, Nubel U (2013)
A genomic portrait of the emergence, evolution, and global spread of a methicillin-resistant
Staphylococcus aureus pandemic. Genome Res 23(4):653-664. doi:gr.147710.112 [pii] 10.
1101/gr.147710.112

Howden BP, Davies JK, Johnson PD, Stinear TP, Grayson ML (2010) Reduced vancomycin
susceptibility in Staphylococcus aureus, including vancomycin-intermediate and heterogeneous
vancomycin-intermediate strains: resistance mechanisms, laboratory detection, and clinical
implications. Clin Microbiol Rev 23(1):99-139. doi:23/1/99 [pii] 10.1128/CMR.00042-09

Howden BP, Peleg AY, Stinear TP (2014) The evolution of vancomycin intermediate
Staphylococcus aureus (VISA) and heterogenous-VISA. Infect Genet Evol 21:575-582. doi:
S1567-1348(13)00136-6 [pii] 10.1016/j.meegid.2013.03.047

Howe RA, Monk A, Wootton M, Walsh TR, Enright MC (2004) Vancomycin susceptibility within
methicillin-resistant Staphylococcus aureus lineages. Emerg Infect Dis 10(5):855-857. doi:10.
3201/eid1005.030556

Humphries RM, Pollett S, Sakoulas G (2013) A current perspective on daptomycin for the clinical
microbiologist. Clin Microbiol Rev 26(4):759-780. doi:26/4/759 [pii] 10.1128/CMR.00030-13

Ikeda-Dantsuji Y, Hanaki H, Sakai F, Tomono K, Takesue Y, Honda J, Nonomiya Y, Suwabe A,
Nagura O, Yanagihara K, Mikamo H, Fukuchi K, Kaku M, Kohno S, Yanagisawa C, Nakae T,
Yoshida K, Niki Y (2011) Linezolid-resistant Staphylococcus aureus isolated from 2006
through 2008 at six hospitals in Japan. J Infect Chemother 17(1):45-51. doi:10.1007/s10156-
010-0085-1

Ito T, Hiramatsu K, Tomasz A, de Lencastre H, Perreten V, Holden MT, Coleman DC, Goering R,
Giffard PM, Skov RL, Zhang K, Westh H, O’Brien F, Tenover FC, Oliveira DC, Boyle-Vavra
S, Laurent F, Kearns AM, Kreiswirth B, Ko KS, Grundmann H, Sollid JE, John JF, Jr.,
Daum R, Soderquist B, Buist G (2012) Guidelines for reporting novel mecA gene homologues.
Antimicrob Agents Chemother 56(10):4997-4999. doi:AAC.01199-12 [pii] 10.1128/AAC.
01199-12

Jarlier V, Trystram D, Brun-Buisson C, Fournier S, Carbonne A, Marty L, Andremont A, Arlet G,
Buu-Hoi A, Carlet J, Decre D, Gottot S, Gutmann L, Joly-Guillou ML, Legrand P,
Nicolas-Chanoine MH, Soussy CJ, Wolf M, Lucet JC, Aggoune M, Brucker G, Regnier B
(2010) Curbing methicillin-resistant Staphylococcus aureus in 38 French hospitals through a
15-year institutional control program. Arch Intern Med 170(6):552-559. doi:170/6/552 [pii]
10.1001/archinternmed.2010.32

Jevons MP (1961) “Celbenin”—resistant Staphylococci. Br Med J 1:124-125

Jimenez JN, Ocampo AM, Vanegas JM, Rodriguez EA, Mediavilla JR, Chen L, Muskus CE,
Velez LA, Rojas C, Restrepo AV, Ospina S, Garces C, Franco L, Bifani P, Kreiswirth BN,
Correa MM (2012) CC8 MRSA strains harboring SCCmec type IVc are predominant in
Colombian  hospitals. PLoS One 7(6):38576. doi:10.1371/journal.pone.0038576
PONE-D-12-02320 [pii]

Johnson AP, Pearson A, Duckworth G (2005) Surveillance and epidemiology of MRSA
bacteraemia in the UK. J Antimicrob Chemother 56(3):455-462. doi:10.1093/jac/dki266

Jones T, Yeaman MR, Sakoulas G, Yang SJ, Proctor RA, Sahl HG, Schrenzel J, Xiong YQ,
Bayer AS (2008) Failures in clinical treatment of Staphylococcus aureus Infection with
daptomycin are associated with alterations in surface charge, membrane phospholipid


http://dx.doi.org/10.1016/S0140-6736(97)07324-8
http://dx.doi.org/10.1101/gr.147710.112
http://dx.doi.org/10.1101/gr.147710.112
http://dx.doi.org/10.1128/CMR.00042-09
http://dx.doi.org/10.1016/j.meegid.2013.03.047
http://dx.doi.org/10.3201/eid1005.030556
http://dx.doi.org/10.3201/eid1005.030556
http://dx.doi.org/10.1128/CMR.00030-13
http://dx.doi.org/10.1007/s10156-010-0085-1
http://dx.doi.org/10.1007/s10156-010-0085-1
http://dx.doi.org/10.1128/AAC.01199-12
http://dx.doi.org/10.1128/AAC.01199-12
http://dx.doi.org/10.1001/archinternmed.2010.32
http://dx.doi.org/10.1371/journal.pone.0038576
http://dx.doi.org/10.1093/jac/dki266

Worldwide Epidemiology and Antibiotic Resistance ... 49

asymmetry, and drug binding. Antimicrob Agents Chemother 52(1):269-278. doi:
AAC.00719-07 [pii] 10.1128/AAC.00719-07

Julian K, Kosowska-Shick K, Whitener C, Roos M, Labischinski H, Rubio A, Parent L, Ednie L,
Koeth L, Bogdanovich T, Appelbaum PC (2007) Characterization of a dapto-
mycin-nonsusceptible vancomycin-intermediate Staphylococcus aureus strain in a patient
with endocarditis. Antimicrob Agents Chemother 51(9):3445-3448. doi:AAC.00559-07 [pii]
10.1128/AAC.00559-07

Katayama Y, Ito T, Hiramatsu K (2000) A new class of genetic element, staphylococcus cassette
chromosome mec, encodes methicillin resistance in Staphylococcus aureus. Antimicrob Agents
Chemother 44(6):1549-1555

Kerr S, Kerr GE, Mackintosh CA, Marples RR (1990) A survey of methicillin-resistant
Staphylococcus aureus affecting patients in England and Wales. J Hosp Infect 16(1):35-48

Kock R, Harlizius J, Bressan N, Laerberg R, Wieler LH, Witte W, Deurenberg RH, Voss A,
Becker K, Friedrich AW (2009) Prevalence and molecular characteristics of methi-
cillin-resistant Staphylococcus aureus (MRSA) among pigs on German farms and import of
livestock-related MRSA into hospitals. Eur J Clin Microbiol Infect Dis 28(11):1375-1382.
doi:10.1007/s10096-009-0795-4

Kock R, Schaumburg F, Mellmann A, Koksal M, Jurke A, Becker K, Friedrich AW (2013)
Livestock-associated methicillin-resistant Staphylococcus aureus (MRSA) as causes of human
infection and colonization in Germany. PLoS ONE 8(2):e55040. doi:10.1371/journal.pone.
0055040

Kondo Y, Ito T, Ma XX, Watanabe S, Kreiswirth BN, Etienne J, Hiramatsu K (2007) Combination
of multiplex PCRs for staphylococcal cassette chromosome mec type assignment: rapid
identification system for mec, ccr, and major differences in junkyard regions. Antimicrob
Agents Chemother 51(1):264-274. doi:AAC.00165-06 [pii] 10.1128/AAC.00165-06

Koser CU, Ellington MJ, Cartwright EJ, Gillespie SH, Brown NM, Farrington M, Holden MT,
Dougan G, Bentley SD, Parkhill J, Peacock SJ (2012a) Routine use of microbial whole genome
sequencing in diagnostic and public health microbiology. PLoS Pathog 8(8):e1002824. doi:10.
1371/journal.ppat.1002824

Koser CU, Holden MT, Ellington MJ, Cartwright EJ, Brown NM, Ogilvy-Stuart AL, Hsu LY,
Chewapreecha C, Croucher NJ, Harris SR, Sanders M, Enright MC, Dougan G, Bentley SD,
Parkhill J, Fraser LJ, Betley JR, Schulz-Trieglaff OB, Smith GP, Peacock SJ (2012b) Rapid
whole-genome sequencing for investigation of a neonatal MRSA outbreak. N Engl J Med
366(24):2267-2275. doi:10.1056/NEJMoal 109910

Leach KL, Swaney SM, Colca JR, McDonald WG, Blinn JR, Thomasco LM, Gadwood RC,
Shinabarger D, Xiong L, Mankin AS (2007) The site of action of oxazolidinone antibiotics in
living bacteria and in human mitochondria. Mol Cell 26(3):393-402. doi:S1097-2765(07)
00221-3 [pii] 10.1016/j.molcel.2007.04.005

Limbago BM, Kallen AJ, Zhu W, Eggers P, McDougal LK, Albrecht VS (2014) Report of the 13th
vancomycin-resistant Staphylococcus aureus isolate from the United States. J Clin Microbiol
52(3):998-1002. doi:JCM.02187-13 [pii] 10.1128/JICM.02187-13

Lindsay JA (2014) Staphylococcus aureus genomics and the impact of horizontal gene transfer.
Int J Med Microbiol 304(2):103-109. doi:10.1016/j.ijmm.2013.11.010

Liu C, Chambers HF (2003) Staphylococcus aureus with heterogeneous resistance to vancomycin:
epidemiology, clinical significance, and critical assessment of diagnostic methods. Antimicrob
Agents Chemother 47(10):3040-3045

Lowy FD (1998) Staphylococcus aureus infections. N Engl J Med 339(8):520-532. doi:10.1056/
NEJM199808203390806

Lowy FD (2003) Antimicrobial resistance: the example of Staphylococcus aureus. J Clin Invest
111(9):1265-1273. doi:10.1172/JCI18535

Ma XX, Ito T, Tiensasitorn C, Jamklang M, Chongtrakool P, Boyle-Vavra S, Daum RS,
Hiramatsu K (2002) Novel type of staphylococcal cassette chromosome mec identified in
community-acquired methicillin-resistant Staphylococcus aureus strains. Antimicrob Agents
Chemother 46(4):1147-1152


http://dx.doi.org/10.1128/AAC.00719-07
http://dx.doi.org/10.1128/AAC.00559-07
http://dx.doi.org/10.1007/s10096-009-0795-4
http://dx.doi.org/10.1371/journal.pone.0055040
http://dx.doi.org/10.1371/journal.pone.0055040
http://dx.doi.org/10.1128/AAC.00165-06
http://dx.doi.org/10.1371/journal.ppat.1002824
http://dx.doi.org/10.1371/journal.ppat.1002824
http://dx.doi.org/10.1056/NEJMoa1109910
http://dx.doi.org/10.1016/j.molcel.2007.04.005
http://dx.doi.org/10.1128/JCM.02187-13
http://dx.doi.org/10.1016/j.ijmm.2013.11.010
http://dx.doi.org/10.1056/NEJM199808203390806
http://dx.doi.org/10.1056/NEJM199808203390806
http://dx.doi.org/10.1172/JCI18535

50 M. Monaco et al.

Maiden MC, Jansen van Rensburg MJ, Bray JE, Earle SG, Ford SA, Jolley KA, McCarthy ND
(2013) MLST revisited: the gene-by-gene approach to bacterial genomics. Nat Rev Microbiol
11(10):728-736. doi:10.1038/nrmicro3093

Mariem BJ, Ito T, Zhang M, Jin J, Li S, Ilhem BB, Adnan H, Han X, Hiramatsu K (2013)
Molecular characterization of methicillin-resistant Panton-Valentine leukocidin positive
Staphylococcus aureus clones disseminating in Tunisian hospitals and in the community.
BMC Microbiol 13:2. doi:1471-2180-13-2 [pii] 10.1186/1471-2180-13-2

McDougal LK, Steward CD, Killgore GE, Chaitram JM, McAllister SK, Tenover FC (2003)
Pulsed-field gel electrophoresis typing of oxacillin-resistant Staphylococcus aureus isolates
from the United States: establishing a national database. J Clin Microbiol 41(11):5113-5120

Mediavilla JR, Chen L, Mathema B, Kreiswirth BN (2012) Global epidemiology of
community-associated methicillin resistant Staphylococcus aureus (CA-MRSA). Curr Opin
Microbiol 15(5):588-595. doi:S1369-5274(12)00118-X [pii] 10.1016/j.mib.2012.08.003

Mehta S, Cuirolo AX, Plata KB, Riosa S, Silverman JA, Rubio A, Rosato RR, Rosato AE (2012)
VraSR two-component regulatory system contributes to mprF-mediated decreased suscepti-
bility to daptomycin in in vivo-selected clinical strains of methicillin-resistant Staphylococcus
aureus. Antimicrob Agents Chemother 56(1):92—-102. doi:AAC.00432-10 [pii] 10.1128/AAC.
00432-10

Mendes RE, Deshpande LM, Jones RN (2014a) Linezolid update: stable in vitro activity following
more than a decade of clinical use and summary of associated resistance mechanisms. Drug
Resist Updat 17(1-2):1-12. doi:10.1016/j.drup.2014.04.002

Mendes RE, Flamm RK, Hogan PA, Ross JE, Jones RN (2014b) Summary of linezolid activity
and resistance mechanisms detected during the 2012 LEADER surveillance program for the
United States. Antimicrob Agents Chemother 58(2):1243-1247. doi:AAC.02112-13 [pii] 10.
1128/AAC.02112-13

Mendes RE, Hogan PA, Streit JM, Jones RN, Flamm RK (2014c) Zyvox(R) Annual Appraisal of
Potency and Spectrum (ZAAPS) program: report of linezolid activity over 9 years (2004-12).
J Antimicrob Chemother 69(6):1582-1588. doi:dkt541 [pii] 10.1093/jac/dkt541

Metzker ML (2010) Sequencing technologies—the next generation. Nat Rev Genet 11(1):31-46.
doi:nrg2626 [pii] 10.1038/nrg2626

Miko BA, Hafer CA, Lee CJ, Sullivan SB, Hackel MA, Johnson BM, Whittier S, Della-Latta P,
Uhlemann AC, Lowy FD (2013) Molecular characterization of methicillin-susceptible
Staphylococcus aureus clinical isolates in the United States, 2004 to 2010. J Clin Microbiol
51(3):874-879. doi:10.1128/JCM.00923-12

Milheirico C, Oliveira DC, de Lencastre H (2007) Multiplex PCR strategy for subtyping the
staphylococcal cassette chromosome mec type IV in methicillin-resistant Staphylococcus
aureus: ‘SCCmec IV multiplex’. J Antimicrob Chemother 60(1):42—48. doi:dkm112 [pii] 10.
1093/jac/dkm112

Moisan H, Pruneau M, Malouin F (2010) Binding of ceftaroline to penicillin-binding proteins of
Staphylococcus aureus and Streptococcus pneumoniae. J Antimicrob Chemother 65(4):713—
716. doi:10.1093/jac/dkp503

Monaco M, Sanchini A, Grundmann H, Pantosti A (2010) Vancomycin-heteroresistant phenotype
in invasive methicillin-resistant Staphylococcus aureus isolates belonging to spa type 041.
Eur J Clin Microbiol Infect Dis 29(7):771-777. doi:10.1007/s10096-010-0922-2

Monaco M, Pedroni P, Sanchini A, Bonomini A, Indelicato A, Pantosti A (2013)
Livestock-associated methicillin-resistant Staphylococcus aureus responsible for human
colonization and infection in an area of Italy with high density of pig farming. BMC Infect
Dis 13:258. doi:1471-2334-13-258 [pii] 10.1186/1471-2334-13-258

Monecke S, Coombs G, Shore AC, Coleman DC, Akpaka P, Borg M, Chow H, Ip M, Jatzwauk L,
Jonas D, Kadlec K, Kearns A, Laurent F, O’Brien FG, Pearson J, Ruppelt A, Schwarz S,
Scicluna E, Slickers P, Tan HL, Weber S, Ehricht R (2011) A field guide to pandemic,
epidemic and sporadic clones of methicillin-resistant Staphylococcus aureus. PLoS ONE 6(4):
€17936. doi:10.1371/journal.pone.0017936


http://dx.doi.org/10.1038/nrmicro3093
http://dx.doi.org/10.1186/1471-2180-13-2
http://dx.doi.org/10.1016/j.mib.2012.08.003
http://dx.doi.org/10.1128/AAC.00432-10
http://dx.doi.org/10.1128/AAC.00432-10
http://dx.doi.org/10.1016/j.drup.2014.04.002
http://dx.doi.org/10.1128/AAC.02112-13
http://dx.doi.org/10.1128/AAC.02112-13
http://dx.doi.org/10.1093/jac/dkt541
http://dx.doi.org/10.1038/nrg2626
http://dx.doi.org/10.1128/JCM.00923-12
http://dx.doi.org/10.1093/jac/dkm112
http://dx.doi.org/10.1093/jac/dkm112
http://dx.doi.org/10.1093/jac/dkp503
http://dx.doi.org/10.1007/s10096-010-0922-2
http://dx.doi.org/10.1186/1471-2334-13-258
http://dx.doi.org/10.1371/journal.pone.0017936

Worldwide Epidemiology and Antibiotic Resistance ... 51

Moon SY, Lee HJ, Lee MS (2010) Molecular characteristics of methicillin-resistant
Staphylococcus aureus blood isolates: clonal spread of staphylococcal cassette chromosome
mec type IVA between the community and the hospital. Microb Drug Resist 16(3):217-222.
doi:10.1089/mdr.2010.0010

Morales G, Picazo JJ, Baos E, Candel FJ, Arribi A, Pelaecz B, Andrade R, de la Torre MA,
Fereres J, Sanchez-Garcia M (2010) Resistance to linezolid is mediated by the cfr gene in the
first report of an outbreak of linezolid-resistant Staphylococcus aureus. Clin Infect Dis
50(6):821-825. doi:10.1086/650574

Moran GJ, Krishnadasan A, Gorwitz RJ, Fosheim GE, McDougal LK, Carey RB, Talan DA,
Group EMINS (2006) Methicillin-resistant S. aureus infections among patients in the
emergency department. N Engl J Med 355(7):666—674. doi:10.1056/NEJM0a055356

Morata L, Mensa J, Soriano A (2015) New antibiotics against gram-positives: present and future
indications. Curr Opin Pharmacol 24:45-51. doi:10.1016/j.coph.2015.07.004

Munckhof WIJ, Schooneveldt J, Coombs GW, Hoare J, Nimmo GR (2003) Emergence of
community-acquired methicillin-resistant Staphylococcus aureus (MRSA) infection in
Queensland, Australia. Int J Infect Dis 7(4):259-264. doi:S1201971203901044 [pii]

Murchan S, Kaufmann ME, Deplano A, de Ryck R, Struelens M, Zinn CE, Fussing V,
Salmenlinna S, Vuopio-Varkila J, El Solh N, Cuny C, Witte W, Tassios PT, Legakis N, van
Leeuwen W, van Belkum A, Vindel A, Laconcha I, Garaizar J, Haeggman S, Olsson-Liljequist
B, Ransjo U, Coombes G, Cookson B (2003) Harmonization of pulsed-field gel electrophoresis
protocols for epidemiological typing of strains of methicillin-resistant Staphylococcus aureus:
a single approach developed by consensus in 10 European laboratories and its application for
tracing the spread of related strains. J Clin Microbiol 41(4):1574-1585

Nichol KA, Adam HJ, Roscoe DL, Golding GR, Lagace-Wiens PR, Hoban DJ, Zhanel GG (2013)
Changing epidemiology of methicillin-resistant Staphylococcus aureus in Canada.
J Antimicrob Chemother 68 Suppl 1:147-55. doi:dkt026 [pii] 10.1093/jac/dkt026

Nielsen R, Paul JS, Albrechtsen A, Song YS (2011) Genotype and SNP calling from
next-generation sequencing data. Nat Rev Genet 12(6):443-451. doi:nrg2986 [pii] 10.1038/
nrg2986

Nimmo GR (2012) USA300 abroad: global spread of a virulent strain of community-associated
methicillin-resistant Staphylococcus aureus. Clin Microbiol Infect 18(8):725-734. doi:10.
1111/j.1469-0691.2012.03822.x S1198-743X(14)63431-5 [pii]

Nimmo GR, Coombs GW (2008) Community-associated methicillin-resistant Staphylococcus
aureus (MRSA) in Australia. Int J Antimicrob Agents 31(5):401-410. doi:S0924-8579(07)
00429-3 [pii] 10.1016/j.ijantimicag.2007.08.011

Novick RP, Bouanchaud D (1971) The problems of drug-resistant pathogenic bacteria.
Extrachromosomal nature of drug resistance in Staphylococcus aureus. Ann N 'Y Acad Sci
182:279-294

Nubel U, Roumagnac P, Feldkamp M, Song JH, Ko KS, Huang YC, Coombs G, Ip M, Westh H,
Skov R, Struelens MJ, Goering RV, Strommenger B, Weller A, Witte W, Achtman M (2008)
Frequent emergence and limited geographic dispersal of methicillin-resistant Staphylococcus
aureus. Proc Natl Acad Sci U S A 105(37):14130-14135. doi:10.1073/pnas.0804178105

Nubel U, Strommenger B, Layer F, Witte W (2011) From types to trees: reconstructing the spatial
spread of Staphylococcus aureus based on DNA variation. Int J Med Microbiol 301(8):614—
618. doi:S1438-4221(11)00093-2 [pii] 10.1016/j.ijmm.2011.09.007

Oliveira DC, Tomasz A, de Lencastre H (2002) Secrets of success of a human pathogen: molecular
evolution of pandemic clones of meticillin-resistant Staphylococcus aureus. Lancet Infect Dis
2(3):180-189

Otter JA, French GL (2012) Community-associated meticillin-resistant Staphylococcus aureus: the
case for a genotypic definition. J Hosp Infect 81(3):143-148. doi:10.1016/j.jhin.2012.04.009

Pantosti A (2012) Methicillin-resistant Staphylococcus aureus associated with animals and its
relevance to human health. Front Microbiol 3:127. doi:10.3389/fmicb.2012.00127

Pantosti A, Venditti M (2009) What is MRSA? Eur Respir J 34(5):1190-1196. doi:10.1183/
09031936.00007709


http://dx.doi.org/10.1089/mdr.2010.0010
http://dx.doi.org/10.1086/650574
http://dx.doi.org/10.1056/NEJMoa055356
http://dx.doi.org/10.1016/j.coph.2015.07.004
http://dx.doi.org/10.1093/jac/dkt026
http://dx.doi.org/10.1038/nrg2986
http://dx.doi.org/10.1038/nrg2986
http://dx.doi.org/10.1111/j.1469-0691.2012.03822.x
http://dx.doi.org/10.1111/j.1469-0691.2012.03822.x
http://dx.doi.org/10.1016/j.ijantimicag.2007.08.011
http://dx.doi.org/10.1073/pnas.0804178105
http://dx.doi.org/10.1016/j.ijmm.2011.09.007
http://dx.doi.org/10.1016/j.jhin.2012.04.009
http://dx.doi.org/10.3389/fmicb.2012.00127
http://dx.doi.org/10.1183/09031936.00007709
http://dx.doi.org/10.1183/09031936.00007709

52 M. Monaco et al.

Pantosti A, Sanchini A, Monaco M (2007) Mechanisms of antibiotic resistance in Staphylococcus
aureus. Future Microbiol 2(3):323-334. doi:10.2217/17460913.2.3.323

Patel JB, Jevitt LA, Hageman J, McDonald LC, Tenover FC (2006) An association between
reduced susceptibility to daptomycin and reduced susceptibility to vancomycin in
Staphylococcus aureus. Clin Infect Dis 42(11):1652-1653. doi:CID39100 [pii] 10.1086/
504084

Pearson A, Chronias A, Murray M (2009) Voluntary and mandatory surveillance for
methicillin-resistant Staphylococcus aureus (MRSA) and methicillin-susceptible S. aureus
(MSSA) bacteraemia in England. J Antimicrob Chemother 64(Suppl 1):i11-17. doi:dkp260
[pii] 10.1093/jac/dkp260

Perez-Vazquez M, Vindel A, Marcos C, Oteo J, Cuevas O, Trincado P, Bautista V, Grundmann H,
Campos J, Group ESs-t (2009) Spread of invasive Spanish Staphylococcus aureus spa-type
t067 associated with a high prevalence of the aminoglycoside-modifying enzyme gene ant(4’)-
Ia and the efflux pump genes msrA/msrB. J Antimicrob Chemother 63(1):21-31. doi:10.1093/
jac/dkn430

Pillai SK, Wennersten C, Venkataraman L, Eliopoulos GM, Moellering RC, Karchmer AW (2009)
Development of reduced vancomycin susceptibility in methicillin-susceptible Staphylococcus
aureus. Clin Infect Dis 49(8):1169-1174. doi:10.1086/605636

Price JR, Didelot X, Crook DW, Llewelyn MJ, Paul J (2013) Whole genome sequencing in the
prevention and control of Staphylococcus aureus infection. J Hosp Infect 83(1):14-21. doi:
S0195-6701(12)00337-4 [pii] 10.1016/j.jhin.2012.10.003

Raji A, Ojemhen O, Umejiburu U, Ogunleye A, Blanc DS, Basset P (2013) High genetic diversity
of Staphylococcus aureus in a tertiary care hospital in Southwest Nigeria. Diagn Microbiol
Infect Dis 77(4):367-369. doi:10.1016/j.diagmicrobio.2013.08.030

Rasigade JP, Laurent F, Lina G, Meugnier H, Bes M, Vandenesch F, Etienne J, Tristan A (2010)
Global distribution and evolution of Panton-Valentine leukocidin-positive methi-
cillin-susceptible Staphylococcus aureus, 1981-2007. J Infect Dis 201(10):1589-1597.
doi:10.1086/652008

Reed KD, Stemper ME, Shukla SK (2007) Pulsed-field gel electrophoresis of MRSA. Methods
Mol Biol 391:59-69. doi:10.1007/978-1-59745-468-1_5

Reyes J, Rincon S, Diaz L, Panesso D, Contreras GA, Zurita J, Carrillo C, Rizzi A, Guzman M,
Adachi J, Chowdhury S, Murray BE, Arias CA (2009) Dissemination of methicillin-resistant
Staphylococcus aureus USA300 sequence type 8 lineage in Latin America. Clin Infect Dis 49
(12):1861-1867. doi:10.1086/648426

Ritchie SR, Thomas MG, Rainey PB (2014) The genetic structure of Staphylococcus aureus
populations from the Southwest Pacific. PLoS ONE 9(7):e100300. doi:10.1371/journal.pone.
0100300

Robinson DA, Enright MC (2003) Evolutionary models of the emergence of methicillin-resistant
Staphylococcus aureus. Antimicrob Agents Chemother 47(12):3926-3934

Robinson DA, Kearns AM, Holmes A, Morrison D, Grundmann H, Edwards G, O’Brien FG,
Tenover FC, McDougal LK, Monk AB, Enright MC (2005) Re-emergence of early pandemic
Staphylococcus aureus as a community-acquired meticillin-resistant clone. Lancet 365
(9466):1256-1258. doi:S0140-6736(05)74814-5 [pii] 10.1016/S0140-6736(05)74814-5

Rossi F, Diaz L, Wollam A, Panesso D, Zhou Y, Rincon S, Narechania A, Xing G, Di Gioia TS,
Doi A, Tran TT, Reyes J, Munita JM, Carvajal LP, Hernandez-Roldan A, Brandao D, van der
Heijden IM, Murray BE, Planet PJ, Weinstock GM, Arias CA (2014) Transferable vancomycin
resistance in a community-associated MRSA lineage. N Engl J Med 370(16):1524-1531.
doi:10.1056/NEJMoal1303359

Rossney AS, Shore AC, Morgan PM, Fitzgibbon MM, O’Connell B, Coleman DC (2007) The
emergence and importation of diverse genotypes of methicillin-resistant Staphylococcus aureus
(MRSA) harboring the Panton-Valentine leukocidin gene (pvl) reveal that pvl is a poor marker
for community-acquired MRSA strains in Ireland. J Clin Microbiol 45(8):2554-2563. doi:
JCM.00245-07 [pii] 10.1128/JCM.00245-07


http://dx.doi.org/10.2217/17460913.2.3.323
http://dx.doi.org/10.1086/504084
http://dx.doi.org/10.1086/504084
http://dx.doi.org/10.1093/jac/dkp260
http://dx.doi.org/10.1093/jac/dkn430
http://dx.doi.org/10.1093/jac/dkn430
http://dx.doi.org/10.1086/605636
http://dx.doi.org/10.1016/j.jhin.2012.10.003
http://dx.doi.org/10.1016/j.diagmicrobio.2013.08.030
http://dx.doi.org/10.1086/652008
http://dx.doi.org/10.1007/978-1-59745-468-1_5
http://dx.doi.org/10.1086/648426
http://dx.doi.org/10.1371/journal.pone.0100300
http://dx.doi.org/10.1371/journal.pone.0100300
http://dx.doi.org/10.1016/S0140-6736(05)74814-5
http://dx.doi.org/10.1056/NEJMoa1303359
http://dx.doi.org/10.1128/JCM.00245-07

Worldwide Epidemiology and Antibiotic Resistance ... 53

Sabat AJ, Budimir A, Nashev D, Sa-Leao R, van Dijl J, Laurent F, Grundmann H, Friedrich AW,
Markers ESGoE (2013) Overview of molecular typing methods for outbreak detection and
epidemiological surveillance. Euro Surveill 18(4):20380

Sader HS, Farrell DJ, Flamm RK, Jones RN (2014) Daptomycin activity tested against 164457
bacterial isolates from hospitalised patients: summary of 8 years of a Worldwide Surveillance
Programme (2005-2012). Int J Antimicrob Agents 43(5):465-469. doi:S0924-8579(14)
00032-6 [pii] 10.1016/j.ijantimicag.2014.01.018

Saha B, Singh AK, Ghosh A, Bal M (2008) Identification and characterization of a
vancomycin-resistant Staphylococcus aureus isolated from Kolkata (South Asia). J Med
Microbiol 57(Pt 1):72-79. doi:57/1/72 [pii] 10.1099/jmm.0.47144-0

Sakoulas G (2009) Clinical outcomes with daptomycin: a post-marketing, real-world evaluation.
Clin Microbiol Infect 15(Suppl 6):11-16. doi:CLM3054 [pii] 10.1111/j.1469-0691.2009.
03054.x

Sakoulas G, Eliopoulos GM, Moellering RC Jr, Wennersten C, Venkataraman L, Novick RP,
Gold HS (2002) Accessory gene regulator (agr) locus in geographically diverse
Staphylococcus aureus isolates with reduced susceptibility to vancomycin. Antimicrob
Agents Chemother 46(5):1492-1502

Salipante SJ, SenGupta DJ, Cummings LA, Land TA, Hoogestraat DR, Cookson BT (2015)
Application of whole-genome sequencing for bacterial strain typing in molecular epidemiol-
ogy. J Clin Microbiol 53(4):1072-1079. doi:JCM.03385-14 [pii] 10.1128/JCM.03385-14

Sanchez Garcia M, De la Torre MA, Morales G, Pelaez B, Tolon MJ, Domingo S, Candel FJ,
Andrade R, Arribi A, Garcia N, Martinez Sagasti F, Fereres J, Picazo J (2010) Clinical
outbreak of linezolid-resistant Staphylococcus aureus in an intensive care unit. JAMA 303
(22):2260-2264. doi:303/22/2260 [pii] 10.1001/jama.2010.757

Sanchini A, Campanile F, Monaco M, Cafiso V, Rasigade JP, Laurent F, Etienne J, Stefani S,
Pantosti A (2011) DNA microarray-based characterisation of Panton-Valentine leuko-
cidin-positive community-acquired methicillin-resistant Staphylococcus aureus from Italy.
Eur J Clin Microbiol Infect Dis 30(11):1399-1408. doi:10.1007/s10096-011-1234-x

Sanchini A, Spitoni MG, Monaco M, Raglio A, Grigis A, Petro W, Menchini M, Pesenti A,
Goglio A, Pantosti A (2013) Outbreak of skin and soft tissue infections in a hospital newborn
nursery in Italy due to community-acquired meticillin-resistant Staphylococcus aureus
USA300 clone. J Hosp Infect 83(1):36—40. doi:10.1016/j.jhin.2012.09.017

Sanchini A, Del Grosso M, Villa L, Ammendolia MG, Superti F, Monaco M, Pantosti A (2014)
Typing of Panton-Valentine leukocidin-encoding phages carried by methicillin-susceptible and
methicillin-resistant Staphylococcus aureus from Italy. Clin Microbiol Infect 20(11):0840—
846. doi:10.1111/1469-0691.12679

Schatz MC, Delcher AL, Salzberg SL (2010) Assembly of large genomes using second-generation
sequencing. Genome Res 20(9):1165-1173. doi:gr.101360.109 [pii] 10.1101/gr.101360.109

Schaumburg F, Kock R, Friedrich AW, Soulanoudjingar S, Ngoa UA, von Eiff C, Issifou S,
Kremsner PG, Herrmann M, Peters G, Becker K (2011) Population structure of Staphylococcus
aureus from remote African Babongo Pygmies. PLoS Negl Trop Dis 5(5):e1150. doi:10.1371/
journal.pntd.0001150

Schaumburg F, Alabi AS, Peters G, Becker K (2014) New epidemiology of Staphylococcus
aureus infection in Africa. Clin Microbiol Infect 20(7):589-596. doi:10.1111/1469-0691.
12690 S1198-743X(14)61144-7 [pii]

Schwarz S, Werckenthin C, Kehrenberg C (2000) Identification of a plasmid-borne chloram-
phenicol-florfenicol resistance gene in Staphylococcus sciuri. Antimicrob Agents Chemother
44(9):2530-2533

Shabir S, Hardy KJ, Abbasi WS, McMurray CL, Malik SA, Wattal C, Hawkey PM (2010)
Epidemiological typing of meticillin-resistant Staphylococcus aureus isolates from Pakistan
and India. J Med Microbiol 59(Pt 3):330-337. doi:10.1099/jmm.0.014910-0

Shallcross LJ, Fragaszy E, Johnson AM, Hayward AC (2013) The role of the Panton-Valentine
leucocidin toxin in staphylococcal disease: a systematic review and meta-analysis. Lancet
Infect Dis 13(1):43-54. doi:10.1016/S1473-3099(12)70238-4


http://dx.doi.org/10.1016/j.ijantimicag.2014.01.018
http://dx.doi.org/10.1099/jmm.0.47144-0
http://dx.doi.org/10.1111/j.1469-0691.2009.03054.x
http://dx.doi.org/10.1111/j.1469-0691.2009.03054.x
http://dx.doi.org/10.1128/JCM.03385-14
http://dx.doi.org/10.1001/jama.2010.757
http://dx.doi.org/10.1007/s10096-011-1234-x
http://dx.doi.org/10.1016/j.jhin.2012.09.017
http://dx.doi.org/10.1111/1469-0691.12679
http://dx.doi.org/10.1101/gr.101360.109
http://dx.doi.org/10.1371/journal.pntd.0001150
http://dx.doi.org/10.1371/journal.pntd.0001150
http://dx.doi.org/10.1111/1469-0691.12690
http://dx.doi.org/10.1111/1469-0691.12690
http://dx.doi.org/10.1099/jmm.0.014910-0
http://dx.doi.org/10.1016/S1473-3099(12)70238-4

54 M. Monaco et al.

Sievert DM, Rudrik JT, Patel JB, McDonald LC, Wilkins MJ, Hageman JC (2008)
Vancomycin-resistant Staphylococcus aureus in the United States, 2002-2006. Clin Infect
Dis 46(5):668-674. doi:10.1086/527392

Sievert DM, Ricks P, Edwards JR, Schneider A, Patel J, Srinivasan A, Kallen A, Limbago B,
Fridkin S (2013) Antimicrobial-resistant pathogens associated with healthcare-associated
infections: summary of data reported to the national healthcare safety network at the centers for
disease control and prevention, 2009-2010. Infect Control Hosp Epidemiol 34(1):1-14. doi:10.
1086/668770

Silva-Carvalho MC, Bonelli RR, Souza RR, Moreira S, dos Santos LC, de Souza Conceicao M, de
Mello Junior SJ, Carballido JM, Rito PN, Vieira VV, Teixeira LA, Sa Figueiredo AM (2009)
Emergence of multiresistant variants of the community-acquired methicillin-resistant
Staphylococcus aureus lineage ST1-SCCmecIV in 2 hospitals in Rio de Janeiro, Brazil.
Diagn Microbiol Infect Dis 65(3):300-305. doi:10.1016/j.diagmicrobio.2009.07.023

Smith TC, Pearson N (2011) The emergence of Staphylococcus aureus ST398. Vector Borne
Zoonotic Dis 11(4):327-339. doi:10.1089/vbz.2010.0072

Smyth DS, McDougal LK, Gran FW, Manoharan A, Enright MC, Song JH, de Lencastre H,
Robinson DA (2010) Population structure of a hybrid clonal group of methicillin-resistant
Staphylococcus aureus, ST239-MRSA-III. PLoS ONE 5(1):e8582. doi:10.1371/journal.pone.
0008582

Sowash MG, Uhlemann AC (2014) Community-associated methicillin-resistant Staphylococcus
aureus case studies. Methods Mol Biol 1085:25-69. doi:10.1007/978-1-62703-664-1_2

Spaan AN, Henry T, van Rooijen WJ, Perret M, Badiou C, Aerts PC, Kemmink J, de Haas CJ, van
Kessel KP, Vandenesch F, Lina G, van Strijp JA (2013) The staphylococcal toxin
Panton-Valentine Leukocidin targets human C5a receptors. Cell Host Microbe 13(5):584—
594. doi:S1931-3128(13)00148-0 [pii] 10.1016/j.chom.2013.04.006

Spaan AN, Schiepers A, de Haas CJ, van Hooijdonk DD, Badiou C, Contamin H, Vandenesch F,
Lina G, Gerard NP, Gerard C, van Kessel KP, Henry T, van Strijp JA (2015) Differential
interaction of the staphylococcal toxins Panton-Valentine leukocidin and gamma-Hemolysin
CB with Human C5a Receptors. J Immunol. doi:jimmunol.1500604 [pii] 10.4049/jimmunol.
1500604

Srinivasan A, Dick JD, Perl TM (2002) Vancomycin resistance in staphylococci. Clin Microbiol
Rev 15(3):430-438

Stefani S, Chung DR, Lindsay JA, Friedrich AW, Kearns AM, Westh H, Mackenzie FM (2012)
Meticillin-resistant Staphylococcus aureus (MRSA): global epidemiology and harmonisation
of typing methods. Int J Antimicrob Agents 39(4):273-282. doi:S0924-8579(11)00468-7 [pii]
10.1016/j.ijjantimicag.2011.09.030

Straus SK, Hancock RE (2006) Mode of action of the new antibiotic for Gram-positive pathogens
daptomycin: comparison with cationic antimicrobial peptides and lipopeptides. Biochim
Biophys Acta 1758(9):1215-1223. doi:S0005-2736(06)00043-5 [pii] 10.1016/j.bbamem.2006.
02.009

Strommenger B, Braulke C, Heuck D, Schmidt C, Pasemann B, Nubel U, Witte W (2008) spa
Typing of Staphylococcus aureus as a frontline tool in epidemiological typing. J Clin
Microbiol 46(2):574-581. doi:JCM.01599-07 [pii] 10.1128/JCM.01599-07

Stryjewski ME, Chambers HF (2008) Skin and soft-tissue infections caused by commu-
nity-acquired methicillin-resistant Staphylococcus aureus. Clin Infect Dis 46(Suppl 5):S368—
377. doi:10.1086/533593

Tenover FC, Weigel LM, Appelbaum PC, McDougal LK, Chaitram J, McAllister S, Clark N,
Killgore G, O’Hara CM, Jevitt L, Patel JB, Bozdogan B (2004) Vancomycin-resistant
Staphylococcus aureus isolate from a patient in Pennsylvania. Antimicrob Agents Chemother
48(1):275-280

Tenover FC, Goering RV (2009) Methicillin-resistant Staphylococcus aureus strain USA300:
origin and epidemiology. J Antimicrob Chemother 64(3):441-446. doi:dkp241 [pii] 10.1093/
jac/dkp241


http://dx.doi.org/10.1086/527392
http://dx.doi.org/10.1086/668770
http://dx.doi.org/10.1086/668770
http://dx.doi.org/10.1016/j.diagmicrobio.2009.07.023
http://dx.doi.org/10.1089/vbz.2010.0072
http://dx.doi.org/10.1371/journal.pone.0008582
http://dx.doi.org/10.1371/journal.pone.0008582
http://dx.doi.org/10.1007/978-1-62703-664-1_2
http://dx.doi.org/10.1016/j.chom.2013.04.006
http://dx.doi.org/10.4049/jimmunol.1500604
http://dx.doi.org/10.4049/jimmunol.1500604
http://dx.doi.org/10.1016/j.ijantimicag.2011.09.030
http://dx.doi.org/10.1016/j.bbamem.2006.02.009
http://dx.doi.org/10.1016/j.bbamem.2006.02.009
http://dx.doi.org/10.1128/JCM.01599-07
http://dx.doi.org/10.1086/533593
http://dx.doi.org/10.1093/jac/dkp241
http://dx.doi.org/10.1093/jac/dkp241

Worldwide Epidemiology and Antibiotic Resistance ... 55

Tenover FC, Arbeit RD, Goering RV, Mickelsen PA, Murray BE, Persing DH, Swaminathan B
(1995) Interpreting chromosomal DNA restriction patterns produced by pulsed-field gel
electrophoresis: criteria for bacterial strain typing. J Clin Microbiol 33(9):2233-2239

Tsao SM, Wang WY, Ko WC, Huang CH, Lu CT, Chuang YC, Liu CY, Liao CH, Chen YS,
Liu YC, Chen WY, Jang TN, Lin HC, Chen CM, Shi ZY, Pan SC, Yang JL, Kung HC,
Liu CE, Cheng YJ, Liu JW, Sun W, Wang LS, Yu KW, Chiang PC, Lee MH, Lee CM,
Hsu GJ, Chen YH, Lu PL, Thomas CY, Hsueh PR (2014) Trend in vancomycin susceptibility
and correlation with molecular characteristics of methicillin-resistant Staphylococcus aureus
causing invasive infections in Taiwan: results from the Tigecycline in vitro Surveillance in
Taiwan (TIST) study, 2006-2010. Diagn Microbiol Infect Dis 80(2):162-167. doi:10.1016/j.
diagmicrobio.2014.06.007

Tsiodras S, Gold HS, Sakoulas G, Eliopoulos GM, Wennersten C, Venkataraman L,
Moellering RC, Ferraro MJ (2001) Linezolid resistance in a clinical isolate of
Staphylococcus aureus. Lancet 358(9277):207-208. doi:S0140-6736(01)05410-1 [pii] 10.
1016/S0140-6736(01)05410-1

Uhlemann AC, Otto M, Lowy FD, DeLeo FR (2014) Evolution of community- and
healthcare-associated methicillin-resistant Staphylococcus aureus. Infect Genet Evol 21:563—
574. doi:S1567-1348(13)00179-2 [pii] 10.1016/j.meegid.2013.04.030

Valentin-Domelier AS, Girard M, Bertrand X, Violette J, Francois P, Donnio PY, Talon D,
Quentin R, Schrenzel J, van der Mee-Marquet N, Bloodstream Infection Study Group of the
Reseau des Hygienistes du C (2011) Methicillin-susceptible ST398 Staphylococcus aureus
responsible for bloodstream infections: an emerging human-adapted subclone? PLoS One
6(12):¢28369. doi:10.1371/journal.pone.0028369

Van Cleef BA, Verkade EJ, Wulf MW, Buiting AG, Voss A, Huijsdens XW, van Pelt W,
Mulders MN, Kluytmans JA (2010) Prevalence of livestock-associated MRSA in communities
with high pig-densities in The Netherlands. PLoS ONE 5(2):9385. doi:10.1371/journal.pone.
0009385

van Cleef BA, Monnet DL, Voss A, Krziwanek K, Allerberger F, Struelens M, Zemlickova H,
Skov RL, Vuopio-Varkila J, Cuny C, Friedrich AW, Spiliopoulou I, Paszti J, Hardardottir H,
Rossney A, Pan A, Pantosti A, Borg M, Grundmann H, Mueller-Premru M, Olsson-Liljequist
B, Widmer A, Harbarth S, Schweiger A, Unal S, Kluytmans JA (2011) Livestock-associated
methicillin-resistant Staphylococcus aureus in humans, Europe. Emerg Infect Dis 17(3):502—
505. doi:10.3201/eid1703.101036

Vandenesch F, Naimi T, Enright MC, Lina G, Nimmo GR, Heffernan H, Liassine N, Bes M,
Greenland T, Reverdy ME, Etienne J (2003) Community-acquired methicillin-resistant
Staphylococcus aureus carrying Panton-Valentine leukocidin genes: worldwide emergence.
Emerg Infect Dis 9(8):978-984. doi:10.3201/eid0908.030089

Verkade E, Kluytmans J (2014) Livestock-associated Staphylococcus aureus CC398: animal
reservoirs and human infections. Infect Genet Evol 21:523-530. doi:10.1016/j.meegid.2013.
02.013

Weigel LM, Clewell DB, Gill SR, Clark NC, McDougal LK, Flannagan SE, Kolonay JF, Shetty J,
Killgore GE, Tenover FC (2003) Genetic analysis of a high-level vancomycin-resistant isolate
of Staphylococcus aureus. Science 302(5650):1569-1571. doi:10.1126/science.1090956 302/
5650/1569 [pii]

Wertheim HF, Melles DC, Vos MC, van Leeuwen W, van Belkum A, Verbrugh HA, Nouwen JL
(2005) The role of nasal carriage in Staphylococcus aureus infections. Lancet Infect Dis 5
(12):751-762. doi:S1473-3099(05)70295-4 [pii] 10.1016/S1473-3099(05)70295-4

WHO (2014) Antimicrobial resistance: global report on surveillance 2014. World Health
Organization, Geneva

Williamson DA, Coombs GW, Nimmo GR (2014) Staphylococcus aureus ‘Down Under’:
contemporary epidemiology of S. aureus in Australia, New Zealand, and the South West
Pacific. Clin Microbiol Infect 20(7):597-604. doi:10.1111/1469-0691.12702 S1198-743X(14)
61145-9 [pii]


http://dx.doi.org/10.1016/j.diagmicrobio.2014.06.007
http://dx.doi.org/10.1016/j.diagmicrobio.2014.06.007
http://dx.doi.org/10.1016/S0140-6736(01)05410-1
http://dx.doi.org/10.1016/S0140-6736(01)05410-1
http://dx.doi.org/10.1016/j.meegid.2013.04.030
http://dx.doi.org/10.1371/journal.pone.0028369
http://dx.doi.org/10.1371/journal.pone.0009385
http://dx.doi.org/10.1371/journal.pone.0009385
http://dx.doi.org/10.3201/eid1703.101036
http://dx.doi.org/10.3201/eid0908.030089
http://dx.doi.org/10.1016/j.meegid.2013.02.013
http://dx.doi.org/10.1016/j.meegid.2013.02.013
http://dx.doi.org/10.1126/science.1090956
http://dx.doi.org/10.1016/S1473-3099(05)70295-4
http://dx.doi.org/10.1111/1469-0691.12702

56 M. Monaco et al.

Witte W (2009) Community-acquired methicillin-resistant Staphylococcus aureus: what do we
need to know? Clin Microbiol Infect 15(Suppl 7):17-25. doi:10.1111/5.1469-0691.2009.
03097.x

Wulf MW, Markestein A, van der Linden FT, Voss A, Klaassen C, Verduin CM (2008) First
outbreak of methicillin-resistant Staphylococcus aureus ST398 in a Dutch hospital, June 2007.
Euro Surveill 13 (9)

Zhang K, McClure JA, Elsayed S, Tan J, Conly JM (2008) Coexistence of Panton-Valentine
leukocidin-positive and -negative community-associated methicillin-resistant Staphylococcus
aureus USA400 sibling strains in a large Canadian health-care region. J Infect Dis 197(2):195-
204. doi:10.1086/523763

Zhu W, Clark NC, McDougal LK, Hageman J, McDonald LC, Patel JB (2008)
Vancomycin-resistant Staphylococcus aureus isolates associated with Inc18-like vanA
plasmids in Michigan. Antimicrob Agents Chemother 52(2):452-457. AAC.00908-07 [pii]
doi:10.1128/AAC.00908-07

Zhu W, Murray PR, Huskins WC, Jernigan JA, McDonald LC, Clark NC, Anderson KF,
McDougal LK, Hageman JC, Olsen-Rasmussen M, Frace M, Alangaden GJ, Chenoweth C,
Zervos MJ, Robinson-Dunn B, Schreckenberger PC, Reller LB, Rudrik JT, Patel JB (2010)
Dissemination of an Enterococcus Incl8-Like vanA plasmid associated with van-
comycin-resistant Staphylococcus aureus. Antimicrob Agents Chemother 54(10):4314-4320.
doi:AAC.00185-10 [pii] 10.1128/AAC.00185-10


http://dx.doi.org/10.1111/j.1469-0691.2009.03097.x
http://dx.doi.org/10.1111/j.1469-0691.2009.03097.x
http://dx.doi.org/10.1086/523763
http://dx.doi.org/10.1128/AAC.00908-07
http://dx.doi.org/10.1128/AAC.00185-10

Structure and Function of Surface
Polysaccharides of Staphylococcus aureus

Christopher Weidenmaier and Jean C. Lee

Abstract The major surface polysaccharides of Staphylococcus aureus include the
capsular polysaccharide (CP), cell wall teichoic acid (WTA), and polysaccharide
intercellular adhesin/poly-B(1-6)-N-acetylglucosamine (PIA/PNAG). These gly-
copolymers are important components of the staphylococcal cell envelope, but none
of them is essential to S. aureus viability and growth in vitro. The overall
biosynthetic pathways of CP, WTA, and PIA/PNAG have been elucidated, and the
functions of most of the biosynthetic enzymes have been demonstrated. Because S.
aureus CP and WTA (but not PIA/PNAG) utilize a common cell membrane lipid
carrier (undecaprenyl-phosphate) that is shared by the peptidoglycan biosynthesis
pathway, there is evidence that these processes are highly integrated and temporally
regulated. Regulatory elements that control glycopolymer biosynthesis have been
described, but the cross talk that orchestrates the biosynthetic pathways of these
three polysaccharides remains largely elusive. CP, WTA, and PIA/PNAG each play
distinct roles in S. aureus colonization and the pathogenesis of staphylococcal
infection. However, they each promote bacterial evasion of the host immune
defences, and WTA is being explored as a target for antimicrobial therapeutics. All
the three glycopolymers are viable targets for immunotherapy, and each (conju-
gated to a carrier protein) is under evaluation for inclusion in a multivalent
S. aureus vaccine. Future research findings that increase our understanding of these
surface polysaccharides, how the bacterial cell regulates their expression, and their
biological functions will likely reveal new approaches to controlling this important
bacterial pathogen.
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Abbreviations

BY-kinases  Bacterial tyrosine kinases

CP Capsular polysaccharide
D-FucNAc D-N-acetyl fucosamine
D-GlcNAc D-N-acetyl glucosamine

D-ManNAc  D-N-acetyl mannosamine
D-ManNAcA D-N-acetyl mannosaminuronic acid
GroP Glycerol phosphate

HGT Horizontal gene transfer
L-FucNAc L-N-acetyl fucosamine

MBL Mannose-binding lectin

MurNAc N-acetyl muramic acid

NT Nontypeable

PIA Polysaccharide intercellular adhesin
PNAG Poly-B(1-6)-N-acetylglucosamine
PG Peptidoglycan

RboP Ribitol phosphate

UDP Undecaprenyl-phosphate

WTA Wall teichoic acid
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1 Introduction

The cell envelope of Staphylococcus aureus and other Gram-positive microbes is a
structurally complex surface organelle that exerts important protective functions for
the bacterium. The cell envelope is composed of peptidoglycan, other cell wall
glycopolymers (often termed secondary cell wall glycopolymers), and proteins.
Besides its role in staphylococcal physiology, the cell envelope also plays a major
role in staphylococcal virulence. We focus here on the cell surface polysaccharides
of S. aureus that are major structural determinants of the cell envelope, play key
roles in host cell interactions, and are therefore promising candidates as targets for
anti-infective therapies and vaccines: capsular polysaccharides (CPs), cell wall
teichoic acid (WTA), and polysaccharide intercellular adhesin/poly-B(1-6)-N-
acetylglucosamine (PIA/PNAG).

2 Capsular Polysaccharides (CPs)

Most bacteria causing invasive diseases produce CPs that serve as essential viru-
lence factors, impeding phagocytosis and enabling bacterial persistence in the
bloodstream of nonimmune infected hosts (Horwitz 1980; Wilkinson 1958; Roberts
et al. 1989; Bittersuermann 1993). In the case of S. aureus, an important oppor-
tunistic pathogen that plays a major role in nosocomial and community-acquired
infections, CPs are produced by the majority of clinical isolates. Although as many
as 13 serotypes were described early on, capsular serotypes 5 (CP5) and 8 (CPS8)
predominate among isolates from humans, accounting for ~25 and 50 % of strains
examined (Hochkeppel et al. 1987; Roghmann et al. 2005; Verdier et al. 2007). CP
serotypes 1 and 2 are authentic, but they have not been detected among collections
of clinical isolates. This observation is consistent with a report from Luong et al.
(2002b) who discovered that the genes encoding CP1 were located on a genetic
element that was defective in mobilization. Like other bacterial capsules, the S.
aureus CPs have been shown to possess antiphagocytic properties, allowing the
bacterium to persist in the blood and tissues of infected hosts (Thakker et al. 1998;
Watts et al. 2005; Portoles et al. 2001).
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2.1 Structures of CP5 and CP8

CP5 and CP8 share similar trisaccharide repeating units of D-N-acetyl man-
nosaminuronic acid (ManNAcA), 1-N-acetyl fucosamine (I-FucNAc), and p-N-acetyl
fucosamine (D-FucNAc). The trisaccharide structures are identical in monosaccharide
composition and sequence, and they differ only in the glycosidic linkages between the
sugars and the sites of O-acetylation (Fournier et al. 1984; Moreau et al. 1990; Jones
2005). The repeating unit structures of CP5 and CP8 are shown in Fig. 1.

2.2 Biosynthesis of CP

Almost all S. aureus strains contain either a cap5A-P or a cap8A-P gene operon that
encodes enzymes for CP5 or CP8 biosynthesis, respectively. The cap5 and cap8
gene clusters (Fig. 2) are chromosomally allelic. The 12 flanking genes are almost
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Fig. 1 Structures of the S. aureus serotype 5 (CP5) and serotype 8 (CP8) capsular
polysaccharides. Copyright © American Society for Microbiology, Infect Immun, 82, 2014,
5049-5055, doi:10.1128/IAL1.02373-14
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Fig. 2 S. aureus cap5 and cap8 gene clusters are allelic. The type-specific genes capHIJK are
flanked on either side by biosynthetic genes that are conserved between cap5 and cap8
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Fig. 3 Putative pathway for the biosynthesis of S. aureus CP. The gene products for which
functions have been verified (CapABDEFGHOP) are indicated by color, and the gene products for
which functions are still not confirmed are shown in gray

identical, whereas the central genes capHIJK bear little homology to each other and
are type specific (Sau et al. 1997a).

The CP biosynthetic gene clusters comprise 16 genes encoding for proteins
involved in capsule biosynthesis (Kiser et al. 1999b; Portoles et al. 2001;
Kneidinger et al. 2003), O-acetylation (Bhasin et al. 1998), transport, and regulation
(Soulat et al. 2006, 2007; Gruszczyk et al. 2013). Database homology searches with
predicted amino acid sequences of the cap5 operon gene products allowed for the
prediction of individual enzymatic functions and the proposal of a pathway for CP5
biosynthesis in S. aureus (O’Riordan and Lee 2004).
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Synthesis of the soluble CP5 precursors has been investigated (Fig. 3) and
occurs in three distinct steps in which the universal substrate UDP-p-GIcNAc is
converted into three different nucleotide-coupled sugars: UDP-p-FucNAc, UDP-L-
FucNAc, and UDP-p-ManNAcA. The synthesis of UDP-p-FucNAc is accom-
plished by the enzyme Cap5D, which converts UDP-GIcNAc to the intermediate
UDP-2-acetamido-2,6-dideoxy-a-p-xylo-hex-4-ulose (Li et al. 2014). This product
can then be stereospecifically reduced at C4 to UDP-p-FucNAc by Cap5 N,
although experimental evidence is still lacking to support this step. Cap5 M is
predicted to transfer D-FucNAc to the membrane-anchored lipid carrier
undecaprenyl-phosphate, yielding lipid Ic,p.

The second reaction that generates the soluble precursor UDP-L-FucNAc
involves the enzymes Cap5SE, CapSF, and Cap5G (Kneidinger et al. 2003). The
bifunctional enzyme Cap5E catalyzes the 4,6-dehydration and 3,5-epimerization of
UDP-GIcNAc, resulting in the formation of UDP-2-acetoamido-2,6-dideoxy-1-lyxo-
4-hexulose. This intermediate is then reduced to UDP-2-acetoamido-2,6-dideoxy-1-
talose by the enzyme CapSF. The activity of the epimerase Cap5G results in the
product UDP-1-FucNAc, which is most likely linked to lipid I.,, by the transferase
Cap5L, leading to the formation of the second capsule lipid intermediate, lipid Il .

The third step involves the synthesis of UDP-ManNAcA, which is generated by
the enzymes Cap5P and Cap50 (Kiser et al. 1999a; Portoles et al. 2001). Cap5P is an
epimerase that converts UDP-p-GIcNAc into UDP-N-acetylmannosamine. This
enzymatic product is oxidized to UDP-p-ManNACcA by the dehydrogenase Cap50.
The transmembrane protein CapSI has been proposed to transfer the ManNAcA
moiety to lipid Il,p, thereby generating the CP5 lipid precursor, lipid Il,,. CP5 is O-
acetylated at position C3 of the 1-FucNAc residue (Jones 2005) by the cytoplasmic
enzyme CapSH, an O-acetyltransferase enzyme (Bhasin et al. 1998). This modifi-
cation likely occurs on lipid IIl.,p, although experimental evidence for this is lacking.
Lipid Il is then translocated to the outer surface of the cell membrane, where
trisaccharide polymerization takes place. These processes are likely facilitated by the
putative flippase Cap5K and polymerase Cap5J, respectively (Sau et al. 1997a;
O’Riordan and Lee 2004). There is evidence that the polymerized CP5 is linked to the
peptidoglycan by a LytR-CpsA-Psr enzyme-mediated mechanism (Chan et al. 2014),
presumably releasing the undecaprenyl-phosphate carrier to begin a new synthesis
cycle. The undecaprenyl-phosphate carrier is usually found in limited amounts within
the cell (Barreteau et al. 2009) and is required for the biosynthesis of peptidoglycan,
WTA, and CP (Bouhss et al. 2008; Guo et al. 2008; Xia et al. 2010). Spatial and
temporal regulation of these processes is poorly understood but is crucial for the
maintenance of bacterial cell growth and cell division.

Modulation of the activity of biosynthetic genes within the cap5 locus has been
linked to tyrosine phosphorylation (Soulat et al. 2006, 2007). Bacterial tyrosine
kinases (BY-kinases) (Grangeasse et al. 2007) belong to the family of P-loop con-
taining kinases (Lee and Jia 2009) in which the “P-loop” designates a characteristic
amino acid sequence resembling the Walker A nucleotide-binding motif. BY-kinases
of Firmicutes are composed of two interacting polypeptides, a transmembrane acti-
vator protein and a cytoplasmic BY-kinase (Grangeasse et al. 2007). The cytoplasmic
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kinase carries a C-terminal tyrosine cluster that undergoes autophosphorylation in the
presence of ATP. Phosphate groups are then transferred to tyrosine residues of target
proteins, thereby modulating their enzymatic activity. A Gram-positive protein tyr-
osine phosphatase has been shown to dephosphorylate the tyrosine kinase enzyme,
resulting in downregulation of its activity (Morona et al. 2002).

Adjacent genes encoding a transmembrane modulator, a cytoplasmic BY-kinase,
and a putative phosphatase have been identified in the genome of S. aureus. The
cap5ABC genes are located at the 5'-end of the cap5 operon, and the highly similar
caplABC genes are located upstream of the S. aureus ica locus (Sau et al. 1997a;
Soulat et al. 2006). CapA proteins are the transmembrane activators, whereas the
CapB proteins are the tyrosine kinase enzymes. In vitro kinase activity could be
demonstrated for CaplB, but not for Cap5SB (Soulat et al. 2006; Gruszczyk et al.
2013). Nonetheless, Soulat et al. (2007) demonstrated that the CapSA/1B complex
phosphorylates the dehydrogenase Cap50 at Tyr89 and that this modification
enhanced Cap50 enzymatic activity in vitro. S. aureus Cap5C and CaplC
show ~55 % amino acid similarity to Streptococcus pneumoniae CpsB, a
manganese-dependent phosphotyrosine protein phosphatase that belongs to the
polymerase and histidinol phosphatase family of phosphoesterases (Morona et al.
2002). Thus, Cap5C is predicted to dephosphorylate the tyrosine kinase activity of
CaplB to modulate CP production by S. aureus.

2.3 Nontypeable S. aureus Isolates

As noted above, 20-25 % of S. aureus clinical isolates are nontypeable (NT), i.e.,
they are nonreactive with antibodies to CP types 1, 2, 5, or 8. Genomic analyses of
S. aureus isolates from humans has revealed that the cap5(8) locus is present in all
strains, regardless of whether or not they produce CP. A molecular characterization
of the cap5(8) locus from a limited number of isolates revealed at least three
mechanisms that can account for the lack of CP production by NT isolates
(Cocchiaro et al. 2006). First, random point mutations in one of the eleven essential
cap genes yielded nonfunctional biosynthetic enzymes, resulting in the failure to
synthesize CP. These mutations could be complemented by functional cap5(8)
genes provided in trans. Secondly, mutations in regulatory loci also resulted in
CP-negative phenotypes. Clinical isolates with mutations in the global regulator
Agr or in the ArlRS two-component regulatory system were phenotypically NT.
Some clinical isolates carried mutations in the promoter (P,,) upstream of cap5(8)
A that is critical for transcription of the cap locus. In light of the complex regulation
of S. aureus CP production (discussed below), other mutations undoubtedly exist in
alternative regulatory circuits that negatively impact CP expression.

The predominant community-acquired methicillin-resistant S. aureus (MRSA)
clone in the USA is USA300. Both MRSA and methicillin-sensitive variants of
USA300 (and its presumed progenitor USAS500) share a CP-negative phenotype
(Montgomery et al. 2008; Boyle-Vavra et al. 2015). Whole-genome sequence
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analysis of 146 USA300 MRSA isolates revealed that they all carry an intact cap5
operon. However, compared to strains that are CP5+, the USA300 lineage contains
four conserved mutations. Genetic complementation experiments revealed that
three of the four mutations (in the cap5 promoter, in cap5D, and in capSE) ablate
CP production in USA300 (Boyle-Vavra et al. 2015) (Table 1).

2.4 Regulation of CP Biosynthesis

S. aureus skilfully controls CP synthesis by various regulatory mechanisms in order to
adapt to its changing environments (O’Riordan and Lee 2004). CP production is
maximal in the postexponential growth phase and is enhanced by growth in high-salt
medium, under iron limitation, in well-aerated broth cultures, or on solid medium
(O’Riordan and Lee 2004; Poutrel et al. 1995; Cunnion et al. 2001; Lee et al. 1993). In
contrast, inhibition of CP production is achieved by cultivation under conditions of
high glucose, CO,, or anaerobiosis (Herbert et al. 1997). The cap5(8) operons are
transcribed by P.,, upstream of capA (Sau et al. 1997b; Herbert et al. 2001). P,
activity generally correlates with CP synthesis, suggesting that regulation occurs
predominantly at the transcriptional level (Hartmann et al. 2014; Jansen et al. 2013;
Meier et al. 2007; Romilly et al. 2014). Different environmental cues are signaled
through the activity of a number of interactive regulatory systems composed of
transcriptional factors and two-component regulatory systems. Notably, CP pro-
duction is upregulated by Agr (Dassy et al. 1993; Pohlmann-Dietze et al. 2000; Luong
et al. 2002a), ArlRS (Fournier et al. 2001; Cocchiaro et al. 2006; Liang et al. 2005;
Luong and Lee 2006), SigB (Bischoff et al. 2004), MgrA (Gupta et al. 2013; Romilly
etal. 2014; Luong et al. 2003), SpoVG (Schulthess et al. 2009), and CcpA (Seidl et al.
2006). Repression of CP production has been reported for CodY (Majerczyk et al.
2010; Pohl et al. 2009), CcpE (Hartmann et al. 2014; Ding et al. 2014), SaeRS
(Steinhuber et al. 2003; Luong et al. 2011), and Air (Sun et al. 2012). Not all of these
regulatory molecules act directly to influence cap5(8) expression, since some of them
modulate CP expression through their interactions with other regulatory molecules.

A central player in the regulatory network is the quorum-sensing system Agr,
which includes the agrBDCA operon and the divergently transcribed RNAIII
molecule (Thoendel et al. 2011; Novick and Geisinger 2008). cap5(8) expression is
highly dependent on Agr activity (Luong et al. 2002a; Pohlmann-Dietze et al. 2000;
Dassy et al. 1993), and some CP-negative clinical isolates were found to lack Agr
function (Fischer et al. 2014; Cocchiaro et al. 2006). The Agr-driven effector
molecule RNAIII promotes cap expression largely via inactivation of the repressor
Rot (George et al. 2015).

Within the bacterial population, there is considerable CP phenotypic variability,
such that some bacterial cells are CP+ and others are CP—. Heterogeneity of CP
expression in a given bacterial culture was first described by labeling staphylococci
with CP antibodies and analysis by either flow cytometry (Poutrel et al. 1997) or
immunofluorescence (Pohlmann-Dietze et al. 2000). More recently, George et al.
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Table 1 Relationship between S. aureus strain type and capsule type

Clonal MLST? | Strain name | cap CP Comments
complex genotype | phenotype
1 1 MW2 cap8 8 Scant CP8; cap8A mutant
1 1 Sanger 476 cap8 NT Mutation in cap8A, om
5 5 N315 cap5 NT Mutation in cap5B and
arlR
5 4 Mu3 cap5 Not done
5 5 Mu50 cap5 5
5 4 502A cap5 5
5 225 USA100 cap5 5
8 8 NCTCS8325 cap5 NT capSE mutant
8 8 USA300 cap5 NT Mutations in cap5A,.om
cap5D, and cap5SE
8 8 USAS500 cap5 NT Mutations in cap5A,.om
and cap5D
8 250 COL cap5 5
8 254 Newman cap5 5
8 239 TW20 cap8 Not done
8 239 HS-522 cap8 8
8 239 EMRSA 4 cap8 8
8 239 EMRSA 7 cap8 8
22 22 16 cap5 5
30 30 MN8 cap8 8
30 30 PS80 cap8 8
30 30 TCH60 cap8 Not done
30 30 UAMS-1 cap8 8
30 30 USA1100 cap8 8
30 36 Sanger 252 cap8 8
45 45 Wright cap8 8
45 45 Becker cap8 8
59 59 USA1000 cap8 8
59 59 IVDU33 cap8 8
59 59 D535 cap8 8
59 59 D551 cap8 8
25 Reynolds cap5 5
93 HT2001634 | cap8 8
151 RF122 cap8 8
398 cap5 Not done

MLST, S. aureus multilocus sequence type

used single-cell assays to measure both cap5 expression and CP production
(George et al. 2015). Both parameters exhibited heterogeneity within the population
and were strongly growth-phase dependent. However, neither the temporal
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expression of CP nor its heterogeneity could be attributed to the regulation by Agr,
CodY, or Sae. Variation in CP production may be part of a general mechanism by
which the bacterial population enhances its adaptability to its immediate sur-
roundings to improve its overall fitness and survival. CP+ bacterial cells could thus
evade uptake and killing by professional phagocytes, whereas the unencapsulated
subpopulation would be better suited for adherence to matrix proteins and/or
invasion of host cells.

2.5 Role of S. aureus CPs in Virulence

The majority of S. aureus clinical isolates worldwide expresses CP5 and CP8, and
they have been shown to be critical for bacterial survival in the blood (Thakker
et al. 1998; Watts et al. 2005). S. aureus clearance by the host is dependent upon
opsonic antibodies that promote uptake and killing of this microbe by host neu-
trophils. CPs are important in immune evasion, allowing the bacterium to evade
phagocytic uptake and killing (Thakker et al. 1998; Watts et al. 2005; Nanra et al.
2013). Antibodies to CPs neutralize the antiphagocytic nature of the capsule and
effectively mediate uptake and killing of encapsulated isolates by professional
phagocytes (Thakker et al. 1998; Wacker et al. 2014; Park et al. 2014). Bhasin et al.
(1998) reported that CP5 O-acetylation rendered S. aureus more resistant to
opsonophagocytic killing by human neutrophils than CP5 that was O-deacetylated.
Moreover, in a mouse model of staphylococcal infection, the parental strain was
able to seed the bloodstream from the peritoneal cavity and colonize the kidneys
more efficiently than the O-deacetylated mutant (Bhasin et al. 1998).

In addition to the critical role of the CPs in bacteremia, the S. aureus CPs have
also been shown to enhance virulence in rodent models of surgical wound infection
(McLoughlin et al. 2006), septic arthritis (Nilsson et al. 1997), subcutaneous
abscess formation (McLoughlin et al. 2006), and renal abscess formation (Portoles
et al. 2001). Structural studies on CP8 revealed that it has a zwitterionic charge
motif conferred by the negatively charged ManNAcA residue and free amino
groups available on partially N-acetylated fucosamine residues (Tzianabos et al.
2001). Purified CP8 was shown to activate CD4+ T cells in vitro, and purified CP5
and CPS8 facilitated intraabdominal abscess formation when administered to rats
with an adjuvant. T cells activated in vitro with CP8 could modulate the devel-
opment of abscesses in vivo.

However, CP production does not promote staphylococcal virulence in all
infection models. CP5 and CP8 attenuated staphylococcal virulence in the rat model
of catheter-induced endocarditis (Baddour et al. 1992; Nemeth and Lee 1995) and
in murine mammary gland infections (Tuchscherr et al. 2005). Abundant CP can
mask cell surface adhesins that bind to specific host target molecules (Kuypers and
Proctor 1989; Moreillon et al. 1995). Additional evidence that CPs inhibit
staphylococcal adherence was provided by in vitro experiments wherein only
unencapsulated S. aureus bound to endothelial cells (Pohlmann-Dietze et al. 2000).
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Likewise, CP5 or CP8 expression diminished S. aureus clumping factor
A-mediated binding to fibrinogen and human platelets in vitro (Risley et al. 2007).
Host Toll-like receptors (TLRs) are critical in innate and adaptive immune
responses because they sense invading pathogens and signal the production of
proinflammatory cytokine responses and prime Thl and Th17 responses. Hilmi
et al. reported that CPs mask TLR2 activity in S. aureus by interfering with
lipoprotein recognition by TLR2 (Hilmi et al. 2014).

2.6 CP5 and CP8 as Vaccine Components

Fattom et al. (1990) at Nabi Biopharmaceuticals were the first to produce a vaccine
based on the S. aureus CPs. They conjugated CP5 and CP8 to nontoxic recombinant
Pseudomonas aeruginosa exoprotein A (rEPA). CP5- and CP8-EPA were
immunogenic in mice and humans, and they induced opsonic antibodies that showed
efficacy in protecting rodents from lethality and reducing the bacterial burden in
nonlethal staphylococcal infections (Fattom et al. 1990, 1993, 1996). More recently,
active immunization with CP conjugate vaccines or passive immunization of anti-
bodies to CP5 or CP8 has been shown to reduce bacteremia in rodent infection
models (Wacker et al. 2014; Park et al. 2014; Lee et al. 1997). Likewise, capsular
antibodies have shown protective efficacy in rodent models of mastitis, endocarditis,
and skin abscesses (Skurnik et al. 2010; Tuchscherr et al. 2008; Lee et al. 1997).

Nabi combined the CP5 and CP8 conjugate vaccines into a bivalent vaccine called
StaphVAX for immunization of humans at elevated risk for S. aureus infection.
A phase III clinical trial of the vaccine enrolled 1804 hemodialysis patients (Shinefield
et al. 2002) with the goal of preventing S. aureus bacteremia during the period from
weeks 3 to 54 after immunization. A single dose of the vaccine was immunogenic and
significantly (P=0.02) reduced the incidence of S. aureus bacteremiaby 57 % between
weeks 3 and 40 after immunization. However, at the study end point (week 54), the
vaccine efficacy was only 26 %, which was not statistically significant (Shinefield et al.
2002). The reduction in vaccine efficacy after week 40 correlated with a decline in CP5
and CP8 antibody levels among the vaccine recipients.

A confirmatory phase III clinical trial enrolled 3600 hemodialysis patients who
were evaluated for bacteremia from 3 to 35 weeks after receiving StaphVAX
(NCT00071214). To boost their antibody levels, a second dose of StaphVAX was
administered, and the patients were followed for an additional six months. Results
from the second trial showed that StaphVAX offered no significant protection
against bacteremia over the placebo control (3-35 weeks, —23 % efficacy; 3—
60 weeks, —8 % efficacy (Fattom et al. 2015). These results led Nabi to halt further
development of StaphVAX.

Despite their failure in clinical trials when used alone in hemodialysis patients
(Shinefield et al. 2002; Fattom et al. 2015), CP5 and CP8 conjugate vaccines are
believed to be important components for a multivalent staphylococcal vaccine
(Wacker et al. 2014; Nanra et al. 2013; Scully et al. 2014). GlaxoSmithKline
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performed a phase I trial with a multicomponent vaccine that included CP5 and CP8
conjugated to tetanus toxoid (TT) (Levy et al. 2015) (ClinicalTrials.gov
NCTO01160172). Similarly, CP5 and CP8 conjugated to CRM197 are included in
multicomponent vaccines that have reached early clinical trials sponsored by Pfizer
(Nissen et al. 2015) (ClinicalTrials.gov NCT01018641), and CP5-CRM and
CP8-CRM are included in the ongoing Pfizer phase 2b trial of the SA4Ag vaccine
in subjects having elective lumbar spinal fusion procedures (NCT02388165).

Park et al. (2014) recently reported that antibodies elicited by a S. aureus
CP8-CRM197 conjugate vaccine react with and protect against both serotype 5 and
8 isolates of S. aureus in a bacteremia infection model. De-O-acetylation of CP5
increased its reactivity with CP8 antibodies, suggesting that the shared epitope was
L-FucNAc-p-FucNAc, which is O-acetylated in native CP5. Whether a CP8 con-
jugate vaccine could protect against a range of clinical serotype 5 S. aureus isolates
remains to be determined.

3 Wall Teichoic Acid (WTA)

WTA is a major surface determinant of S. aureus and an integral part of its cell
envelope (Brown et al. 2013; Sewell and Brown 2014). It is comprised of 30-50
ribitol phosphate subunits and is produced by all strains of S. aureus. It has
important roles in cell wall maintenance, colonization, and susceptibility to
antimicrobial agents.

3.1 Structure of WTA

A significant percentage (Neuhaus and Baddiley 2003; Bertsche et al. 2011;
Weidenmaier et al. 2004) of the S. aureus cell wall biomass can be WTA, and due
to the polymer length, WTA molecules extend beyond the peptidoglycan
(PG) (Matias and Beveridge 2005, 2006). As shown in Fig. 4, the WTA polymer
consists of a disaccharide linkage unit and a main chain, which is composed of
phosphodiester-linked ribitol repeating units (Endl et al. 1983, 1984). The linkage
unit, which connects the WTA to the peptidoglycan, is a disaccharide that contains
N-acetylmannosamine linked Bl — 4 to N-acetylglucosamine-1-phosphate
[ManNAc (Bl — 4) GIcNAc-1P] and two glycerol-3-phosphate (GroP) units
linked to the C4 oxygen of ManNAc (Araki and Ito 1989; Kojima et al. 1985;
Sewell and Brown 2014; Brown et al. 2013). The anomeric 1-P of the GIcNAc is
attached via a phosphodiester bond to the C6 hydroxyl group of N-acetylmuramic
acid (MurNAc) in the PG (Brown et al. 2013). The main chain consists of 1,5-p-
ribitol phosphate (RboP) repeating units that are attached to the last GroP of the
linkage unit. The RboP units of S. aureus WTA are modified with p-alanine and
GIcNAc, which creates heterogeneity in WTA molecular composition among
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Fig. 4 WTA structure. WTA is a PG-anchored cell wall polymer that consists of
phosphodiester-linked ribitol phosphate repeating units that are modified with D-alanine and
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different S. aureus strains. The p-alanyl residues are connected via an ester linkage
to position 2 of RboP (Neuhaus and Baddiley 2003; Peschel et al. 1999, 2000). The
negatively charged phosphodiesters and the positively charged p-alanine ester
modifications lead to a zwitterionic charge of the repeating units (Weidenmaier
et al. 2010). p-alanine ester content is regulated and variable and depends on
physiological factors such as temperature, pH, and salt concentration (Jenni and
Berger-Bachi 1998; Neuhaus and Baddiley 2003). The WTA GIcNAc substitution
is found in position 4 of RboP, and there are indications that S. aureus can modulate
the relative amounts of a- and B-glycosylation depending on the environmental
conditions (Brown et al. 2012). A high percentage of the RboP repeating units in S.
aureus contain O-GIcNAc substituents (Jenni and Berger-Bachi 1998;
Weidenmaier et al. 2004). Depending on the staphylococcal strain, the anomeric
configuration of the glycosidic linkage to RboP can either be exclusively o or f or a
mixture of both anomers (Endl et al. 1983; Winstel et al. 2014b, 2015).

3.2  Biosynthesis of WTA

The first step in the biosynthesis of WTA is the transfer of GIcNAc-1-phosphate from
UDP-GIcNAc to the undecaprenyl-phosphate lipid carrier (termed bactoprenol),
catalyzed by TarO (Weidenmaier et al. 2004; Soldo et al. 2002a) (Fig. 5). RboP
biosynthesis genes have been annotated as far genes, whereas GroP biosynthesis
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Fig. 5 Pathway for the biosynthesis of WTA in S. aureus. WTA biosynthesis occurs directly at
the cytoplasmic membrane, starting with the addition of GIcNAc from UDP-GIcNAc to
undecaprenyl-phosphate. After the addition of ManNAc, the anchor structure is completed by
adding two GroP molecules. Up to 40 ribitol phosphate (RboP) molecules are polymerized
stepwise until the WTA molecule is completed, modified with GIcNAc, and transported across the
cytoplasmic membrane by TarGH. The mature polymer is linked to the C6 atom of MurNAc in the
PG and modified with D-alanine. In contrast, PG biosynthesis starts with the transfer of an
UDP-MurNAc-pentapeptide to undecaprenyl-phosphate. After addition of GIcNAc and transport
across the cytoplasmic membrane, the multifunctional penicillin-binding proteins incorporate the
new precursor into the growing peptidoglycan

genes are termed tag genes. Both annotations can be found for the genes responsible
for the S. aureus linkage unit biosynthesis; we use the far nomenclature throughout
this chapter. The universal lipid carrier is also used in the biosynthesis of peptido-
glycan as well as CPs, and therefore, the three pathways compete for the bactoprenol,
which only exists in small amounts in the cytoplasmic membrane.

The next step in the WTA biosynthetic pathway is the transfer of ManNAc from
UDP-ManNAc to the C4 hydroxyl group of GIcNAc. The synthesis of the
ManNAc-B1,4-GlcNAc disaccharide is catalyzed by TarA (Ginsberg et al. 2006;
Zhang et al. 2006). The UDP-ManNAc donor sugar is synthesized from
UDP-GIcNAc by the epimerase MnaA [YvyH (Soldo et al. 2002b)]. TarB, a
glycerol phosphotransferase, transfers a GroP unit from CDP-glycerol to the C4
position of ManNAc (Ginsberg et al. 2006; Bhavsar et al. 2005). The TarF enzyme
then catalyzes the transfer of an additional GroP to the linkage unit (Brown et al.
2010). The GroP units are derived from CDP-glycerol, which is synthesized by
TarD (Badurina et al. 2003). The >40 RboP units of the main chain are then
polymerized by TarL (or a second enzyme termed TarK, see below) (Pereira et al.
2008; Ginsberg et al. 2006; Brown et al. 2008). These enzymes both prime the
linkage unit and complete the main chain of the polymer (Brown et al. 2008;
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Meredith et al. 2008). The CDP-ribitol substrate for the polymerization is synthe-
sized by two enzymes: Tarl, a cytidyltransferase, and TarJ, an alcohol dehydro-
genase (Pereira and Brown 2004). Most S. aureus strains possess two full sets of
tarlJL genes (the additional set has been termed tar[’J’K) (Qian et al. 2006),
although the significance of these duplicated genes has not yet been unraveled. Still
in the cytoplasm, the lipid-linked WTA polymer is modified with a-linked and/or f3-
linked GIcNAc by TarM and/or TarS, respectively (Brown et al. 2012; Xia et al.
2010). The WTA polymer is then transported to the extracellular surface of the
cytoplasmic membrane by the TarGH ABC transporter system (Lazarevic and
Karamata 1995). The lipid-linked polymer is p-alanylated by gene products from
the ditABCD operon (Peschel et al. 1999; Neuhaus and Baddiley 2003; May et al.
2005) and transferred from the undecaprenyl lipid carrier to PG. The source of p-
alanine is still subject to debate, and two possible mechanisms have been proposed
(May et al. 2005; Wecke et al. 1996; Perego et al. 1995; Reichmann et al. 2013).
Either WTA can serve directly as an acceptor of Dlt-activated p-alanine or a
lipid-anchored teichoic acid with GroP backbone, termed lipoteichoic acid (LTA),
gets predominantly p-alanylated by the gene products of the dlt operon and then
serves as the source of p-alanine for WTA p-alanylation. A recent study indicated
that the majority of WTA-bound p-alanine residues are transferred from LTA;
however, in the absence of LTA, WTA can also serve as a direct acceptor for
Dlt-activated p-alanine (Reichmann et al. 2013). Transfer of the mature WTA
polymers from undecaprenyl-phosphate to the C6 hydroxyl group of MurNAc in
the PG is catalyzed by three enzymes (Msr, SA0908, and SA2101, alternatively
termed LytR-CpsA-Psr) whose biochemical activity has not yet been confirmed
(Kawai et al. 2011; Dengler et al. 2012; Chan et al. 2013).

3.3 Regulation of WTA Biosynthesis

Regulation of WTA biosynthesis remains poorly understood. Meredith et al. (2008)
reported that S. aureus regulates WTA polymer chain length. An analysis of
extracted WTAs from strains that produce only TarL. or TarK revealed that these
enzymes produce electrophoretically distinct RboP WTAs, designated L-WTA and
K-WTA. K-WTA was reported to be up to 50 % shorter than L-WTA, and K-WTA
biosynthesis was negatively regulated by the Agr quorum-sensing system (Meredith
et al. 2008). Therefore, under conditions of low Agr activity (low population
density), both K-WTA and L-WTA may be produced, whereas a high population
density allows predominantly for L-WTA synthesis (Swoboda et al. 2010).
However, the physiological relevance of the two WTA types is not clear. Additional
evidence for the regulation of WTA biosynthesis comes from studies that impli-
cated WTA in antibiotic resistance (Bertsche et al. 2011, 2013; Mishra et al. 2014).
Cell wall stress mediated by different antibiotics leads to a phenotype that is
characterized by a significant increase in WTA amounts in the cell walls of
antibiotic-resistant strains (see below). In addition, the stereochemistry of the
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GlcNAc modifications seems to be regulated since WTA GIcNAc modifications
play an important role in f-lactam resistance (Brown et al. 2012). However, when
the impact of P-lactam treatment on expression of the glycosyltransferases was
assessed, only farS but not tarM expression was strongly upregulated by oxacillin
(B-lactam) treatment. Another important aspect is the possible cross-regulation of
WTA and CP biosynthesis. Campbell et al. (2012) reported that inhibition of
late-stage WTA biosynthesis leads to a downregulation of CP biosynthesis genes.
Like PG and WTAs, CP is synthesized on the universal bactoprenol carrier lipid,
and the downregulation of CP biosynthetic genes may conserve the carrier lipid for
use in the essential process of PG synthesis.

3.4 Role of WTA in S. aureus Physiology

WTA polymers play different roles in staphylococcal physiology that range from cell
wall homeostasis to receptors for S. aureus-specific bacteriophages (Weidenmaier
and Peschel 2008). One important aspect is the role of WTA in the regulation of PG
synthesis and turnover. Functional interactions between WTA and enzymes of PG
synthesis have been observed in S. aureus (Brown et al. 2013) since WTA targets the
PG cross-linking enzymes PBP4 and FmtA to the septum (Atilano et al. 2010;
Qamar and Golemi-Kotra 2012; Farha et al. 2013). These enzymes are mislocalized
in tarO mutants lacking WTA, which leads to a decrease in PG cross-linking (Schlag
et al. 2010). Several studies indicate that inhibition of early WTA biosynthesis can
restore B-lactam sensitivity in MRSA strains, which could be due to simultaneous
blocking of the PG cross-linking enzymes PBP2 and PBP4 (Campbell et al. 2011;
Farha et al. 2013). However, B-lactam-mediated cell wall stress can lead to over-
expression of WTA and therefore steric hindrance of the antibiotic. This indicates
that the B-lactam resistance phenotype could be directly WTA mediated (Bertsche
etal. 2011, 2013). Additional molecular studies in different mutant backgrounds are
required to clearly pinpoint the role of WTA in cell wall morphogenesis.

In addition to localizing cross-linking enzymes to the septum, WTA has been
implicated in the regulation of PG lytic enzymes (Schlag et al. 2010). Strains
lacking WTAs exhibit increased autolysis rates (Biswas et al. 2012; Schlag et al.
2010); however, it has not been demonstrated that WTA directly regulates autolysin
activity. Some reports hypothesize that autolytic enzymes with a positive net charge
could interact with the polyanionic polymers of the staphylococcal cell wall
(Neuhaus and Baddiley 2003; Fischer et al. 1981; Bierbaum and Sahl 1985). In line
with this theory, the incorporation of p-alanine esters could modulate the recruit-
ment of the autolytic enzymes due to electrostatic repulsion. This would allow
exclusion of autolysins from sites with high amounts of p-alanylated WTA (e.g.,
cell poles), whereas the septum area might only contain nascent non-p-alanylated
WTA, which would allow for autolytic cleavage of the PG (Frankel and
Schneewind 2012; Schlag et al. 2010). However, both WTA and LTA are subject to
p-alanylation, and further studies are required to elucidate the relative role and
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spatial organization of WTA and LTA biosyntheses. Besides the b-
alanine-mediated exclusion model, WTA or LTA could indirectly modulate enzyme
activity through ion chelation (Biswas et al. 2012; Wecke et al. 1996). Some reports
indicate that WTAs can scavenge extracellular metal ions due to the extension of
the polymer beyond the PG layer (Kern et al. 2010; Wickham et al. 2009; Thomas
and Rice 2015). WTA ion scavenging might also affect the physicochemical
composition and integrity of the cell wall by minimizing repulsion between closely
positioned phosphate groups. In addition, proton binding by WTA and/or LTA
might create localized changes in pH, indirectly modulating the function of some
enzymes, and might stabilize osmotic pressure in the cell wall (Neuhaus and
Baddiley 2003; Biswas et al. 2012). Although some of these mechanisms correlated
with phenotypes in WTA-negative mutants, it has not been demonstrated whether
the lack of WTA affects LTA biosynthesis directly, and thus, the relative role of
WTA and LTA in cell envelope homeostasis remains unclear.

3.5 Role of WTA as Phage Receptor and Glycocode
Jor Horizontal Gene Transfer

Using isogenic mutants with altered WTA structures, Xia et al. (2011) first
demonstrated that WTAs, but not LTAs, are required for siphovirus and myovirus
infection of S. aureus. Whereas the siphoviruses were reported to require WTA O-
GlcNAc modification for adsorption, the myoviruses interact directly with the
backbone of WTA (Xia et al. 2011; Winstel et al. 2013).

All known S. aureus phages belong to the order Caudovirales (tailed phages),
which are composed of an icosahedral capsid filled with double-stranded DNA and
a thin filamentous tail (Xia and Wolz 2014). Based on the tail morphology, they can
be further classified into three major families: Podoviridae (very short tail);
Siphoviridae (long noncontractile tail); and Myoviridae (long contractile tail).
Important serogroups within the siphoviridae are A, B, and F, while serogroup D is
important in the myoviridae family (Xia and Wolz 2014). ®11 and ®80a are
important phages (serogroup B) that interact with WTA GIlcNAc modifications
(Winstel et al. 2014b; Xia et al. 2011) and are capable of transducing DNA between
S. aureus strains (Winstel et al. 2013, 2014b). Such phages are responsible for
staphylococcal horizontal gene transfer (HGT) of mobile genetic elements like
staphylococcal pathogenicity islands, where they act as helper phages (Winstel
et al. 2013, 2014b). Winstel et al. (2013) demonstrated that the variable structure of
glycosylated WTA constitutes a “glycocode” that is used by transducing phages
and defines the routes and directions of HGT. Apparently, the presence of similar
WTA structures enables DNA exchange via helper bacteriophages even across
species or genera boundaries, e.g., RboP WTA containing S. aureus and Listeria
grayi ATCC25401, whereas unique S. aureus clones producing altered WTA (e.g.,
PS187 GroP WTA) become separated from the S. aureus genetic pool and could
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initiate new routes of HGT with other bacterial species and genera that share related
WTA (e.g., Listeria monocytogenes ATCC19118 or Staphylococcus epidermidis,
which also exhibit GroP WTA) (Winstel et al. 2013). Importantly, antibiotic stress
is known to activate prophages (Goerke et al. 2006a, b), thereby contributing to
phage-mediated HGT (Ubeda et al. 2005). Recently developed compounds
blocking the biosynthesis of WTA (Suzuki et al. 2011b) may help to reduce the
frequency of phage-dependent HGT, for example, in chronic polymicrobial
infections.

3.6 Role of WTA in Antibiotic Resistance and WTA
Inhibitory Compounds

WTA can modulate several aspects of S. aureus physiology (cell wall integrity,
density, and charge) that affect antibiotic resistance. WTA plays a role in p-lactam
resistance since MRSA WTA mutants or MRS A mutants that were treated with WTA
biosynthesis inhibitors were found to be highly susceptible to B-lactam antibiotics,
such as methicillin/oxacillin (Campbell et al. 2011; Farha et al. 2013, 2014). In
contrast to MRSA mutants lacking p-alanine or a-O-GlcNAc substitutions on WTA,
which are not affected in their resistance profiles for most f-lactam antibiotics, the
lack of B-O-GlcNAc residues rendered MRSA susceptible to f-lactams (Brown et al.
2012). Interestingly, farS but not rarM expression levels were significantly upregu-
lated by oxacillin treatment, consistent with the role of the B-O-GIcNAc glycosyl-
transferase TarS in B-lactam resistance (Brown et al. 2012). However, the molecular
mechanisms that confer the role of TarS in B-lactam resistance remain elusive. WTA
B-O-GlcNAc may contribute to the scaffolding function of WTA for cell wall syn-
thesis enzymes such as PBP2 and PBP4 or cell wall-associated proteins that directly
or indirectly modulate the activity of PBPs (Brown et al. 2012; Atilano et al. 2010;
Qamar and Golemi-Kotra 2012). As noted previously, WTA modulates the physic-
ochemical properties of PG, and as such, WTA glycosylation might affect this
function (Sutcliffe 2012). In addition, WTA biosynthesis is significantly upregulated
under cell wall stress conditions exerted by antibiotics like daptomycin (Bertsche
etal. 2011, 2013; Mishra et al. 2014). These studies provide evidence that an increase
in cell wall thickness is a consequence of an elevated WTA content. Furthermore,
increased WTA bp-alanylation is a relatively common phenotype among
daptomycin-resistant S. aureus strains (Bertsche et al. 2013). These phenotypic
alterations are consistent with the observed changes in the positive surface charge
characteristics and transcriptional enhancement of expression of genes involved in
WTA biosynthesis. WTA overexpression and hyper-p-alanylation phenotypes lead to
steric and electrostatic exclusion/repulsion of daptomycin in its active Ca**-com-
plexed form (Bertsche et al. 2013). Since MRSA and daptomycin-resistant pheno-
types are multifactorial, it is not clear whether daptomycin and p-lactam antibiotics
affect WTA biosynthesis regulation via similar pathways.
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The important roles of WTA in host colonization, infection, and drug resistance
make its biosynthetic pathway a promising target for novel anti-infectives
(Campbell et al. 2011; Brown et al. 2012; Suzuki et al. 2011b; Farha et al. 2013,
2014; Wang et al. 2013; Swoboda et al. 2009; Sewell and Brown 2014). The
Walker laboratory developed whole-cell bioactive compound screens for substances
that were growth inhibitory to wild-type S. aureus but not to the ArarO mutant (Lee
et al. 2010; Swoboda et al. 2009). Chemicals identified in this screen were pre-
dominantly late-step inhibitors of WTA biosynthesis. One compound was further
optimized through a structure—activity relationship analysis and termed targocil
(Lee et al. 2010). Extensive in vitro enzymatic assays pointed to the export system
of WTA as the drug target. Mapping of spontaneous suppressor mutations con-
ferring resistance to targocil identified TarG, the translocase component of the ABC
export complex, as the primary target (Boles et al. 2010). A similar screen by
Merck (Wang et al. 2013) uncovered three diverse chemical classes of late-stage
WTA inhibitors: tricyclic indole acids, N-aryl-triazoles, and C-aryl-triazoles. Again,
suppressor mutations mapped to tarG, and TarG inhibitors were found to be
effective in a mouse thigh infection model (Wang et al. 2013). However, the
frequency of resistance to TarG inhibitors is high, and not only mutations in tarG
but also loss-of-function mutations in farO or tarA render isolates resistant.
However, the latter mutations may not play a role under in vivo conditions, since
loss of function in early WTA biosynthesis pathway steps leads to reduced
staphylococcal virulence. The Brown laboratory recently identified ticlopidine as an
inhibitor of early WTA biosynthesis. The molecular target of ticlopidine is TarO
(Farha et al. 2013), and they produced chemically optimized analogs that exhibited
enhanced activity against TarO (Farha et al. 2014). Another novel compound with
potent bactericidal activity against S. aureus, termed teixobactin, simultaneously
blocks the bactoprenol-bound early intermediates of both PG and WTA biosyn-
theses, and is likely to impact CP biosynthesis as well (Ling et al. 2015).

3.7 Role of WTA in Colonization and Virulence

An early report indicated that WTA plays a role in S. aureus adhesion to epithelial
surfaces (Aly et al. 1980). However, more detailed molecular in vitro and in vivo
studies were not reported before Weidenmaier et al. published the first characteri-
zation of a genetically defined AzarO mutant (Weidenmaier et al. 2004). Similarly,
the Brown group subsequently reported that a tarA mutant also resulted in a
WTA-negative phenotype (D’Elia et al. 2009). Interestingly, many of the genes
downstream of farA in the S. aureus WTA pathway are essential unless tarO or
tarA is deleted first (D’Elia et al. 2006a, b). The conditional essential nature of
WTA biosynthesis genes can be explained by toxicity of the depletion of
undecaprenyl-phosphate-linked PG precursors and the resulting disruption of PG
biosynthesis (Brown et al. 2013; Swoboda et al. 2010; Sewell and Brown 2014).
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S. aureus nasal colonization is a major risk factor for infections with the colo-
nizing strain, and so it is important to understand the multifactorial molecular
events required for colonization (Weidenmaier et al. 2012). S. aureus AtarO
mutants are greatly impaired in their ability to adhere to epithelial tissues and to
colonize the nasal cavity and gastrointestinal tract of rodents (Weidenmaier et al.
2004; Weidenmaier and Peschel 2008; Winstel et al. 2015; Baur et al. 2014;
Misawa et al. 2015). WTA has been shown to interact with a type F-scavenger
receptor in the inner nasal cavity, which plays a role in creating a nasal reservoir for
S. aureus (Baur et al. 2014). Blocking the interaction of the scavenger receptor
SREC-I with WTA reduced S. aureus nasal colonization. The identification of a
WTA receptor sheds new light on the impact of WTA as a nonprotein adhesin of S.
aureus. WTA glycosylation was reported to be an important structural motif for S.
aureus interaction with nasal epithelial surfaces (Winstel et al. 2015). Whether the
O-GIcNAc modifications play a role in the interaction with SREC-I or serve as a
coreceptor that recognizes the GIcNAc modifications and aids in efficient
WTA-dependent adhesion to nasal epithelial surfaces remains unclear. The impact
of WTA on staphylococcal virulence is not limited to colonization, since a WTA
mutant was also less virulent in rabbit model of catheter-induced endocarditis
(Weidenmaier et al. 2005) and a murine model of endophthalmitis (Suzuki et al.
2011a).

WTA has been shown to have important immunostimulatory activities
(Weidenmaier et al. 2010). Purified WTA stimulated CD4+ T cell proliferation
in vitro, which was dependent upon the zwitterionic charge of the WTA polymer
(Weidenmaier et al. 2010). The data indicated a strict requirement for
MHCII-dependent presentation of WTA by antigen-presenting cells. Furthermore,
the authors demonstrated an impact of this WTA-dependent, T cell-mediated
mechanism on S. aureus skin infections. Supporting data for the role of WTA as T
cell epitope were recently reported by Kolata et al. (2015), who detected
WTA-specific memory T cells in healthy volunteers. Recent reports indicate that
humans have abundant antibodies directed against S. aureus WTA (Lee et al. 2015;
Kurokawa et al. 2013; Hansenova Manaskova et al. 2013), and the f-O-GIcNAc
residues of S. aureus WTA are immunodominant (Kurokawa et al. 2013). Human
serum anti-WTA IgG that recognizes B-O-GlcNAc WTA induces complement
factor C3 deposition and mediates opsonophagocytosis of S. aureus (Lee et al.
2015). Human mannose-binding lectin (MBL) binds to glycosylated WTA and
activates the lectin pathway of complement activation (Kurokawa et al. 2013; Park
et al. 2010). MBL-mediated complement activation is especially relevant in infants
since MBL deficiency increases their susceptibility to S. aureus infections (Park
et al. 2010; Kurokawa et al. 2013). Serum MBL in adults does not recognize WTA
due to the inhibitory action of serum WTA antibodies (Kurokawa et al. 2013; Park
et al. 2010).

With few exceptions, tarS is present in all sequenced S. aureus genomes,
whereas rarM is absent in CC398 strains, as well as in several healthcare-associated
MRSA strains such as N315, Mu50, Mu3, and JHI1 (all clonal complex 5) (Lee
et al. 2015; Winstel et al. 2013, 2014a, b). When the occurrence of o- and
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B-GlcNAc transferases were analyzed by PCR in 70 S. aureus nasal isolates
(49 different spa types), tarS (the B-GIcNAc transferase gene) was detected in all
isolates, whereas tarM (the a-GIlcNAc transferase gene) was only present in 36 % of
the tested isolates (Winstel et al. 2015). The role of WTA glycosylation in
staphylococcal infection and colonization is poorly understood, but dynamic reg-
ulation of WTA glycosylation may dictate host tropisms or allow S. aureus to react
to different innate or adaptive responses in the human host.

3.8 WTA as a Vaccine Candidate

The first use of WTA as a vaccine candidate was its inclusion in a multicomponent
vaccine formulation produced by Nabi, Inc. PentaStaph included a nontoxic alpha
hemolysin toxoid, the S subunit of Panton—Valentine leukocidin, CP5 conjugated to
recombinant exoprotein A of Pseudomonas aeruginosa (CP5-rEpa), and CP8-rEpa.
The fifth vaccine component was 336-rEpa. 336 was described by Nabi as a surface
polysaccharide composed of ribitol, phosphate, and GlcNAc, but no alanine in its
structure. Moreover, the GlcNAc residue was attached to C-3 of the ribitol mole-
cule, in contrast to the C-4 of conventional WTA (Fattom and Guidry 1999). Nabi
investigators never published preclinical data supporting the inclusion of the 336
antigen in their multicomponent vaccine. PentaVax was sold to GlaxoSmithKline in
2009, and there has been no public disclosure that the vaccine has been explored
further in animal or human studies.

Nonetheless, because of its multiple functions in colonization and virulence and its
ubiquity among S. aureus isolates, WTA (coupled to a protein carrier for immuno-
genicity) could be a promising vaccine antigen, particularly to extend coverage to
isolates lacking CP. Although healthy humans have serum antibodies to WTA (Lee
et al. 2015; Kurokawa et al. 2013; Jung et al. 2012; Hansenova Manaskova et al.
2013), whether these antibodies contribute to immunity is unknown. One preclinical
study showed that intradermal immunization with WTA resulted in an anti-WTA IgG
response in mice that correlated with a reduction in the bacterial burden in a renal
abscess model (Takahashi et al. 2013). Whether WTA elicits antibodies that mediate
not only uptake but also killing by neutrophils and proves to be an effective com-
ponent in multivalent vaccine formulations remains to be determined.

4 Polysaccharide Intercellular Adhesin
(PIA)/Poly-N-Acetyl Glucosamine (PNAG)

PIA/PNAG is a glycopolymer that was first discovered as a biofilm antigen in
Staphylococcus epidermidis, where it plays an important role in adherence to
biomaterials (Mack et al. 1996b). The ica locus encoding PIA/PNAG is conserved
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between S. epidermidis and S. aureus, although the antigen is produced in greater
abundance in vitro by S. epidermidis. The ica locus is present in virtually all clinical
isolates of S. aureus. Remarkably, PIA/PNAG is now recognized as a highly
conserved polysaccharide antigen produced by many microbes (Cywes-Bentley
et al. 2013).

4.1 Structure of PIA/PNAG

Elaboration of biofilms by bacteria protects them from the host immune response
and from antibiotics, complicating treatment and eradication of chronic infections.
S. aureus can produce both polysaccharide-dependent and polysaccharide-
independent biofilms (Boles et al. 2010; Tu Quoc et al. 2007). The exopolysac-
charide components of the biofilm received different names over the years,
including capsular polysaccharide/adhesin (PS/A) (Muller et al. 1993), polysac-
charide intercellular adhesin (PIA) (Mack et al. 1996a), and poly-B(1-6)-N-acetyl-
glucosamine (PNAG) (Maira-Litran et al. 2002). Sadovskaya et al. (2005)
demonstrated that PIA from S. epidermidis is structurally identical to PNAG from
S. aureus. PIA and PNAG are thus synonymous terms and used preferentially by
different staphylococcal researchers. In addition to its production by S. aureus and
S. epidermidis, PIA/PNAG is also produced by many other microbes, including
Gram-positive and Gram-negative bacteria, fungal pathogens, and protozoa
(Cywes-Bentley et al. 2013). An important feature of the S. aureus native
PIA/PNAG polymer (shown in Fig. 6) is that about 10-20 % of the GlcNAc amino
groups are not N-acetylated, and this is important in retaining the polymer on the
bacterial surface (Cerca et al. 2007; Vuong et al. 2004a).
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Fig. 6 Structure of S. aureus (PIA/PNAG). In the native polymer, 10-20 % of the GlcNAc
residues have been deacetylated by IcaB, and this is important in retaining the polymer on the
bacterial cell surface since it is not covalently anchored to the cell wall
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4.2 Biosynthesis of PIA/PNAG

PIA/PNAG is a high molecular weight linear polymer of glucosaminylglycan that is
synthesized by the gene products of the icaADBC locus, which is present in vir-
tually all clinical isolates of S. aureus. The icaADBC genes appear to be translated
from a single transcript (Heilmann et al. 1996). IcaA is a transmembrane gluco-
syltransferase that can synthesize short PNAG polymers in vitro using
UDP-GIcNAc as a substrate (Gerke et al. 1998). IcaD increases the biosynthetic
efficiency of IcaA, playing a predominant role in the synthesis of oligomers longer
than 20 residues, whereas IcaC is an integral membrane protein that appears to be
involved in linking short polymers to make longer oligomers of PNAG (Gerke et al.
1998). Consistent with the observation that the native form of PNAG is partially
de-N-acetylated (Fig. 6), the product of the icaB gene is an extracellular
N-deacetylase that removes N-linked acetate groups from the PNAG polymer
(Vuong et al. 2004a). An icaB mutant produces only the fully acetylated PNAG,
and this form of the antigen is not retained on the staphylococcal cell surface (Cerca
et al. 2007; Vuong et al. 2004a).

4.3 Regulation of PIA/PNAG Biosynthesis

PNAG production in vitro is induced by high osmolarity, low levels of ethanol, iron
restriction, oxygen deprivation, and growth in rich medium supplemented with
glucose (Rachid et al. 2000; Cramton et al. 2001). The expression of the icaADBC
genes is negatively regulated at the transcriptional level by the ica regulator (icaR)
gene product, which is adjacent to icaADBC and transcribed divergently. IcaR is a
DNA-binding protein that binds specifically to the ica promoter immediate
upstream of icaA (Jefferson et al. 2003). In addition, CodY is a repressor
(Majerczyk et al. 2008), and SarA and the stress sigma factor B (Valle et al. 2003;
Cerca et al. 2008) are positive regulators of icaADBC transcription. Jefferson et al.
isolated a PNAG-overproducing strain called MN8m. Sequence analysis of its ica
locus revealed that MN8m carried a 5-nucleotide deletion within the promoter
region upstream of icaA, resulting in the augmented transcription of the ica locus
and a strong biofilm-producing phenotype (Jefferson et al. 2003).

Subsequently, Brooks and Jefferson reported that growth of PIA/PNAG-
overproducing strains in vitro resulted in the rapid accumulation of nonmucoid
variants. They described phase variation in PIA/PNAG expression in S. aureus
wherein slipped-strand mispairing occurs in the icaC gene, and this mutation results
in a truncated IcaC protein and a PIA/PNAG-negative phenotype (Scully et al.
2015). The mutation was reversible and could be detected in some clinical isolates
of S. aureus. The authors noted that high-level production of PIA/PNAG likely
carries a fitness cost, since PIA/PNAG-negative variants had a growth advantage
over the parental overproducing strains.
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4.4 Role of PIA/PNAG in Virulence

PIA/PNAG plays a fundamental role in intercellular adhesion of staphylococci
within a biofilm, and it is also an important structural component of the biofilm
matrix architecture (Cramton et al. 1999). In the host, PIA/PNAG is implicated in
virulence by mediating bacterial adhesion to biomaterial surfaces and evasion from
the host immune response (Vuong et al. 2004a, b). S. aureus Aica mutants showed
decreased virulence in murine models of bacteremia, renal infection, and lethal
sepsis (Kropec et al. 2005). However, PIA/PNAG was not a virulence factor in a
murine model of pneumonia (Bubeck Wardenburg et al. 2007) or in animal models
of foreign body infections (Fluckiger et al. 2005; Francois et al. 2003), although
Fluckiger et al. (2005) did show a defect in growth for the ica mutant in an implant
infection model when competed against the parental strain. Production of
PIA/PNAG did not affect S. aureus colonization of the mouse nose (Schaffer et al.
2006) or the gastrointestinal tract (Misawa et al. 2015).

4.5 PIA/PNAG as a Vaccine Candidate

In addressing the vaccine potential of PIA/PNAG, McKenney et al. (1999) reported
that active and passive immunization strategies protected mice against renal abscess
formation in mice infected with various S. aureus isolates. In a follow-up study, the
investigators immunized mice, rabbits, and goats with either native PNAG or
chemically deacetylated PNAG (dPNAG) (~15 % acetylation) conjugated to
diphtheria toxoid. Antibodies to highly acetylated (>90 %) PNAG lacked protective
efficacy and mediated significantly lower opsonic killing than antibodies raised to
dPNAG (Maira-Litran et al. 2005). Mice were passively immunized IP with
immune or nonimmune serum and challenged with S. aureus 24-48 h later.
Antibodies to dPNAG reduced bacteremia and lethal peritonitis in the passively
immunized animals (Maira-Litran et al. 2005). Kelly-Quintos et al. (2005) showed
that S. aureus opsonophagocytic killing activity of human sera from cystic fibrosis
patients correlated with the level of IgG specific to dPNAG to a greater extent than
to native PNAG. Because dPNAG is preferentially retained on the bacterial cell
surface, antibodies to dPNAG may be more effective in achieving protection than
PNAG antibodies.

To circumvent the imprecise nature of chemical deacetylation, Gening et al.
synthesized PB(1-6)-N-acetylglucosamine oligosaccharides that were chemically
conjugated to TT for use as vaccines (Gening et al. 2007). Synthetic 5GlcNH,-TT
or 9GIcNH,-TT elicited serum antibodies in mice that were opsonic for S. aureus in
an in vitro opsonophagocytic killing assay. In a subcutaneous abscess model, mice
passively immunized with rabbit antibodies to 9GIcNH,-TT showed a significant
reduction in bacterial burden compared to mice given normal rabbit serum.
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